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Preface 

In parallel with a remarkable economic growth over the past several decades, the 
consequences of environmental degradation and resources depletion have placed a 
paramount challenge on the sustainable development track in Vietnam. Accordingly, 
in the course of the national rapid socio-economic development, issues of environ-
mental pollution, natural resources management coupled with stresses in the age 
of global change have increasingly becoming a vital of concern. Therefore, both 
engineering and management techniques are necessary for environmental pollution 
control, resources management, and resilience that draw much attention from various 
stakeholders, including government managers, academia, and industry. 

Given this context, we would like to welcome you to the 2nd International Confer-
ence on Geo-spatial Technologies and Earth Resources 2022 (GTER 2022), which 
will be held during October 14–15, 2022, at Hanoi University of Mining and Geology 
(HUMG), Hanoi, Vietnam. The event is co-organized by HUMG and the International 
Society for Mine Surveying (ISM) to celebrate the 55th anniversary of the Depart-
ment of Mine Surveying (HUMG). The conference is financially supported by the 
Vietnam Mining Science and Technology Association (VMSTA), the Vietnam Asso-
ciation of Geodesy, Cartography and Remote Sensing (VGCR), Vietnam National 
Coal-Mineral Industries Holding Corporation Limited (VINACOMIN), and Dong 
Bac Corporation (NECO). 

This Volume 2 comprises a series of selected high-quality peer-reviewed papers 
delivered at the GTER 2022. It provides an in-depth coverage of advanced research 
in water resources and environmental systems that cover a wide range of topics in 
recent advanced research in water resources engineering (i.e., surface and subsur-
face water flow systems, water resources management), advanced techniques and 
solutions for water and wastewater treatment, water supply and suitable drainage 
systems, flood modeling and risk assessment, environmental earth systems (i.e., 
air, coastal, and marine pollution, sustainability and circular economy), applying 
advanced RS&GIS technologies in natural hazards, monitoring and management for 
environmental systems such as vulnerability and risk assessment, natural resources, 
and environmental changes. This critical Volume 2 will bring together, from a global 
perspective, scientists, researchers, end-users, industry, policymakers from several
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vi Preface

countries and professional backgrounds to exchange ideas, advance knowledge, and 
discuss critical issues for Geospatial Technologies and Earth Resources. It also serves 
as a valuable reference work for advanced undergraduate and graduate students, 
designers of water resources systems, and scientists and researchers. The goals of the 
Volume 2 are: (1) to cover entire water and environmental fields, including hydroge-
ology, environmental systems, RS&GIS technologies in natural hazard, disaster risks, 
monitoring and management for environmental systems and geological system; and 
(2) to employ a multimedia approach to environmental conservation and protection 
since air, water, soil, and energy are all interrelated. 

Totally, 89 abstracts and 50 full manuscripts have been received by the organizing 
committee. Subsequently, after screening by the scientific committee and reviewing 
by at least two blind reviewers, 42 research and review papers have been selected to be 
presented at the conference. The selected papers will be delivered over four planned 
sessions covering different topics of Geospatial Technologies, Earth Sciences, Water 
Resources, and Environmental Systems and Sustainability. These 42 papers were also 
selected for publication in this book with Digital Object Identifier (DOI) references. 
We believe that this book will provide the readers with an overview of recent advances 
in the fields of Geospatial Technologies and Earth Resources. 

We would like to express our sincere thanks to all members of the organizing and 
selection committees, all blind peer reviewers, all chairpersons, and invited speakers 
for their invaluable contributions. We are also thankful to Mr. Phuong Kim Minh, 
President of Dong Bac Corporation; Prof. Tran Thanh Hai, President of the HUMG 
University Council; Assoc. Prof. Trieu Hung Truong, Vice-rector of HUMG for their 
administrative work and financial supports. Special thanks are also to Doris Bleier 
and Viradasarani Natarajan at Springer Nature for their helpful assistance and support 
throughout the procedures of this book production. Finally, all authors are thankful 
for their manuscript submissions regardless of whether or not their manuscripts were 
selected. 

Hanoi, Vietnam 
June 2022 

Phu Le Vo 
Dang An Tran 
Thi Lan Pham 
Ha Le Thi Thu 

Nghia Nguyen Viet
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Chapter 1 
Application of Modflow-Based Seawat 
Code for Seawater Intrusion Forecasting 
into the Upper Pliocene Coastal Aquifer 
in the Ca Mau Peninsula, Southern 
Vietnam 

Thi Thuy Van Le , Rungruang Lertsirivorakul, Hong Thang Chau, 
and Phi Hieu Le 

Abstract To identify the extent of seawater intrusion into the Upper Pliocene aquifer 
on the Ca Mau Peninsula, southern Vietnam, the groundwater flow and solute trans-
port model are applied. A total of five observation wells evenly distributed throughout 
the study area are applied to build a groundwater flow model using the MODFLOW-
based SEAWAT code from 2000 to 2015. The groundwater flow model calibrates by 
a trial and error approach of two parameters: hydraulic conductivity and sink/source 
rate. Then, the seawater intrusion simulation model for the next 16 years runs with 
the same initial conditions as 2015. The groundwater flow model result showed that 
the freshwater area with the Chloride concentration of 250 mg/L only existed from 
2000 to 2003 with a displacement range of 400 m/year in the study area. After 2003, 
this freshwater area no longer existed and was replaced by a 500 mg/L value with 
a displacement range of 410 m/year. The simulation model of seawater prediction 
shows that, by 2031, the lowest Chloride concentration might be 2000 mg/L. An 
average displacement range of this value from 2016 to 2031 reaches an average level 
of 439 m/year. 

Keywords MODFLOW-based SEAWAT · Seawater intrusion · Coastal aquifer ·
Southern Vietnam
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1.1 Introduction 

In recent years, the Mekong Delta region of Vietnam, which is sensitive to 
sea-level rise due to climate change, has received much research attention. A 
study in 2019 of Climate Central even warned that in the next 30 years, almost 
the entire area will be submerged in seawater at high tide (Climate Central, 
https:coastal.climatecentral.org.map 2019). The concern of the local government 
is not only the submerged land but also the reduction of freshwater groundwater 
resources in this area. The reason is that groundwater has become an important 
source for local agricultural economic development. Of the eight aquifers of the 
Mekong River Delta, two are much exploited due to their good quality. These are 
the Upper Pleistocene (qp2–3) and the Upper Pliocene (n2 2) aquifers. While the qp2–3 
aquifer is mainly withdrawn on the scale of the households, the n2 2 aquifer with 
deeper depth is on the industrial scale. According to previous research results, the 
trend of saline intrusion into the qp2–3 aquifers has appeared (Le et al. 2020). The 
remaining n2 2 aquifer will be the focus of this research. The expected result from 
this study is to determine the future trend of changing the freshwater area of the n2 2 

aquifer using the groundwater flow model. 

1.2 Materials and Methods 

1.2.1 Site Location 

The study area, a part of the Mekong River Delta, has a peninsular pattern. The Ca 
Mau Peninsula covers the provinces of Ca Mau, Soc Trang, Bac Lieu, Hau Giang, 
Can Tho, and part of the Kien Giang and An Giang provinces (Fig. 1.1). The research 
area covers an area of more than 18,160 km2, the length of the coastline stretching 
from the West Sea to the East Sea with more than 540 km. The topography is flat with 
an average elevation of 0.7–1.2 m. The elevation of 1.0–1.5 m in the central gradually 
decreases to 0.3–0.7 m in the coastal area. The study area covers the provinces of 
Soc Trang, Bac Lieu, Ca Mau, and the coastal part of Kien Giang in the coastal zone, 
while the rest further inland belongs to part of An Giang, Can Tho, and Soc Trang 
provinces. Coastal areas often suffer from surface saline intrusion into the Hau River 
in the dry season. Sediments in the study area were deposited from the transgression 
and regression periods in the Quaternary period (Ho et al. 1991; Nguyen and Do 
2007). Over geological time, these sedimentary strata become the coastal aquifers 
in the study area. The study area has a tropical monsoon climate with two distinct 
rainy and dry seasons (Tran et al. 2019). While the rainy season is from May to 
October, the dry season lasts from November to April next year. In rainy season, the 
hourly rainfall ranges from 19.7 to 47.6 mm and the daily rainfal varies from 60.9 to
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Fig. 1.1 Location of Ca Mau Peninsula (a), province locations of the study area (b) 

189.2 mm (Dang 2020). The coastal lands of Ca Mau, Soc Trang, and Bac Lieu have 
been affected by the tidal regime of the East Sea and West Sea, which are bi-diurnal 
and diurnal regimes, respectively. The surface water system has faced severe saline 
contamination risks in the dry season (Vu et al. 2018). 

1.2.2 Hydrogeological Units 

According to the Division of Water Resources Planning and Investigation Southern 
Vietnam, in the Mekong River Delta, there are 8 aquifers in porous sediments. These 
are the Holocene (qh), Upper Pleistocene (qp3), Upper Middle Pleistocene (qp2–3), 
Lower Pleistocene (qp1), Upper Pliocene (n2 2), Lower Pliocene (n2 1), and Upper 
Miocene (n1 3), and Upper Middle Miocene (n1 2–3) aquifers. While the upper seven 
aquifers have been properly studied, the Upper Middle Miocene aquifer (n1 2–3) has 
not been investigated due to its deep depth. Interspersed between the aforemen-
tioned porous aquifers are impermeable layers or aquitards. They have corresponding 
geological ages of Holocene (Q2), Upper Pleistocene (Q1 

3), Upper-middle Pleis-
tocene (Q1 

2–3), Lower Pleistocene (Q1 
1), Upper Pliocene (N2 

2), Lower Pliocene 
(N2 

1), Upper Miocene (N1 
3), and Upper-middle Miocene (N1 

2–3) (Fig. 1.2).
The materials of the n2 2 aquifer have alluvial and marine origins (Pham et al. 2019; 

Bui et al.  2014). Aquifer roof from 42.60 to 328.90 m, average 206.47 m. Aquifer 
depth from 125.00 to 415.40 m, with an average of 258.92 m, and aquifer thickness 
from 4.00 to 147.00 m, with an average of 51.33 m. The hydraulic conductivity ranges 
from 0.17 to 67.20 m/d. The piezometric head is below the mean sea level, from − 
7.00 to − 20.14 m. They have tended to decline from north to south and formed a
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Fig. 1.2 Cross-section line (a), hydrogeological units (b) (Source Division of Water Resources 
Planning and Investigation Southern Vietnam, 2014)

depression zone in the center of Ca Mau province (Bui et al. 2014). Research by 
Bui et al. 2014 shows that the freshwater area of the Upper Pliocene aquifer has an 
area of 8507 km2 and the saltwater area has an area of 7625 km2. The groundwater 
withdrawals of this aquifer were 169,521 m3/d in 2010 (Bui et al. 2014). With deep 
depth, far from the recharge zones, and high groundwater withdrawals, the Upper 
Pliocene aquifer has a high potential for saline intrusion. 

1.2.3 Data 

The data used for the study are five observation wells for monitoring water level 
and water quality from 2000 to 2015. They were sampled by the Division of Water 
Resources Planning and Investigation Southern Vietnam (DWRPIS). Samples were 
gathered in polyethylene bottles, which had been cleaned by distilled water and 
rinsed with sample water before storage, and refrigerated at 4 °C for later labora-
tory analysis. The water quality was analyzed at the Center for Analysis and Test 
and Materials of DWRPIS, using APHA standard methods (Eaton et al. 2005). The 
Chloride concentration was identified by Mohr titration. 

1.2.4 Numerial Model 

There are many methods to predict seawater intrusion in coastal aquifers. The 
methods are widely applied such as groundwater flow modeling, hydrogeochemical 
facies, isotopes, trace elements, etc. Many studies on groundwater in the Mekong 
River Delta applied these methods such as the impact of groundwater extraction 
in Mekong River Delta under climate change scenarios by using groundwater flow 
modeling (Bui et al. 2014); saline intrusion at Cu Lao Dung in Soc Trang province by 
using geochemical and isotopic methods (Tran et al. 2014); saline intrusion trend for
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Holocene and Pleistocene aquifers at Long Xuyen Quadrangle and Ca Mau Penin-
sula by using hydrochemical facies diagram (HFE-D) (Le et al. 2020). In this study, 
the groundwater flow model, MODFLOW-based SEAWAT code method, is applied 
for the local important n2 2 aquifer to predict the extent of seawater intrusion. 

MODFLOW-based SEAWAT code is a three-dimensional variable-density flow 
developed by the United States Geological Survey based on a combination 
of MODFLOW and MT3DMS (a three-dimensional multi-species solute). The 
SEAWAT code is combined with MODFLOW and MT3DMS to solve the flow and 
solute transport equations (Guo and Langevin 2002). First, the flow Eq. (1.1) solves  
the fluid velocity. 

∂ 
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ρ K fα

[
∂hf 
∂α 

+ 
ρ − ρf 

ρf 

∂Z 
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[
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+ 
ρ − ρf 

ρf 

∂Z 

∂γ

]⎫
= ρSf 

∂hf 
∂t 

+ θ 
∂ρ 
∂C 

∂C 

∂t 
− ρ qs . (1.1) 

where:α, β, γ are orthogonal coordinate axes, aligned with the principal directions of 
permeability; Kfα, Kfβ, Kfγ are equivalent freshwater hydraulic conductivity in the 
three coordinate directions [LT−1]; ρ is the fluid density [ML−1]; ρf is the density of 
freshwater [ML−1]; hf is the equivalent freshwater head [L]; Z is the elevation above 
datum of center of model cell [L]; Sf is the equivalent freshwater specific storage 
[L−1]; θ is effective porosity [dimensionless]; C is solute concentration [ML−3]; ρ 
is the density of water entering from a source or leaving through a sink [ML−3]; qs 
is the volumetric flow rate of sources or sinks per unit volume of aquifer [LT−1]; t 
is time [T]. 

Next, they are used in the advection term to solve the solute transport Eq. (1.2). 

∂C 

∂t 
= ∇  ·  (D∇C) − ∇  ·  (vC) − 

qS 
θ 
Cs + 

NΣ
k=1 

Rk . (1.2) 

where:D is the hydrodynamic dispersion coefficient [L2T−1]; v is fluid velocity) 
[LT−1]; Cs is the solute concentration of water entering from sources or leaving 
through sinks [ML−3]; Rk(k = 1, . . . ,  N) is the rate of solute production or 
decay in reaction k of N different reactions [ML−3T−1]; θ is the effective porosity 
[dimensionless]. 

The SEAWAT code used a linear Eq. (1.3) to convert the solute concentration 
to the density of the liquid after ignoring the effects of pressure and temperature 
on the liquid density and assuming that liquid density is just a function of solute 
concentration. 

ρ = ρ f + 
∂ρ 
∂C 

C. (1.3) 

where:
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∂ρ 
∂C = 0.7143 is the slope of equation. 
The flow and solute transport is solved synchronously through the time-step loop 

method. The more detailed content of SEAWAT is indicated in the manual (Guo and 
Langevin 2002). 

Before discretizing the model, the conceptual model is fully sketched based on 
geological and hydrogeological units. In the plane view, the study area with an area 
of 18,160 km2, divided into 190 rows and 270 columns with a uniform grid area of 
1 km2. In the vertical direction, from the ground down to the position of the Upper 
Pliocene aquifer, the conceptual model is divided into 14 layers corresponding to 
seven aquifers and seven aquitards. In the conceptual model, the upper and lower 
boundaries of the Upper Pliocene aquifer (n2 2) are the Lower Pleistocene aquitard 
(Q1 

1) and the Lower Pliocene aquitard (N2 
1), respectively. 

1.2.5 Hydrogeological Inputs 

The hydraulic conductivity K is a key parameter in the flow equation. They are 
estimated from the pumping test data conducted by the DWRPIS. The K values 
ranged from 1.29 to 60.66 m/d (Table 1.1). The vertical K equals 1/10 of the horizontal 
K. The specific yield and specific storage have values ranging from 0.12 to 0.20 and 
0.00005 to 0.0032, respectively (Table 1.2). For the impermeable layer, these values 
are in Table 1.3. 

Table 1.1 Hydraulic conductivity K of the n2 2 aquifer 

Boreholes Coordinate (X) Coordinate (Y) (Kx) (Ky) (Kz) 

82 530,877 1,009,534 35.52 35.52 3.552 

83 511,600 1,008,042 17.96 17.96 1.796 

215-II-NB 515,939 1,014,664 25.69 25.69 2.569 

87 508,833 1,015,301 59.38 59.38 5.938 

80 507,304 1,021,753 16.89 16.89 1.689 

85 522,277 1,025,559 32.68 32.68 3.268 

841a 570,638 1,021,911 1.29 1.29 0.129 

847a 568,954 1,026,180 7.24 7.24 0.724 

845a 573,651 1,029,133 32.12 32.12 3.212 

S234 580,165 1,027,685 8.52 8.52 0.852 

843a 583,217 1,027,968 19.33 19.33 1.933 

843b 583,216 1,027,967 27.14 27.14 2.714 

807-RG 515,933 1,102,812 60.66 60.66 6.066 

09-TH 531,741 1,118,367 9.80 9.80 0.980 

671-LX 550,123 1,144,035 18.35 18.35 1.835 

673-LX 546,907 1,147,010 12.30 12.30 1.230



1 Application of Modflow-Based Seawat Code for Seawater … 7

Table 1.2 Specific yield (Sy) and specific storage (Ss) of the local aquifers 

Layers 2 4 6 8 10 12 14 

Aquifers qh qp3 qp2–3 qp1 n2 2 n2 1 n1 3 

Sy 0.12 0.20 0.19 0.18 0.18 0.17 0.15 

Ss 0.00075 0.00047 0.00320 0.00030 0.00030 0.00005 0.00005 

Table 1.3 Specific yield (Sy) and specific storage (Ss) of the local aquitards 

Layers Aquitars Kx Ky Kz Ss Sy 

1 Q2 0.5 0.05 0.05 0.005 0.106 

3 Q1 
3 1.0e−04 1.0e−05 1.0e−05 1.0e−05 0.031 

5 Q1 
2–3 1.0e−04 1.0e−05 1.0e−05 1.0e−05 0.031 

7 Q1 
1 1.0e−06 1.0e−07 1.0e−07 1.0e−05 0.016 

9 N2 
2 1.0e−07 1.0e−08 1.0e−08 5.0e−04 0.012 

11 N2 
1 1.0e−07 1.0e−08 1.0e−08 5.0e−04 0.012 

13 N1 
3 1.0e−07 1.0e−08 1.0e−08 5.0e−04 0.012 

Based on the lithology characteristics of the aquifer consisting of mainly fine to 
medium-grained sand, the aquifer porosity is assigned from 0.15 to 0.45 (Dieulin 
et al. 1981), the aquifer dispersion is set at 10 m (Schulze-Makuch 2005), meanwhile, 
and the aquitard dispersion is assigned at 0.001. These input parameter values will 
be calibrated during model calibration. 

1.2.6 Boundaries and Initial Conditions 

Constant Head and Concentration Boundaries 

The horizontal boundary of the study area is considered as the specified boundary. 
The upper and lower layers which are impermeable aquifers were set as no flow 
boundary. Based on the piezometric head of the five observation wells (Q40104T, 
Q409040M1, Q59804T, Q19904T, Q17704T), the head and concentration contours 
from 2000 to 2015 are mapped. Then, the head and concentration boundary conditions 
in time series are determined. 

River Boundaries 

The in-site surface water system has almost no direct connection to the Upper 
Pliocene (n2 2) aquifer (Bui et al. 2014). The surface water only directly influences 
the unconfined Holocene aquifer (Bui et al. 2014). Although the vertical hydraulic 
conductivity values are very small, the shallow groundwater could penetrate through 
the aquitards that are quite thin elsewhere to the below-confined aquifers. Therefore, 
river boundary conditions should be assigned to simulate the most realistic natural
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Table 1.4 River boundaries (DWRPIS, 2014) 

No. Parameters Units Layer 1 

1 River stage elevationa m 1.36–0.01 

2 River bottom elevationb m 28–2 

3 River width m 400–4000 

4 Riverbed thickness m 2–4 

5 Conductance of river bedc m2/d e−5–e−4 

aabove mean sea level, bbelow mean sea level, cestimated by model 

conditions in the study area. In addition, the Chloride concentration of 19,400 mg/L 
is assigned to the shoreline. The seawater might intrude on the n2 2 aquifer by the 
recirculating flow mechanism near the coast (LaMoreaux et al. 2008). Values of river 
water level, bottom depth, river width have the same value as Table 1.4. 

Recharge Boundaries 

Although the in-situ recharge does not directly affect the n2 2 aquifer, they are still 
assigned in the model to simulate the most realistic natural conditions in the study 
area. From 2000 to 2010, the recharge rates were inherited from the report of Assess-
ment of the impact of groundwater abstraction and climate change on groundwater 
resources in Mekong Delta, Vietnam (Bui et al. 2014). They were estimated from 
1999 to 2010 by using the Water and Energy Transfer between Soil, Plants, and 
Atmosphere under Quasi Steady State model (WETSPASS), in which groundwater 
recharge rate is a function of hydrometeorological data, including precipitation, 
potential evaporation, wind speed, temperature, groundwater depth, land use, slope, 
and topography and integrated into a single study on a regional scale. From 2011 to 
2015, they are calculated as 15% of the average annual rainfall in each locality in 
the study area (Nguyen et al. 2015). The recharge rates are shown in Table 1.5. 

Initial Conditions 

The initial conditions are the head and concentration values of the first time step 
of the simulation model. The piezometric heads and Chloride concentrations of the 
observation wells in 2000 are used as the initial conditions for the groundwater flow 
model.

Table 1.5 Recharge rate (mm/year) at study area in 16 years (from 2000 to 2015) 

n = 32 Provinces 

Ca Mau Bac Lieu Soc Trang Kien Giang Can Tho An Giang Hau Giang 

Min 2.70 2.60 3.00 1.50 0.40 0.50 0.40 

Max 40.60 37.00 45.00 20.80 15.50 12.20 15.50 

Average 16.71 15.68 18.19 9.12 5.78 4.01 5.78 

SD 12.87 10.21 12.01 6.32 5.29 3.18 5.29 



1 Application of Modflow-Based Seawat Code for Seawater … 9

Table 1.6 Simulated Chloride concentrations at the wells by the steady state solute model 

Number of wells Residual mean 
(mg/L) 

Standard error 
(mg/L) 

Normalized root 
mean square (%) 

Correlation 
coefficient 

5 − 7.55 203.97 5.446 0.992 

To simulate the groundwater flow model from 2000 to 2015, a total of 32 stress 
periods was used. Each season in a year corresponds to 1 time step. 

1.2.7 Model Calibration 

The model is calibrated using a trial and error method by adjusting the input hydrolog-
ical parameters, mainly the hydraulic conductivity K and the sink/source rate before 
the re-run model. The sink/source rate was adjusted through the pumping package 
including pumping wells and injection wells. The location of these wells were located 
next to the observation wells for adjusting the calculated heads to fit the observed 
heads. This process is repeated until the calculated heads are fixed to observation 
heads. The model is calibrated for 5840 days (from 2000 to 2015) consisting of 32 
stress periods and 182.5 days for each time step. The transient solute transport model 
calibration, however, could not be performed since the spatio-temporal Chloride data 
was not available. To validate the solute model, the steady solute transport model 
calibration was done before the fully-transient modelling. The results of Chloride 
concentrations at the wells by the steady state solute model showed in Table 1.6. 

The flow model calibration results show that the Normalized Root Mean Square 
ranges from 1.426 to 3.550% at one time step, the Standard Error from 0.041 to 
0.328 m, and the residual from − 0.580 to 0.244 m, and the correlation coefficient 
from 0.994 to 0.999 from 2000 to 2015 (Table 1.7). They indicated a good fix between 
the observed heads and calculated heads in the time steps. Figure 1.3 shows the 
observed and calculated heads versus time series and the calibrated model results 
of the dry season in 2015, which is the year to be used as the initial condition 
for the seawater intrusion simulation model for the next 16 years. For this study, 
due to the limitation of observation data, the model calibration was only performed 
in preliminary nature. Therefore, the model calibration should be rerun when the 
additional observed data are available in the future.

1.2.8 Sensitivity Analysis 

To analyze the model sensitivity, the input parameters such as the hydraulic conduc-
tivity K, recharge rate, the head boundary were plus and minus 20% and 50% of
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Table 1.7 Statistical index of flow model calibration 

No. Time steps 
(days) 

Residual mean 
(m) 

Standard error 
(m) 

Normalized root 
mean square (%) 

Correlation 
coefficient 

1 182.5 − 0.580 0.041 1.916 0.999 

2 365 − 0.530 0.096 3.758 0.997 

3 547.5 0.043 0.101 3.550 0.996 

4 730 0.090 0.067 2.639 0.999 

5 912.5 − 0.032 0.090 2.708 0.997 

6 1095 − 0.066 0.097 2.771 0.999 

7 1277.5 0.155 0.139 4.033 0.994 

8 1460 0.011 0.131 3.356 0.995 

9 1642.5 − 0.126 0.092 2.652 0.998 

10 1825 − 0.058 0.291 3.300 0.995 

11 2007.5 − 0.105 0.328 3.537 0.995 

12 2190 0.007 0.172 3.595 0.994 

13 2372.5 − 0.001 0.168 3.445 0.995 

14 2555 − 0.040 0.139 2.710 0.997 

15 2737.5 − 0.007 0.172 3.337 0.995 

16 2920 − 0.083 0.160 2.985 0.997 

17 3102.5 − 0.055 0.184 2.792 0.997 

18 3285 − 0.155 0.157 2.572 0.998 

19 3467.5 − 0.156 0.170 2.901 0.997 

20 3650 − 0.244 0.113 2.823 0.999 

21 3832.5 − 0.145 0.167 3.103 0.996 

22 4015 − 0.096 0.146 2.623 0.997 

23 4197.5 − 0.082 0.163 2,653 0.997 

24 4380 − 0.054 0.182 2.830 0.997 

25 4562.5 − 0.071 0.171 2.863 0.996 

26 4745 − 0.155 0.154 2.996 0.997 

27 4927.5 − 0.127 0.158 2.656 0.998 

28 5110 − 0.250 0.108 2.497 0.999 

29 5292.5 − 0.174 0.173 2.859 0.997 

30 5475 − 0.031 0.196 2.783 0.997 

31 5657.5 − 0.110 0.198 2.852 0.997 

32 5840 − 0.123 0.084 1.426 0.999
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Fig. 1.3 Calibrated model results of dry season in 2015 (a) and observed and calculated heads 
versus time series (b)

the original value. Then, the model is re-run to analyze the head changes. They are 
shown in Table 1.8. 

The results show that the hydraulic conductivity K and the head boundary have 
affected the calculated heads. Meanwhile, the recharge rate changed insignificantly 
to the calculated heads. This is reasonable because of a deep depth from − 210 to − 
230 m of the n2 2 aquifer. Hence, the sensitive inputs of the model are the hydraulic

Table 1.8 Changes of calculated head (m) of 2015 in sensitivity analysis processes 

Observation well Observed head (m) − 50% − 20% 20% 50% 

Head boundary 

Q17704T − 21.60 − 13.90 − 18.57 − 24.81 − 29.48 
Q19904T − 17.55 − 9.38 − 14.36 − 20.99 − 25.97 
Q40104T − 7.21 − 1.91 − 5.34 − 9.90 − 13.33 
Q409040M1 − 11.62 − 4.60 − 8.48 − 13.66 − 17.55 
Q59804T − 9.07 − 3.16 − 7.09 − 12.33 − 16.26 

Hydraulic conductivity 

Q17704T − 21.60 − 30.31 − 23.82 − 20.29 − 18.92 
Q19904T − 17.55 − 19.47 − 18.12 − 17.38 − 17.09 
Q40104T − 7.21 − 6.92 − 7.37 − 7.84 − 8.14 
Q409040M1 − 11.62 − 13.03 − 11.54 − 10.80 − 10.59 
Q59804T − 9.07 − 9.81 − 9.71 − 9.75 − 9.85 

Recharge rate 

Q17704T − 21.60 − 21.69 − 21.69 − 21.69 − 21.69 
Q19904T − 17.55 − 17.68 − 17.68 − 17.68 − 17.68 
Q40104T − 7.21 − 7.62 − 7.62 − 7.62 − 7.62 
Q409040M1 − 11.62 − 11.07 − 11.07 − 11.07 − 11.07 
Q59804T − 9.07 − 9.71 − 9.71 − 9.71 − 9.71 
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conductivity K and head boundary. It shows that future changes of these two factors 
will impact the flow pattern of this aquifer. 

1.3 Results and Discussions 

1.3.1 Results of Groundwater Flow Model 

The groundwater flow model results are shown in Fig. 1.4. The results show that the 
Ca Mau Province had a low equipotential head (approximately 25 m below mean sea 
level). It tended to change insignificantly over time. In contrast, a part of Kien Giang, 
Can Tho, and Bac Lieu Provinces had a sharp decline in the equipotential head from 
above mean sea level in 2000 to 15 m below mean sea level in 2015 (Fig. 1.4).

Lines of 250 and 10,000 mg/L Chloride concentration are transferred to the map 
by the GIS (Geographic Information System) method. These lines were overlapped 
on one map to observe whether the displacement tends to narrow or widen over time. 
The Chloride value of 250 mg/L was chosen because this is the Vietnamese standard 
of freshwater. The value of 10,000 mg/L, which was shifted significantly in sixteen 
years, was chosen to show the converse trend in comparison to 250 mg/L-line. 

The results show that the extent of seawater intrusion occurred very quickly. The 
iso-concentration line for Chloride 10,000 mg/L tends to gradually widen (Fig. 1.5) 
with a displacement of about 200 m/year. Particularly in Ca Mau Province, the 
freshwater area existed in 2000 but tended to narrow over time. According to Bui 
et al., 2014, in Ca Mau Province, the groundwater exploitation rate was higher than in 
other provinces. This explains the tendency to narrow the freshwater area in this area. 
By 2003, this freshwater area no longer existed. From 2003 onward, the 500 mg/L-
line was shown instead in order to continue to observe the evolution of this brackish 
water zone. From 2000 to 2003, the iso-concentration line of Chloride 250 mg/L 
narrows about 400 m/year. In the following period from 2003 to 2015, the shift of 
the 500 mg/L-line is about 410 m/year.

1.3.2 Results of Simulation Model 

The total groundwater withdrawals in 2015 are calculated based on the demand 
for water use for domestic, agricultural, and industrial purposes, from the report 
of Assessment of the impact of groundwater abstraction and climate change on 
groundwater resources in Mekong Delta, Vietnam (Bui et al. 2014). Specifically, the 
percentage increase due to water demand in the Upper Pliocene aquifer from 2010 to 
2015 increased by about 52% in Bac Lieu, 83% in Can Tho, 39% in Kien Giang, 38% 
in Ca Mau, and 34% in An Giang Provinces (Table 1.9). Groundwater withdrawals in 
2015 are updated in the model to forecast the extent of seawater intrusion for the next
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Fig. 1.4 Head equipotentials of the groundwater flow model in a 2000, b 2005, c 2010, and d 2015

16 years. For running the simulation model, all inputs presumed as the calibration 
model except for the initial conditions as the same as those in 2015. To follow the 
process of seawater intrusion over time, the forecast results for the time steps of the 
dry season in 2016, 2021, 2026, and 2031 are chosen to represent (Fig. 1.5).
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Fig. 1.5 Iso-concentration of Chloride of groundwater flow model

Table 1.9 Groundwater withdrawals in the Upper Pliocene aquifer (DWRPIS 2014) 

No. Province Groundwater withdrawals Increase (%) 

2010a 2015b 

1 Bac Lieu 12,397.73 18,967.81 52 

2 Ca Mau 103,442.12 143,784.41 38 

3 Can Tho 43,895.93 80,329.56 83 

4 Kien Giang 7,835.32 10,890.54 38 

5 An Giang 1,950.21 2,613.43 34 

6 Soc Trang 0 – – 

aFrom the report of assessment of the impact of groundwater abstraction and climate change on 
groundwater resources in Mekong Delta, Vietnam, bData estimated based on groundwater demand 
for domestic, agriculture, and industry 

The forecast results show that freshwater (250 mg/L Chloride) might no longer 
exist by 2021. The line of 500 mg/L Chloride might also disappear and be replaced 
by the line of 2000 mg/L in 2031 (Fig. 1.5). Therefore, the 2000 mg/L-line was 
chosen to display the trend of seawater intrusion over time. 

The seawater intrusion simulation model based only on the exploitation demand 
of 2015 has shown the narrowing of the freshwater area and extending the brackish 
water area. By 2031, only the line of 2000 mg/L will remain. Figure 1.6 shows the 
2000 mg/L-line exported from the simulation model and overlapped in one map. From 
2016 to 2031, the results show that an average displacement speed of 2000 mg/L-
lines is 439 m/year. It can be predicted that the narrowing of the freshwater zone of 
the Upper Pliocene aquifer might be more quickly because of the increasing demand 
for water for economic and urban development (Fig. 1.7).
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Fig. 1.6 Simulation model results of 2016 (a) 2021 (b) 2026 (c) and 2031 (d)

The results show that most of the Upper Pliocene aquifer in the study area might be 
saline. While the brackish water zone is expanding, the freshwater is narrowing from 
2016 to 2031 in Bac Lieu, Can Tho, and Ca Mau Provinces where groundwater with-
drawals are high (Table 1.7). In contrast, in the Soc Trang Province where ground-
water withdrawals have concentrated mainly on the Middle Pleistocene aquifer (Bui 
et al. 2014), the situation salinity in the Upper Pliocene aquifer is better. Hence, this 
result is consistent with the demand and level of groundwater withdrawals in these 
areas (Table 1.9, Fig.  1.4). 

This simulation model might change if groundwater withdrawals are updated. 
Therefore, in the future, when hydrogeological or groundwater extraction data are 
more detailed and accurate, this simulation result will also be updated.
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Fig. 1.7 Iso-concentration of Chloride of simulation model

Although the flow model was calibrated, there are still limitations such as the 
large grid size, the beach slope that has not been considered in the conceptual model, 
the influence of tides, etc. If groundwater level and Chloride data for the years from 
2016 to 2021 have been avaible, it might verify the simulation model for these years. 
These issues are expected to be updated in future studies. 

1.4 Conclusions 

The results show that the extent of seawater intrusion in the Upper Pliocene aquifer 
takes place at a very fast rate. The simulation model shows that by 2021, the fresh-
water area (250 mg/L of Chloride) no longer appears, the zone of 500 mg/l Chloride 
concentration will move towards the high groundwater withdrawals sites at the rate 
of 420 m/year. By the year 2031, the area with the 500 mg/L Chloride concentration 
will disappear, and instead, the area with the smallest Chloride concentration will
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be 2000 mg/L. The area of freshwater areas is gradually shrinking. This situation 
is strongest in Ca Mau, Can Tho, and Bac Lieu province. With this situation, in 
the future, the level of seawater intrusion will become more and more serious if 
local authorities do not have effective management solutions. This research result 
is expected to contribute more valuable information for the local government in 
groundwater resources management. 
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Chapter 2 
Seawater Intrusion Processes Along 
the Tien River Mouth in the Period 
2000–2020 

Thuc Thi Bich Pham, Vu Truong Nguyen, Binh Thanh Pham, 
Hieu Duc Tran, Man Ba Duong, Thu Thi Mong Ngo, Tran Duc Mai, 
and Quan Minh Pham 

Abstract Seawater intrusion is a severe issue and is a main cause of serious fresh-
water scarcity during the dry season in the Mekong Delta. Insights into seawater 
intrusion processes and its controlling factors are needed to adaptation straterigies. 
In this paper, we use long-term salinity obvervation data and hydraulic modelling 
to simulate the salinization processes (spatial–temporal salinity distribution and 
concentration) in the context of changes in upstream discharge and tidal regimes 
over 20 years. The seawater intrusion model is based on DHI MIKE 11 software 
which is an one-dimensional equations of continuity, momentum conservation and 
transport in natural waters. In addition, longitudinal simulations along the Tien River 
mouth illustrate different hydrodynamic conditions of the river, help reproduce the 
observable salinity trends and contribute to a better understanding of this natural 
phenomenon. The Mike 11 model allows a quick assessment of saline intrusion in 
the Tien River mouth to predict a 4‰ salty border for agricultural production and a 
0.3‰ salty border for domestic water exploitation for irrigation systems in Ben Tre 
to help ensure the plan to use water for production and daily life in the dry season 
10 days in advance. 
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2.1 Introduction 

Water resources are essential for the development of human society. This devel-
opment, mainly in the industrial and agricultural sectors, increasingly affects other 
resources on multiple levels. Water shortage is considered as a limiting factor for the 
socio-economic development of an area. The main objective is to make companies to 
establish sustainable management policies and rules for managing water resources 
to ensure their permanence (Sam et al. 2006). The water source of Tien River mouth 
in the dry season is very unstable, causing random import along the river depends on 
each year and the amount of fresh water from Mekong River. The result of the process 
of river-sea interaction is that it provides low salinity, high salinity and affects the 
process of exploiting fresh water in the river mouth for agriculture and daily life. 
Typically, in the dry season of 2020, the salinity limit of 4 g/l in February 2020 on 
Ham Luong River is 75 km, Tieu Estuary and Dai Estuary rivers are 55 km, Co 
Chien is 68 km, Hau River is 66 km (Southern Institute of Irrigation Science). Also 
in February, the salinity measured at My Hoa on the Ham Luong River, 48 km from 
the river mouth, reached 14.5 g/l (February 14, 2020). Early and deep salinity intru-
sion has caused the largest freshwater reservoir in the West at Ba Tri-Ben Tre to be 
contaminated with 2 g/l of salinity. As a result of this drought, millions of people in 
Ben Tre lack fresh water for daily life and production. 

Tien River mouth is a shallow estuary with many creeks flowing into the East 
Sea, including Tieu, Dai, Ba Lai, Ham Luong, Co Chien, Cung Hau estuaries, in 
which Ba Lai estuary has been degraded and prevented by saline sluices to remove 
salinity. The boundary of Tien River mouth is determined from My Thuan station 
87 km from the sea (Legates and McCabe 1999; Perillo 1995). The salinity of the 
Tien River mouth varies from 0 to 31.5‰, along the length of the estuary. Salinity 
varies from year to year, depending on the freshwater flow in the main river. The 
typical tidal regime is an irregular semi-diurnal tide, with two peaks and two low 
tides in a day. Tidal amplitude ranges from 2 to 4 m. The low tide season can affect 
Tan Chau, which is 197 km from the sea. 

The monitoring of salinity distribution along the main river in the Mekong estuary 
has been started since 1994. All salinity measuring stations are set up on the salinity 
evolution along the river according to their own installation criteria and not based on 
the calculation of the salinity dispersion along the river by hydrodynamics and river 
morphology. However, the monitoring process is in batches during the dry season, 
and there are limitations in terms of salinity measurement locations. In the current 
context that managers want to quickly estimate the evolution of salinity distribution 
along the estuary, one-dimensional mathematical models are suitable tools because 
they are easy to use and suitable for the management context. In addition, it is also 
a simple methodology to start approaching the approximate assessment of saline 
intrusion in the study area.
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In this paper, we study the spatial and temporal variation of salinity distribution in 
the Tien estuary based on monitoring data of stations along the estuaries and detailed 
calculations according to cross-sections on the Mike 11 model calculation network. 
Firstly, simulation of the hydrodynamic regime of the river has been performed. 
Vital databases were used, including river morphology, friction factors, river flow 
and river level. These data were used to calibrate the hydrodynamic model, which 
was later linked to the AD modulus. The output of the AD modulus is the evolution 
of salts from upstream to downstream of the estuary under different hydrodynamic 
conditions. The model allows to estimate salinity changes even in areas where we do 
not need to measure in actual area. It also allows to plot isoline chart (areas of equal 
salinity) for a typical salinity. 

2.2 Data and Research Methods 

2.2.1 Measuring Station Data 

Tien river mouth area and measuring stations along the river mouth Fig. 2.1. Ben  
Tre province is located entirely in the Tien River mouth, so the fluctuation of salinity 
along the estuary directly affects the exploitation of water resources for domestic 
service, agriculture and industry of the province. Irrigation system is divided into 
two, North Ben Tre sub-region (Thuong Ba Lai, Giong Trom-Ba Tri Irrigation system, 
Ba Tri coastal area, Binh Dai coastal area, Binh Dai), South Ben Tre sub-region ( 
Irrigation Zone Tay Cho Lach, Cho Lach-Mo Cay, Mo Cay-Thanh Phu, coastal area 
of Thanh Phu). These irrigation systems ensure 75% of the cultivated area, 82% 
of domestic water for rural areas, and improve logistics for fishing, and effectively 
prevent natural disasters in coastal areas. The production model of these irrigation 
zones includes the model of aquaculture, giant tiger prawn, litopenaeus vannamei, 
wild shrimp, shutchi catfish, water rotation model of Shrimp-Rice (Binh Dai and 
Thanh Phu), Crayfish model on rice field (Thuong Binh Dai, Ba Tri, Thanh Phu 
in tidal and river dynamical transition zones), 3-Crop rice model (Winter-Spring I-
IV, Summer-Autumn V-IX, Autumn-Winter IX-XII), two rice crops and one crop 
located in the freshwater area, raising shrimp and fish in garden ditches (Tay Cho 
Lach, Cho Lach-Mo Cay, Thuong Ba Lai, Thuong Mo Cay-Thanh Phu, river water 
predominates). However, freshwater systems have not been closed, so the years of 
deep and prolonged intrusion caused damage to production and people’s lives.In the 
dry season 2015–2016, saltwater intrusion covered 162/164 communes and wards 
of Ben Tre province, causing damage to agricultural production about 1794 billion 
VND.

The stations are made to measure the water level, salinity along the river. 
Measuring the water level 24 times a year all year round, measuring salinity in 
batches in the dry season from February to July, recently measured in January-VI, 
measuring level 12 times/day, 3–4 times/month, each 3 days. Manual method of
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Fig. 2.1 Calculation diagram of Tien River mouth study area—Mekong Delta

measuring salinity was taken at 03 layers, the surface layer is 0.2 h, the middle layer 
is 0.5 h, the bottom layer is 0.8 h. 

• The most recent model used for river systems in the Mekong Delta is MIKE 
11 (DHI, 2007) which has been developed and updated over the decades by 
various organizations based on previous models and data. Organizations involved 
in model development, tributary updates and the cross-sections and model correc-
tions include the Mekong River Commission (MRC), Southern Institute of Water 
Resources Science (SIWRR) and Thuyloi University (TLU). To simulate the 
problem of saline intrusion in the Mekong Delta, the model uses the MIKE 11 
HD hydrodynamic module to calculate the water level and flow and the MIKE 11 
AD convection diffusion module to calculate the salinity level in the river system. 

• The MIKE 11 HD hydrodynamics module solves the Saint Venant equations 
including the equation of continuity (2.1) and the equation of momentum (2.2) 
(DHI, 2007): 

∂ A 
∂t 

+ 
∂ Q 
∂ x 

= q (2.1)
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where t is the time, x is the distance along the river, Q is the flow, Z is the water level, 
A is the cross-sectional area, R is the hydraulic radius, C is the Chezy roughness 
coefficient, q is the flow mass per unit length, g is the acceleration due to gravity, 
and α is the kinetic energy correction factor. 

The MIKE 11 AD convection diffusion module solves the conservation of mass 
Eq. (2.3) to estimate the salt concentration (DHI, 2007) 
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∂x
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)
= −AK C  + Csq (2.3) 

where C is the salt concentration, CS is the source/sink amount of the salt concentra-
tion, K is the zero possible linear decay coefficient for salinity, and D is the diffusion 
coefficient. 

Calculation diagram for simulation of salinity in the Tien estuary model calibration 
and verification are as follows: The upstream boundary is calculated from My Thuan 
station in Vinh Long province, the downstream boundary uses saline and water level 
stations to serve simulations of Vam Kenh, Loc Thuan, An Thuan, and Ben Trai. The 
stations used to calibrate and inspect models Son Doc, Hoa Binh, My Tho, Dong 
Tam, My Hoa, Giong Trom, Huong My, Khanh Thanh Tan, Vung Liem. 

The calibration parameter is the roughness of the Manning coefficient. Initial 
values of the Manning roughness varied according to the approach studied, with 
mean values of 0.02–0.027. In the calibration procedure, the Manning coefficient 
is modified to the same extent along the study range because we assume that the 
sources of error associated with its evaluation are the same for all grids. Calibration 
and validation were performed using water level data at Cho Lach station, My Hoa, 
My Tho Hoa Binh. The time period selected for calibration is from January 1, 2016 
to June 30, 2016. Figures 2.2 and 2.3 show the results of the calibration. This figure 
shows a good correspondence between the calculated water level and the observed 
water level at the station.

In addition, the model performance was checked by statistical indicators: root 
mean square error (RMSE), Nash–Sutcliffe model efficiency index (NSC) and corre-
lation coefficient (R2). The equations used to determine these indices are available 
in Sanchez (1992). RMSE indicates a perfect combination between observed and 
predicted values when it is zero. NSC ranges from − ∞  to 1. It indicates a perfect 
combination between observed and predicted values when it equals 1. Values between 
0 and 1 are generally considered to be an acceptable level of performance (Zhang 
et al. 2015).
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Fig. 2.2 Test results of water level between calculation and actual measurement in which a Cho 
Lach, b Hoa Binh, c My Tho, d My Hoa 

Fig. 2.3 Salinity simulation results and actual measurements in which a Vam Kenh, b Binh Dai, c 
Son Doc, d Hoa Binh

2.3 Results and Discussion 

(a) Maximum Salinity in Dry Season 

Figure 2.4 shows the maximum salinity at the measuring stations in the period 1994– 
2020 according to the distance from the sea estuary to the river estuary. The lowest 
salinity is in 2014 and the highest is in 2020. The station area which is 4–7.8 km 
from the sea, the salinity is always high from 20 to 32‰, the stations along the river 
which are 10–28 km from the sea, the salinity fluctuates greatly from 3 to 27‰. 
The area which is 45–63 km from the sea, the level ranges from 1 to 14‰. The 
change of salinity peaks in areas along the main river ranges from 10 to 28 km 
each year depending on the freshwater flow in the main river. However, according 
to the salinity data of stations along the river, we divide the Tien River mouth by 
region based on salinity according to the Venice system (Ippen and Harleman 1961;
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Fig. 2.4 Highest salinity value at measuring stations along the river in the period 1994–2020 

Venice System 1958) as follows: the station area which is less than 10 km-distance-
from-the-sea is the saltwater tidal area, stations which are 10–20 km from the sea 
is brackish tide area (tidal dynamics always prevail), distance from 20 to 28 km is 
brackish tide, 28–37 km is brackish tidal area (tidal and river dynamics transition 
zone, tidal predominates), 37–45 km is brackish tidal zone (transition zone between 
tidal dynamics and river flow but river flow predominates), 45–63 km is freshwater 
tide (dominant river dynamics region). 

(b) Evaluation of Salinity Along the River in the Dry Season 

Evaluation of salinity changes over time from measuring stations along the river 
showed that there were years of high salinity going deep into the estuary, and low 
salinity for the transitional area between the tide and the headspring flow. For general 
purposes, we choose 03 years for analysis 2005, 2016, 2017. The year 2005 is the 
highest salinity year in the period when there have not been much changes according 
to the freshwater flow from the Mekong River to the Mekong Delta., in 2016 the 
highest salinity in the period (2006–2016), 2017 in low salinity represents signifi-
cant changes in hydropower dams upstream of Mekong coming into operation. The 
process of salinity evolution in the dry season from January to June is presented 
in Fig. 2.5a–c. In 2005, 2016–2017 in the dominant tidal area, the salinity did not 
change, the dominant tidal dynamic transition zone had a great change in salinity, 
specifically at Son station, the highest salinity in 2005 was 24.0‰, 2016 is 27.4‰, 
in 2017 it is 13.7‰, Hoa Binh 18‰, 15‰, 9‰, Tra Vinh 10.8‰, 14‰, 9.6‰. The 
area of fresh tide and river flow dominates at My Hoa station 10.9‰, 11.8‰, 1.6‰, 
My Tho 4.6‰, 3.4‰, 0‰, Khanh Thanh Tan 8.7‰, 2.6‰. The salinity variation at 
the stations changes due to the interaction between river currents and tides. In terms
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of flow amplitude upstream of Tien station My Thuan estuary, Fig. 2.6a, b show the 
flow amplitude tends to increase. In three years, choose to analyze and arrange in 
ascending order 2005, 2016, 2017, however, in terms of average day there is a change 
in the order of 2016, 2005, 2017 which explains why in 2016 salinity is larger than 
in 2005 and 2017.

The flow with a positive value indicates the upstream current flowing towards 
the sea at low tide and vice versa at high tide. Figure 2.6a show the flow amplitude 
gradually increases for the time it shows signs of tidal action which tends to increase 
in the Tien River estuary. Therefore, according to the salinity monitoring data of 
stations along the river mouth, Ham Luong estuary has a stronger interaction than 
other estuaries based on the salinity of My Hoa and Son Doc stations, in 2016 the 
highest salinity at My Hoa station was 11.8‰, Son Doc 27.4‰, in 2017 My Hoa 
decreased by 86–1.6‰, Son Doc decreased by 50–13.7‰. Stations at Co Chien and 
Estuary Tieu decrease by 30–70% depending on the location away from the sea. 
Thus, for Ham Luong estuary, when the headspring water is reduced in salinity, it 
will be pushed up higher than that of other estuaries, causing difficulties in water 
resource management in the dry season for the year when the salinity is high. 

(c) Salinity Along Hydrologic Depths 

Saline intrusion is generally divided into three categories according to the degree 
of stratification (Nguyen Sinh Huy 2010; Cameron and Pritchard 1963) including 
saline wedge, partial disturbance and total disturbance. Saline wedges form when the 
amount of fresh water flowing into the estuary is greater than the tidal flow. Partial 
turbulence is a strong freshwater current that lies above the salty tidal current. When 
the high tide forces the upper freshwater current, the salinity layer increases with the 
water flow to the sea. Estuary total disturbance occurs when the flow in the river is 
small, tidal flow plays a major role in the water cycle in the estuary. The result of this 
process is uniform salinity at all depths in the river. This classification is determined 
through the classification of Ne (Kettab 2014). Considering the salinity monitoring 
data according to the depth along the Tien River estuary, the results of salinity layers 
measurement data collected are very few, mainly collected at Ham Luong estuary, the 
other estuaries are only available in 2015. Therefore, 2015 was used to analyze and 
evaluate the distribution of salinity according to the depth of the Tien River mouth. 
Figure 2.7a–c show the salinity along the depth of the measuring stations Tieu, Ham 
Luong and Co Chien estuaries, symbols D: bottom salinity 0.8 h, G: salinity depth 
0.5 h, M: salinity salinity on the water surface at a depth of 0.2 h.

Tieu Estuary has the uniform disturbance in the area 4–18 km from the sea, My 
Tho has a difference in salinity between layers, but it is not significant, ranging from 
0.2 to 0.6‰.  

Ham Luong estuary has a difference in salinity between layers, but it is not signif-
icant, ranging from 0.3 to 1‰, in the area 20–37 km from the sea, there is almost no 
difference in salinity between layers, My Hoa station which is far from the sea 45km 
has the difference between layers 0.5‰.
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Fig. 2.5 a Salinity evolution along the Tien River estuary in 2005 in which (a) Cua Tieu, (b) Ham 
Luong, (c) Co Chien. b Salinity evolution along the Tien River in 2016 in which (a) Co Chien, (b) 
Ham Luong, (c) Cua Tieu. c Salinity evolution along the Tien River estuary in 2017 in which (a) 
Ham Luong, (b) Co Chien, (c) Cua Tieu
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Fig. 2.6 a Flow volume in dry season at My Thuan in dry season 2005, 2016, 2017, b average 
daily flow in dry season of My Thuan station

The difference between layers of Co Chien estuary is 0.4‰ at Ben Trai, Huong 
My, and Khanh Thanh Tan stations at 0.2‰. 

Because the salinity difference between layers according to the depth from 0.2 to 
1‰ is small, if only based on the salinity measured value according to the depth, it is 
possible to classify the Tien River mouth in the estuary area with uniform disturbance 
and dominant tidal flow. However, the distribution of salinity in the estuary depends 
on the hydrodynamic regime of the estuary, where the estuary morphology plays a 
decisive role. Therefore, to evaluate more accurately the 2D-3D model because the 
1D model cannot simulate the stratified salinity by degrees.
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Fig. 2.7 a Distribution of salinity by depth of stations along Estuary Tieu River 2015 in which 
(a) Vam Kenh, (b) Hoa Binh, (c) My Tho. b Salinity evolution along Ham Luong River in 2015 in 
which (a) An Thuan, (b) Son Doc, (c) My Hoa. c Salinity evolution by depth along the Co Chien 
River in 2015 in which (a) Ben Trai, (b) Huong My, (c) Khanh Thanh Tan
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2.4 Evolution of Water Level and Salinity 

To study the variation of salinity over a 24-h period, March 28, 2016 was selected 
as the date of the highest salinity at measuring stations along Tieu estuary and Ham 
Luong estuary. Measuring mode 12 op/day Fig. 2.8. The blue line represents the water 
fluctuation at stations along the river, the orange line the salinity variation along the 
river as determined by the measuring stations. Salinity varies with the rhythm of the 
sinusoidal tidal water level. Salinity fluctuates in Ben Trai with the highest 24‰, the 
smallest 10.7‰ falling at highest tide and lowest tide. 

Considering the fluctuation of water level at stations along the river, the Tieu 
estuary branch, the water level and salinity at the measuring stations show that the 
higher the upstream, the higher the peak and the low tide are compared to the down-
stream stations due to the participation of currents in the river. River. Salinity changes 
at stations along the river are opposite, salinity decreases sharply when moving 
upstream. Thus, the water level of measuring stations along the estuary which is 
influenced by tide is directive by astronomical factors, while the distribution of 
salinity along the main river upstream is determined by the flow of freshwater and 
velocity. Evaluation of salinity change on the day when the salinity peaked in the 
dry season in 2016 showed that: Co Chien estuary used salinity at Ben Trai as a 
landmark; at Hung My station 12 km away, the salinity decreased by 34; and Huong 
My at 20 km away, the salinity decreased by 69%; Tra Vinh 23 km away decreased

Fig. 2.8 Salinity evolution along Tien River mouths on March 28, 2016 in which a Co Chien, b 
Ham Luong, c Cua Tieu 
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71%; Khanh Thanh Tan 34.5 km away, salinity decreased 91.2%. Ham Luong branch 
takes An Thuan station as a landmark, 5.29 km from the sea, the highest salinity of 
the day is 31.2‰, Son Doc station 15 km away, the salinity decreases by 16%, Giong 
Trom station 31.7 km away, the salinity decreases by 49%, the My Hoa station 42 km 
away salinity decreased by 62%. Tieu Estuary and Vam Kenh branches 4.1 km from 
the sea, the highest salinity of the day is 25.9‰, at Hoa Binh station 17.8 km away 
salinity reduced by 47%, My Tho station 50 km away salinity decreased by 87%. 
Based on the salinity reduction process along the main river, it can be seen that the 
flow determines the salinity along the river. Co Chien receives more fresh water, 
2‰ is the highest salty border of the day, located 40 km from the sea, Tieu estuary 
receives the smallest 3.4‰ at 55 k away. Particularly in Ham Luong, the amount of 
fresh water accounting for 16% is larger than that of Tieu estuary, but in My Hoa, 
47 km from the sea, the maximum salinity reaches 11.8‰, 3.47 times higher than 
My Tho station, 5.9 times higher than Khanh Thanh Tan station. On the other hand, 
at the inlet of An Thuan, the salinity is 31.2‰, higher than the other two estuaries 
5.9–7.6‰, so the salinity is pushed higher and deeper than these. Thus, the saline tide 
at Ham Luong River is stronger than the other one due to the different morphology 
of this estuary. Therefore, the Ham Luong estuary is very sensitive to the amount of 
fresh water flowing from upstream. In years with smaller amount of fresh water, the 
higher the salinity, the deeper the saltwater intrusion. In years with larger amount of 
fresh water, the salinity decrease more sharply than other rivers belong to Tien River 
mouth. 

2.5 Simulation Results from Model Number 1D 

The year 2016 was chosen to simulate in mike 11 because this is a year of high 
salinity, the flow at the beginning of the dry season has decreased sharply due to the 
operation of the upstream reservoirs of the Mekong. Figure 2.9 shows the results of 
the highest salinity intrusion in the dry season 2016. The salinity limit for agriculture 
is 4‰ (Legates and McCabe 1999) from Ham Luong estuary to Cho Lach. Co Chien 
estuary climb 4‰ salty border beyond Vung Liem-Vinh Long, and Tieu estuary 
climb about 50 km from the sea. The saline boundary exploits domestic water when 
the salinity in rivers and canals is less than 0.3‰, beyond Cho Lach, Cuu Tieu 
River, Quoi An river, Co Chien River. 2016 is the year causing great damage to 
water supply for the winter-spring crop of people in the Tien river mouth because the 
winter-spring crop lasts from January to April. Model of Dong Xuan Rice, Shrimp 
Rice belong to Mo Cay-Thanh Phu, Giong Trom-Ba Tri, Binh Dai irrigation zones 
in the transition zone between tidal dynamics and river flow. When tidal currents 
dominate, high saline water at the time of sowing will not be enough for agricultural 
production because these irrigation systems have not been closed. Therefore, when 
the salinity in the main river increases, it will go into the canal system of Ben Tre 
province, causing damage to agricultural production or daily life. Irrigation systems 
in brackish and fresh brackish water in the Ham Luong estuary are at higher risk of
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Fig. 2.9 Simulation results of saline intrusion along Tien estuary in dry season 2016 

saline intrusion than in Giong Trom-Ba Tri, the downstream of Thuong Ba Lai, Mo 
Cay-Thanh Phu. Currently, the ability to predict the salinity of the model is done 
in a short time of 10 days. Actively storing water or operating irrigation works in 
agricultural production areas can be done soon, but the water demand for agriculture 
is great, so when there is saline intrusion in the river during the prolonged time 
cannot avoid damage. Freshwater areas such as Thuong Ba Lai, Nam Cho Lach, 
Cho Lach will be affected by saline intrusion when the salinity in the main river 
increases and penetrates deep upstream. Predicting the salinity in advance in the 
river is a necessity to prepare water sources for production and daily life. Therefore, 
the fastest way to know changes in salinity in the main river in the dry season is to 
use a one-dimensional model like Mike 11. 

2.6 Conclusion 

The purpose of this study is to learn about the mechanism of saltwater intrusion in 
the Tien estuary in space and time, its dependence on the hydrodynamic regime of 
the estuary using the Mike 11 model and actual measured data along the estuary 
stations of the Tien River. Measuring stations are carried out for many years during 
the dry season from January to June every year. However, the salinity measurement 
in the dry season is not continuous for a month, only 3–4 times at high tide and low
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tide. Through the analysis, it was found that the tides and the amount of fresh water 
in the river dominated the distribution of salinity in the main river. The monitoring 
values of salinity combined with the basic data of the model such as river cross-
section, estuary morphology, water level boundary conditions, salinity, flow are used 
to simulate in one-dimensional model. 

This model includes hydrodynamic module combined with new diffusive transport 
module. Mike 11 model has been calibrated with actual values of water level and 
salinity measurements at main river stations with values calculated from the model 
is suitable. Model can be used to forecast the evolution of salinity distribution along 
the estuary during the dry season 10 days in advance, in order to ensure production 
or daily activities with salty border 4‰, 0.3‰. This forecast is the most effective and 
practical for the transitional area between tidal and river flow dynamics because this 
is a sensitive area of the 4‰ salty border pushing upstream deeply when the tidal 
current is dominant and 0.3‰ salty border pushing down very close to the mouth of 
the sea when river currents prevail. For the Tien River mouth, these sensitive areas 
are the Ba Tri-Giong Trom, Binh Dai, Mo Cay-Thanh Phu and Binh Dai irrigation 
zones. 

Finally, based on the actual salinity values measured at stations along the river, 
we analyze the salinity reduction along the main river, distinguishing the typical 
areas of the Tien River mouth. Temporarily assessing the distribution of salinity by 
depth. However, the one-dimensional model does not evaluate the salinity stratifi-
cation according to the cross-sectional depth, so the study has not concluded the 
salinity stratification in the Tien estuary. The actual measured values are to verify 
the calculated results of the one-dimensional model. 
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Chapter 3 
Developing Software Package for 2D 
Modeling Hydrodynamics and Salinity 
Transport in Cu Lao Dung, Mekong 
Delta 

Xuan Dung Tran and Anh-Ha Le 

Abstract In this study, we simulate the flow and salinity transport in Cu Lao Dung, 
the Mekong Delta. The kinetic–finite volume scheme is used to discretize the shallow 
water and salinity transport equations on two dimensions. The scheme is stable and 
positivity preserve water depth when dealing with wet-dry interfaces and a well-
balanced scheme satisfying the steady-state condition of still water. Moreover, the 
salinity computation ensures the conservation of salinity mass, non-negativity prop-
erty and a maximum principle for salinity and the preservation of discrete steady 
states associated with the lake at rest equilibrium. The simulated data are compared 
with simulated data from MIKE 21FM to verify and be applicable to our method to 
simulate the salinity transport in rivers. 

Keywords Hydrodynamic model · Salinity transport · Finite volume scheme ·
Well-balanced scheme · Cu Lao Dung 

3.1 Introduction 

The estuary and coastal areas are places where a strong interaction occurs between 
hydrodynamic factors from the outflow of the river to the tide, current, and wave 
regime from the sea. In recent years, under the influence of climate change and sea 
level rise, along with impacts from socio-economic activities of humans, the current 
status in coastal areas has changed strongly, saline intrusion also has more serious
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changes and effects. The Mekong Delta, with its gentle terrain and long coastline, is 
one of the most affected areas. With the above situation, scientific research activities 
on coastal areas are very necessary. Today, with the strong development of tech-
nology, the computing power of computers is enhanced, so the numerical method is 
also widely used. There are many models used to simulate hydrodynamic regimes 
such as MIKE, TELEMAC, Delft, SMS, CCHE2D, TABS-MD… Some have been 
applied in the Mekong Delta such as Doan et al. (2014) used MIKE model to evaluate 
the effect of dredging on salinity intrusion in the estuary of the Mekong River, Vu 
et al. (2015) used the Delft3D model to study the morphological change in the coastal 
region of the Mekong River under the influences of sea water level rise, or Xing et al. 
(2017) used two- and three-dimensional Delft3D Flow and Morphology models to 
simulate the hydrodynamics and sand transport in Hau river estuary. The models 
used in these studies are either fully software packages or commercial models with 
good applicability, but users can only use software that cannot change the algorithm 
or program to study in some specific cases. 

In the direction of open research, in Vietnam, there are now several authors 
building and developing an open source 2D hydrodynamic model such as Nguyen and 
Nguyen (2003) in developed Twodimensional River bed Evolution Model (TREM) 
applied to rivers in Vietnam, Luong and Nguyen (2006) in used Third order Runge 
Kutta method and linear interpolation method to solve the 2D shallow water equa-
tions. Although there are some results, the research direction to build an open source 
code for the hydrodynamics model combine with saline intrusion in Vietnam is still 
not popular, so we have developed a software package for this problem to apply and 
develop for further research directions. 

Most flows in rivers have their hydraulic characteristics varying in all three spatial 
dimensions. However, when the width of the stream is much larger than the depth, 
a two-dimensional (2D) flow model using the shallow water equations or the depth-
averaged equations is considered sufficient to describe flow characteristics. In the 
scope of this paper, we focus on developing an open source solution of shallow water 
equations and diffusion equations by finite volume method on an unstructured mesh 
to simulate hydrodynamics and saline intrusion in two spatial dimensions. 

We consider the two dimensions Saint–Venant system and salinity transport, 
written in conservative form 

∂U 
∂t 

+ ∇  ·  F(U) = S(U) (3.1) 

where U = (
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)T 
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where h = h(x, y, t) ≥ 0 is water depth, η = h + z is the water surface level, 
u = (u, v)T is velocity respect x and y, qx = hu, qy = hv, q = (

qx , qy
)T 
, s is 

salinity and e = hs, g = 9.8 m2/s is gravity constant, S0x = − ∂ z 
∂x , S0y = − ∂ z 

∂ y , z 
is topography, S f x  (S f y) is friction force respect x (respectively y). In hydrological 
models, based on empirical considerations, Manning–Strickler law can be used. 

We mention now some important properties of the system (Eq. 3.1) that have to 
be taken into account to construct a well-adapted numerical solver. 

3.2 The Kinetic Solver 

3.2.1 2D Finite Volume Formalism 

LetΩ denote the computational domain with boundaryΓ, we assumeΩ is polygonal. 
Let Ω be covered by a triangulation mesh Th which includes Ti , i ∈ [1, I ] (I is the 
triangular number). We associate with each Ti , a point Gi located in the interior 
of Ti be called a centroid point. Let IΓ be the number of boundary edge, each 
boundary edge is considered like a ghost element. For i ∈ [1, I ], we denote by 
V (i ) ⊂ [

1; I + IΓ
]
the set of the neighboring indexes of the element Ti , let  |Ti | be 

the area of  Ti . We will denote by ei j  the common edge of two elements Ti and Tj 

with i ∈ [1, I ], j ∈ [
1; I + IΓ

]
. Let  li j  be the length of edge ei j

(
li j  = l j i

)
and ni j  

be the unit vector orthogonal to ei j  pointing from Ti to Tj (ni j  = −n j i  ). 
Let Δt be the time-step, we set tn = nΔt . We denote by Un 

i the approximation of 
the cell average of the exact solution at time tn 

Un 
i = 

1 

|Ti |
∫

Ti 

U(x, tn)dx (3.2)  

We integrate in space and time the Eq. (3.1) on the  set  Ti × (tn, tn+1), we obtain 

Un+1 
i = Un 

i −
Σ

j∈V (i) 
σi, j F

(
Un 

i , U
n 
j , ni j

)
, where σi, j = Δtli, j 

|Ti | (3.3) 

3.2.2 Kinetic Solver 

For an interface with unit normal ni j  =
(
nx , ny

)T 
. We define a local basis (n, τ  ) 

which associate to the normal direction and to the tangential one. We can write the 
flux at Eq. (3.3) with
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F
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(3.4) 

The positive and negative fluxes are defined following 
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where Rn = [
1, 0, 0, 0; 0, nx , −ny, 0; 0, ny, nx , 0; 0, 0, 0, 1

]
, M± = 

max
(
un,i ± 

√
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)
, N± = min

(
un, j ±

√
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)
and c̃2 = gh 2 . 

In order to reduce the diffusion of the scheme, we slightly modify the computation 
of the following fluxes:

(
Fqy
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)
)
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Fh
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(3.6) 

with

(
ui j,τ 
si j

)
=

⎧ (
ui,τ , si

)T
(
u j,τ , s j

)T 
i f  Fh ≥ 0 
elsewhere 

From definition term si j  , we can prove that the salinity is positive and satisfy 
maximum principle (see more details in Audusse and Bristeau 2003; Audusse and 
Bristeau 2005). 

3.2.3 Second-Order Reconstructions 

In order to improve the accuracy of the results the first-order scheme defined in 
Eq. (3.3) can be extended to a formally second-order one using a MUSCL like in 
Hou et al. (2013). In Sect. 2.3, we define limited reconstructed variables and in 
Sect. 2.4, we introduce the hydrostatic reconstruction that preserves the positivity 
and equilibrium properties of the first-order scheme. 

In the definition of the flux Eq. (3.4), we replace the piecewise constant values Ui , 
U j by more accurate reconstructions deduced from piecewise linear approximations, 
namely the values Ui j  , U j i  reconstructed on both sides of the interface. 

Like Hou et al. (2013), For the variable vector U = (
η, h, qx , qy

)T 
, we define the 

gradient ∇Ui at triangular cell Ti is illustrated on unlimited gradient ∇Ui and min-
mod function. The values at midpoint Mi jk of common edge ei jk can be extrapolated
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by 

Ui jk = Ui + ∇Ui · ri jk (3.7) 

The variables η, h, qx and qy are be extrapolated to ηi jk ,hi jk ,qx,i jk and qy,i jk 
respectively at the midpoint Mi jk . The bed elevations zi jk is computed from 

zi jk = ηi jk − hi jk (3.8) 

Additionally, the velocities at Mi jk are calculated by ui jk = qi jk
/
hi jk . 

3.2.4 The Hydrostatic Reconstruction 

We consider also piecewise linear approximation of the variable z and we reconstruct 
the values zi j  , z j i  on both sides of the interface. To preserve the well-balanced 
property, it is necessary that the formally second-order reconstruction preserves an 
interface equilibrium. It means that if. 

hi j  + zi j  = h j i  + z j i  = H, ui j  = u j i  = 0 (3.9) 

Given the solution Un at time tn for each cell, we thus compute Un+1 by the 
following algorithm with five steps: 

• “Second-order” reconstruction. We define “second-order” reconstructions of 
primitive variables as it is described in the previous subsection. 

• Interface topography. We first construct a piecewise constant approximation of 
the bottom topography z(x). 

zi = 
1 

|Ti |
∫

Ti 

z(x)dx (3.10) 

From these “second-order” reconstructed values we derive “second-order” 
reconstructed values zi j  for the topography. Then, we define an interface topography 

z∗ 
i j  = z∗ 

j i  = max
(
zi j  , z j i

)
(3.11) 

• Interface water depth. We define new hydrostatic reconstructed interface values 

U∗ 
i j  =

(
h∗ 
i j  , h∗ 

i ju
T 
i j  , h∗ 

i j  si j
)T 

h∗ 
i j  = max

(
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i j  , 0
)

(3.12)
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With wet-dry interface, we redefine interface topography: 

z∗ 
i j  = max

(
z∗ 
i j  , hi j  + zi j

)
(3.13) 

and we can rewrite h∗ 
i j  like Eq. (3.12). • Source term. We define an interface source term 
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For “second order” reconstruction, we add a centered source term to satisfy 
the consistency of the numerical scheme 
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(3.15) 

• Computation of the solution. Finally, we write the formally second-order well-
balanced scheme by introducing the new interface values Eq. (3.12) in the fluxes 
Eq. (3.5). 

Un+1 
i = Un 

i −
Σ
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)] (3.16) 

We can now prove that the hydrostatic reconstruction strategy allows us to preserve 
the still water steady-state while preserving the positivity property (see Audusse and 
Bristeau 2005 and Bristeau 2001). 

3.2.5 Properties of Scheme 

The scheme is defined in Eq. (3.16) is conservative, positive depth water and preserves 
the well-balanced property. The salinity is positive and satisfies maximum principle 
property. Now the CFL condition writes that the scheme is consistent:

Δt ≤ min
|Ti |(

|ui | +
√
3c̃n i

) Σ
j∈V (i ) li j  

(3.17)
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3.2.6 Friction Terms 

The friction terms only appear in momentum equations, the semi-implicit scheme is 
implemented to treat these terms. From Eq. (3.16), we have 

qn+1 
i + c f gΔt 

|qi |n qn+1 
i 

hn i
(
hn+1 
i

)4/3 = qn 
i −
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)
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)] (3.18) 

If we donate q̃n+1 the right hand side of previous formula, we have 

qn+1 = q̃n+1 

1 + c f gΔt |qn i | 
hn i (h

n+1 
i )

4/3 

(3.19) 

3.2.7 Boundary Condition 

Herein, the boundary conditions are implemented to computation of the boundary 

flux F
(
Un 

i , Un 
j , ni j

)
j ∈ [

I + 1, IΓ
]
which appear in Eq. (3.3). The variable Un 

j , 

can be interpreted as an approximation of the solution in a ghost cell adjacent to the 
boundary. 

3.2.7.1 Solid Boundary 

On the solid wall we prescribe a continuous slip condition. It follows that finally 

F
(
Un 

i , U
n 
j , ni

) =
(

0, 
g
(
hn i

)2 

2 
nT 
i , 0

)T 

(3.20) 

3.2.7.2 Open Boundary 

On the open boundary, the type of flow and then the number of boundary conditions 
depend on the Froude number. Here, we consider a local Froude number associated 
to the normal component of the velocity. We have two types.
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• Subcritical flow: For the subcritical flow, the value U j is defined by adding to the 
given boundary condition and using the assumption that the Riemann invariant is 
constant along the characteristic. 

• Supercritical flow: In the case of supercritical flow, the values h j , u j which are 
prescribed at the inflow boundary, are equal to hi , ui respectively, at the outflow 
boundary. 

For salinity transport, s j will take si in the outflow and given salinity at the 
boundary in the inflow. 

3.3 Numerical Experiments 

3.3.1 Model Setup 

The computational domain includes the area of the river and the estuaries of the 
Mekong River extending from Can Tho to the area outside the mouth of the Hau 
River. The domain has variations in the width of the river as well as the coastal 
areas, so an unstructured triangular grid is used to discretize the domain along 
with the topographic information. The grid has a spatially variable to suit different 
interest areas, thick in narrow river branches and the estuaries, thinner in areas far 
out to sea (Fig. 3.1). This approach can help improve computational performance 
and reduce computation time. The bathymetry was digitized from topography maps 
which were published by the Department of Survey, Mapping and Geographic Infor-
mation Vietnam, and from the dataset of Mekong River Commission. Additionally, 
the bathymetry in the coastal area near the river mouths was updated by measured 
data from the Department of Oceanology, Meteorology and Hydrology, University 
of Science—VNU-HCM. 

Fig. 3.1 The study area at Cu Lao Dung and the computational grid
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The upstream boundary of the model at Can Tho is defined by the water discharge 
collected from the data of the national hydro-meteorological station. The open sea 
boundary condition is the predicted tidal level fluctuations according to the tidal 
harmonics constants imposed offshore which were extracted from FES2004 (Lyard 
et al. 2006). For the salinity boundary conditions, the salinity is set to 32 psu at the 
open sea boundary and 0 at the upstream boundary at Can Tho. 

The initial condition for the model is set by the hoststart method with a certain 
buffer running time so that the model automatically detects the appropriate initial 
conditions to stabilize the model. The model is set up and run for a period from 
January 1st to March 31st in 2017, with the minimum time steps of 0.01 s. 

3.3.2 Results and Discussion 

Using the computational model gave results on hydrodynamics and salinity distri-
bution in space and time. To evaluate the computational ability and efficiency of 
the built model, these results are compared with the calculated results by the MIKE 
21FM model. MIKE 21FM is a module in the commercial model MIKE of DHI 
company, which has been tested and applied well in many practical studies in the 
world as well as in Vietnam. 

The comparison results in Figs. 3.2, 3.3, 3.4 and 3.5 show similar spatial distribu-
tions of water levels simulated by the built model and the MIKE 21FM model. The 
spatial distribution of water level changes according to the tidal cycle from low tide 
(Fig. 3.2) to high tide (Fig. 3.4) and low tide again (Fig. 3.5) indicating the propaga-
tion of tides from outside into the estuary and river area. This similarity can be seen 
more clearly through the comparison of the change of water levels in time at some 
locations in the calculation domain. As shown in Fig. 3.6, the difference between 
simulation results by the built model and by MIKE is not much, especially in the sea 
area. The correlation coefficient between the two results is higher than 0.97.

The calculated results of the propagation of salinity are also quite consistent with 
the trend of saline intrusion in the study area. In Figs. 3.7, 3.8, 3.9 and 3.10, it  
can be seen that the similarity of the salinity distribution of the results by the built 
model compared with the results by the MIKE 21FM model. Both calculation results 
show that when the tide is high (Fig. 3.9), the saltwater will be gradually spread into 
the river, then when the tide goes down (Figs. 3.7 and 3.10), it will be gradually 
pushed out of the river’s mouth. This process leads to changes in salinity in the 
areas. Figure 3.11 gives a clearer depiction of the changes in salinity along with tidal 
fluctuations.

Thus, through comparison, it can be seen that the built model gives relatively stable 
calculation results similar to the commercial MIKE 21FM model. The methods and 
algorithms used are suitable for building a computational model for the problem of 
shallow water hydrodynamics and 2D salt propagation.
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Fig. 3.2 Water levels (left: our model, right: MIKE) at 0:00 02/15/2017 

Fig. 3.3 Water levels (left: our model, right: MIKE) at 3:00 02/15/2017

The study is in the process of building and evaluating the computational model, 
so it has not been possible to run many cases with different conditions in reality. In 
the future, if it is possible to expand research and develop deeper, with the advan-
tage of the ability to modify the source code, it will help support calculations for 
specific application cases, and also help cost savings in studying problems related 
to hydrodynamics in the estuary and coastal zone compared to using commercial 
models.



3 Developing Software Package for 2D Modeling Hydrodynamics … 45

Fig. 3.4 Water levels (left: our model, right: MIKE) at 6:00 02/15/2017 

Fig. 3.5 Water levels (left: our model, right: MIKE) at 12:00 02/15/2017

3.4 Conclusion 

Studying flow simulation using a hydrodynamic model combined with saline intru-
sion is a complicated problem that cannot be solved by an analytical method. There-
fore, it is very necessary to conduct research on numerical solutions and build a calcu-
lation program with stable, effective, and suitable solutions to reality. The study used 
the finite volume method with a kinetic scheme to discretize the shallow water and 
salinity transport equations in two dimensions. The scheme is stable and positively
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Fig. 3.6 The comparison of water levels at the estuary and the outside

Fig. 3.7 Salinity (left: our model, right: MIKE) at 0:00 03/02/2017
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Fig. 3.8 Salinity (left: our model, right: MIKE) at 3:00 03/02/2017 

Fig. 3.9 Salinity (left: our model, right: MIKE) at 6:00 03/02/2017

preserves water depth when dealing with wet-dry interfaces and a well-balanced 
scheme satisfies the steady-state condition of still water. Moreover, the salinity is 
positive and satisfies the maximum principle. This is also the difference of the built 
model compared to the MIKE 21FM model. 

Based on these numerical methods, the research has built an open source program 
and applied it to calculate conditions in Cu Lao Dung area, the Mekong Delta. The 
calculated results by the built model are compared with the calculated results by 
MIKE 21FM model, showing that the model has relatively well solved the problem
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Fig. 3.10 Salinity (left: our model, right: MIKE) at 12:00 03/02/2017 

Fig. 3.11 Salinity and water levels at the estuary and the outside
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of two-dimensional hydrodynamic and salinity transport problem, which is suitable 
for application in real river conditions. 
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Chapter 4 
An Assessment of Some Algorithms 
for Modeling and Forecasting Horizontal 
Displacement of Ialy Dam, Vietnam 

Kien-Trinh Thi Bui and Cuong Manh Nguyen 

Abstract In order to simulate and reproduce the operational characteristics of a dam 
visually, it is necessary to capture the displacement at different measurement points 
and analyze the observed movement data promptly to forecast the dam safety. The 
accuracy of forecasts is further improved by applying machine learning methods to 
data analysis progress. In this study, the horizontal displacement monitoring data 
of the Ialy hydropower dam was applied with machine learning algorithms: Gaus-
sian processes (GP), Multi-layer Perceptron Neural Networks (MLPs), and the M5-
Rules algorithm for modelling and forecasting of horizontal displacement of the Ialy 
hydropower dam (Vietnam), respectively for the analysis. The database used in this 
research was developed by collecting time series of data from 2006 to 2021 and 
divided into two parts: training dataset and validating dataset. The final results show 
all three algorithms have high performance for both training and model validation, 
in which the MLPs is the best model. The usability of them is further investigated 
by comparison with benchmark models created by Multi-linear Regression (MLR). 
The result shows among the performance which obtained from all the GP model, the 
MLPs model and the M5-Rules model are superior. Therefore, these three models 
should be used to analyze and predict horizontal displacement of the dam. 
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4.1 Introduction 

Monitoring and predicting deformations on hydropower dams are important tasks 
contributing to damage prevention, structural integrity and public safety (Bagher-
Ebadian et al. 2011). However, the deformation and displacement of the dam is a non-
linear and highly complicated process. It is greatly influenced by surrounding factors 
such as hydraulic pressure, material deformation, seismic load and air temperature 
(Chai and Draxler 2014; Bayrak 2007). 

There are many approaches and methods to model and predict the deformation 
and displacement of hydropower dams that have been proposed in the past decade. In 
summary, they can be divided into three main groups: deterministic methods, statis-
tical, and combined methods (Kao and Loh 2013; Sortis and Paoliani 2007). One 
of the most widely used methods is the deterministic method. However, its disad-
vantage is: it requires elusive and high accuracy indicators such as uplift pressure 
and leakage flow (Kuremoto et al. 2014). Therefore, the combined method and the 
statistical method are proposed as an alternative to the deterministic method. Never-
theless, these methods still require an abundance of data to be collected and analyzed 
to ensure the accuracy of the results (Lombardi et al. 2008; Massinaei et al. 2014). 

As an important issue of concern, machine learning methods and artificial intel-
ligence techniques have been proposed to analyze and predict dam deformation 
including vector regression (Chai and Draxler 2014; Mata  2011), artificial neural 
networks (Nguyen et al. 2013), and neural fuzzy (Pytharouli and Stiros 2005). In 
general, the new predictive models have improved the performance and the artifi-
cial neural network has become an effective tool for modelling and analyzing the 
displacement of hydropower dams. 

Along with the development of artificial intelligence, new algorithms and data 
training techniques are also introduced such as Gaussian Processes (GP), Multi-
layer Perceptron Neural Networks (MLPs) and M5-Rules algorithm (Quinlan 1992). 
Regarding these three models, the methods have been recently reported to be a 
powerful regression tool for the dam displacement analysis (Quinlan 1992; Ranković 
et al. 2012) as of their performance and potential. Unfortunately, in Vietnam, the 
application of displacement modelling techniques of hydropower dams has only 
been applied to Hoa Binh dam. The Ialy hydropower dam-one of the oldest, largest 
and most important hydropower dams in Vietnam-has a wide range of social appli-
cations. Therefore, in this study, we decided to investigate and compare the potential 
application of the Gaussian Processes, the Multi-layer Perceptron Neural Networks 
and M5-Rules algorithms to model and predict the horizontal displacement of the 
Ialy dam. 

The modeling process used GP, MLP, M5-Rules, Multi-linear Regression (MLR) 
and Additive Regression (AR) with the support of WEKA 3.8.5 software (Frank et al. 
2016).
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The structure of this paper is organized as follows: the second part provides 
description of study area and the database collected; the third part gives a brief 
description of the applied theory of the selected algorithms used in this study and the 
model performance evaluation indicators; the final parts are results, discussion and 
conclusions. 

4.2 Study Area and Data Used 

4.2.1 Study Area 

The Ialy hydropower project construction was started on November 4, 1993 and 
inaugurated on April 27, 2003. The Ialy Dam was designed by Vietnamese engineers 
and constructed by Vietnamese construction companies. It was completed in 1998, 
and it is the third largest hydropower dam in Vietnam which is located two districts 
of two different provinces: Chu Pah district-Gia Lai province and Sa Thay district-
Kon Tum province. It is the third project of the dam cascade system on the Sesan 
River-a tributary of the Mekong River, formed from the tributaries of the Dakbla 
and KrongPok rivers (Fig. 4.1). Its hydropower plant is also the biggest one of six 
plants on Sesan River within Vietnam with three other hydropower plants located in 
Cambodia. 

Ialy Hydropower plants and other underground structures were designed by 
Hydroprojekt of Russia. The first unit started operating on 02/05/2000. The last 
unit started generating electricity on 12/12/2001. Some specifications of Ialy dams 
are given in Table 4.1.

Fig. 4.1 Location of the study area 
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Table 4.1 Specifications of the Ialy hydropower dam 

No. Specifications Value 

1 Total reservoir storage 1037.09 × 106 m3 

2 Total reservoir area 64.5 km2 

3 Live storage 779 × 106 m3 

4 Normal water level 515 m 

5 Maximum water level 518 m 

6 Minimum water level 490 m 

7 Number of units 4 units 

8 Design capacity 720 MW 

9 Average amount of electricity 3680 × 106 kWh/year 

4.2.2 Data Used 

There are 3 main displacement monitoring routes that exist at Ialy dam: (i) 4 points 
at 4795 m and 15 points mounted on components at different heights on the dam 
surface; (ii) 4 points at 500 m and (iii) 17 points at 522 m on spillways. The horizontal 
displacement and settlement of specific points on these three routes are measured by 
high-precision total station and leveling machines. 

Of the 40 monitoring points, only 4 points are measured twice a month to detect 
the three-dimensional displacement of the dam. In this research, the point M17 was 
selected and its time series data from January 2004 to December 2016 of horizontal 
displacement was collected for analyzing (Fig. 4.2).

According to Chai and Draxler (2014), the factors that co-influence to the hori-
zontal displacement of hydropower dams include: air temperature data, ageing 
factors, hydraulic data (Table 4.2). In this research, we used: (i) the reservoir water 
level (H) with three exponential components H1, H2, H3; (ii) the air temperature (T) 
consists of five components T 0, T 14, T 28, T 42, T 56 where indexes 0, 14, 28, 42 and 
56 are number of days prior to the measurement; (iii) the age of the dam (t) includes 
two components t and ln(t). A total of ten input variables were taken into account 
(H1, H2, H3, T 0, T 14, T 28, T 42, T 56, t, lnt) and the dependent variable—the measured 
horizontal displacement (HD). These 10 input variables are encoded in the matrix 
V i where index i = 1,…,10.

To analyze the horizontal displacement of Ialy dam, the collected data including 
339 samples was divided into two subsets: the first subset was used to build a regres-
sion model (time-series data from 09/01/2004 to 24/02/2014 including 270 samples) 
whereas the second subset is used to validate the performance of the used algorithm 
(time-series data from 10/03/2014 to 19/12/2016 including 69 samples).
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Fig. 4.2 Time-series data for horizontal displacement at the M17 point of Ialy dam a water level, 
b air temperature, c horizontal displacement
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Table 4.2 Overview of the data used 

No. Data type Unit Max Min 

1 Horizontal displacement (HD) Meter 0.1707 0.0640 

2 Reservoir water level (H) Meter 515.44 489.30 

3 Air temperature (T) Degree 28.5 15.6 

4 Dam age (t) Month 215.7 58.4

4.3 Method 

Since there are many well-documented with detailed explanations of Gaussian 
Processes, Multilayer Perceptron Neural Networks and M5-Rules algorithms for 
dam displacement models, we only briefly summarize how these methods worked in 
this study. 

4.3.1 Gaussian Process 

Displayed equations or formulas are centered and set on a separate line (with an extra 
line or halfline space above and below). Displayed expressions should be numbered 
for reference. The numbers should be consecutive within each section or within the 
contribution, with numbers enclosed in parentheses and set on the right margin. 

A Gaussian process (GP) is also known as a normal stochastic process. From a 
function space point of view, a GP is a set of random variables, where any finite subset 
of which has a common Gaussian distribution, i.e. common probability distribution 
of any set of random variables {xi ∈ X; i = 1,…, n} and processes with corresponding 
state {f (x1),…, f (xn)} follows the n-dimensional Gaussian distribution (Salazar et al. 
2017). The characteristics of the GP can be fully determined using the corresponding 
mean function m(x) and the covariance function (kernel) function k(x, x'):

⎧
m(x) = E[ f (x)] 

k
(
x, x ') = E

[
( f (x) − m(x)) ∗ (

f
(
x ') − m

(
x '))T ] (4.1) 

where x, x' ∈ X are d-dimensional input vectors and E represents the mathematical 
expectation. The average function m(x) represents the expected value of the function 
f (x) at the input point x. The covariance function k(x, x') can be understood as a 
measure of the confidence level for m(x). The GP can be expressed as follows: 

f (x) ∼ GP
(
m(x), k

(
x, x ')) (4.2) 

The covariance function in GP is often chosen by the user’s experience. Many 
previous studies have demonstrated that different covariance functions have their
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own characteristics (Salazar et al. 2015; Su et al.  2015). Thus, the performance of 
different covariance functions needs to be compared to choose the function that best 
fits the training model of the dam. 

4.3.2 Multilayer Perceptron Neural Networks 

One of the most popular methods for time series modelling and forecasting with high 
accuracy is using Multilayer Perceptron Neural Networks (MLP) (Bui et al. 2012). In 
principle, MLP supplement forward networks that use back-propagation algorithms 
to update weights through each training phase (Quinlan 1992). The used MLP model 
in this study is formed by three layers: an input layer consisting of ten input neurons, 
Vi with i = 1,…,10; a hidden layer; and one output layer. The number of neurons in 
the hidden layer is determined in the training phase, while there is only one neuron 
in the output layer. The logistic sigmoid is selected as the activation function: 

f (x) = 
1 

1 − eV 
(4.3) 

where V is the input variable. 
The weight of the interconnected neurons across the three layers directly affects 

the performance of the MLP. By using a two-stage back-propagation algorithm: 
forward and backward (Bui et al. 2015) the weights are always modified and updated 
during the different training phases. It is an iterative process. In the transition phase, 
the input values are brought forward from the input layer to the output layer, and then 
the output values are calculated. Next is the process of estimating the error value by 
comparing the output values with the monitored displacement values. The weights 
are then updated in the rollback to minimize errors as follows: 

Error  = 
n⎲

i=1 

( pri − yi )2 (4.4) 

where pri and yi are predicted and measure values of HD, n is the total number of 
samples. 

4.3.3 M5-Rules 

The M5-Rules algorithm is a machine learning algorithm for regression problems. 
Based on the separate and conquer theory, it generates a decision list from the M5 
Model Tree (Vladimirov et al. 2003).
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Training data set D which containing 10 input variables, the M5 Model Tree 
(Wang and Witten 1996) built a tree-like model with each node of the model was 
generated by the information reduction of the standard deviation estimated by the 
following equation: 

Reduction = Std(D) −
⎲ |Di | 

|D| ∗ Std(D) (4.5) 

where Di is a subset of D, Std is the standard deviation. 
The tree model when reached the maximum level will be punched to prevent 

overfitting. Meanwhile, a smoothing process is performed to deal with discontinuities 
of the model tree shape (Were et al. 2015). One important thing to keep in mind: the 
branches of the M5 model tree are formed using linear regression. 

The decision lists will be generated in parallel with the construction of the M5 
model tree. Detailed explanations of the M5 algorithm can be found in the publication 
of Witten et al. (2011). 

4.4 Performance Assessment 

By using parameters such as the original Root mean square error (RMSE), Mean 
absolute error (MAE), and Correlation coefficient (R2) it is possible to evaluate the 
accuracy and performance of the forecasting model. The higher the R2 is, and the 
lower the RMSE and the MAE are, the better performance of the models is. Detailed 
explanations of model verification can be found in Bayrak (2007) and Zhao and Jin 
(2008): 

RM  SE  = Sqrt 
n⎲

i=1 

(pri − yi )2 

n 
(4.6) 

MAE  = 
n⎲

i=1 

|pri − yi | 
n 

(4.7) 

R2 =
Σ	n 

i=1

(
pri − pr i

)(
yi − yi

)
/Σ	n 

i=1

(
pri − pr i

)2 ∗ Σ	n 
i=1

(
yi − yi

)2 (4.8) 

where pr i and yi are mean measured values and mean predicted values of horizontal 
movement, respectively.
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4.5 Results and Discussions 

Together with the Gaussian process, the kernel function is chosen based on the 
Gaussian kernel (RBF function), and the value of the kernel parameter is chosen 
in the range [0.001, 1] with a minimum step of 0.001. The optimum values of the 
kernel parameter and the regulation constant obtained by searching are 53 and 0.0056, 
respectively. 

Setting values 0.3, 0.2 and 1000 respectively for learning rate, momentum and 
epoch to train Neural Nets MLPs respectively. It is noted that the activation function 
is the logistics sigmoid. The number of neurons in the hidden layers affects the 
performance of the MLP model. Therefore, Bui et al. (2017a) proposed an experiment 
with two selected neurons. Figure 4.3 shows the structure of the MLP model. 

The minimum number of permissive samples at a selected leaf note is 4 for the 
case of the M5-Rules model. A total of four rules were generated: 

Rule 1: If V9 > 0.356 then 

HD  = 0.0092 ∗ V1 + 0.0384 ∗ V8 + 0.2944 ∗ V9 + 1.196 (4.9) 

Rule 2: If (V1 > 0.282; V9 > 0.141) then 

HD  = 0.0092 ∗ V1 + 0.0314 ∗ V4 + 0.0447 ∗ V5 + 1.1924 (4.10) 

Rule 3: If (V1 > 0.282; V9 ≤ 0.356; V9 > 0.141) then

Fig. 4.3 Structure of the MLP model in this study 



60 K.-T. T. Bui and C. M. Nguyen

HD  = 0.0092 ∗ V1 + 0.0447 ∗ V5 + 0.0384 ∗ V8 + 1.0204 (4.11) 

Rule 4: 

HD  = 0.1986 ∗ V1 + 0.1803 ∗ V4 + 0.4033 ∗ V9 + 1.1379 (4.12) 

The GP, MLP and M5-Rules model were developed using the training dataset for 
each training phase and the results are shown in Fig. 4.4 and Table 4.3. 

The result shows that all of three models have higher performance than the bench-
mark model, and the MLP has the highest performance. Validating the model with 
standard deviation (11.6 mm) of measured displacement estimated from the training 
dataset, Gaussian Process RMSE (2808 mm), MLP model (2527 mm) and the model 
M5-Rules (2792 mm), it is clear that the goodness of fit of the three models is high.

Fig. 4.4 The output values of training dataset derived from the GP, the MLP, the M5R and the 
MLR model 

Table 4.3 Performance of the models, and the benchmark models using the training dataset 

Characteristics Training dataset 

RMSE (mm) MAE (mm) R2 

GP 2.808 2.192 0.8934 

MLP 2.527 1.921 0.9303 

M5-rules 2.792 2.092 0.9155 

Multi-linear regression 3.103 2.413 0.8214 

Additive regression 3.032 2.628 0.8356 
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The picture of the error distribution is formed based on the RMSE quadratic scoring 
rule. However, these coefficients are sensitive to large outliers and values (Zheng 
et al. 2013). Therefore, we have additionally used MAE. 

To diagnose the variability of the errors that need to compare the differences 
between RMSE and MAE. 

The results in Table 4.3 show that the difference between GP, MLP model and M5-
Rules model is 0.616 mm, 0.606 mm and 0.7 mm for RMSE and MAE respectively. 
The above results and R2 = 0.9303 showed the better fit of the MLP Neutral Nets 
model compared with the remaining trained models. 

The forecasting ability of the three models were evaluated using a validation 
dataset that was not used during the training phase. The results show that the MLP 
model has the lowest RMSE and MAE. The MLP model performs better than the 
GP and the M5-Rules model (Table 4.4). The difference between RMSE and MAE 
for GP, MLP model and M5-Rules model is 0.609 mm, 0.528 mm and 0.547 mm 
respectively. And the MLP model has the lowest variation of the errors. 

The performance of the three models is further compared with two popular models, 
Multi-linear Regression model (MLR) and Additive Regression model (AR). These 
two methods were selected as benchmark methods as of having been proven outper-
forming conventional methods in dam behavior modeling (Kao and Loh 2013; Mata  
2011; Pytharouli and Stiros 2005; Salazar et al. 2017; Bui et al. 2018; Bui  2022; Lin  
et al. 2019; Bui, et al.  2017a, 2017b). The Multi-linear Regression model was built 
using sequential minimal optimization (Were et al. 2015). The results are shown in 
Tables 4.3 and 4.4. It shows that the overall performance of the three models is better 
than the performance of the benchmark models and that MLP is the best model. 

The efficiency of three models for forecasting the deformation of Ialy dam were 
also compared to the results of the same types of models in Bui et al. (2018), Bui 
(2022), Lin et al. (2019),  Bui et al.  (2017a),  Bui et al.  (2017b) (Tables 4.5, 4.6 and 
4.7).

Although the values of RMSE and MAE in this study is considerably large, the 
R2 value is similar to the values from comparison studies. This indicates that the 
forecasting precision of three models used in this study is equivalent to the same types 
of models used in those studies. Due to the difference in the monitoring methods, 
observed values at the Ialy dam which was obtained from different instruments with 
completely different accuracy, further studies are needed to optimize the models

Table 4.4 Performance of the models, and the benchmark models using the validating dataset 

Characteristics Validating dataset 

RMSE (mm) MAE (mm) R2 

GP 4.017 3.408 0.7855 

MLP 3.803 3.275 0.7903 

M5-rules 3.939 3.392 0.7834 

Multi-linear regression 4.502 3.816 0.7252 

Additive regression 4.719 4.064 0.6889 
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Table 4.5 Performance of the MLPs model using training and validating dataset 

Criteria This study Bui et al. 
(2018) 

Bui (2022) Bui et al. 
(2017a) 

Bui et al. 
(2017b) 

Training RMSE (mm) 2.527 0.596 0.750 0.343 0.480 

MAE (mm) 1.921 0.516 0.570 0.284 0.382 

R2 0.930 0.925 0.882 0.963 0.952 

Validating RMSE (mm) 3.803 0.616 1.060 0.445 0.420 

MAE (mm) 3.275 0.563 0.990 0.364 0.344 

R2 0.790 0.888 0.759 0.781 0.781 

Table 4.6 Performance of the GP model using training and validating dataset 

Criteria Training Validating 

This 
study 

Bui et al.  
(2018) 

Bui 
(2022) 

Lin et al. 
(2019) 

This 
study 

Bui et al. 
(2018) 

Bui 
(2022) 

Lin et al. 
(2019) 

RMSE 2.808 0.419 0.900 0.214 4.017 0.365 0.470 0.168 

MAE 2.192 0.328 0.630 0.153 3.408 0.302 0.410 0.132 

R2 0.893 0.927 0.865 0.978 0.7855 0.883 0.764 0.979 

Table 4.7 Performance of the M5-rules model using training and validating dataset 

Criteria Training Validating 

This study Bui (2022) Bui, et al. 
(2017b) 

This study Bui (2022) Bui, et al. 
(2017b) 

RMSE 2.792 0.610 0.270 3.939 0.710 0.351 

MAE 2.092 0.470 0.210 3.392 0.630 0.291 

R2 0.916 0.922 0.977 0.7834 0.781 0.744

and reduce the RMSE, MAE values, thereby further improving the performance of 
predictive models. 

4.6 Conclusion 

In this study, the potential application of GP, MLP and M5-Rules algorithm in 
modelling and forecasting of horizontal displacement of the Ialy hydropower dam 
is evaluated and compared. According to current literature, M5-Rules is a relatively 
new, modern soft computational algorithm that has not been used for modelling and 
forecasting the horizontal displacement of the Ialy hydropower dam.
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The dam database was built, collected, and processed from the dam ageing and 
air temperature data along with 10 input variables derived from the upstream reser-
voir water level and the transition data and the horizontal position measured by the 
geodetic method. The time-series data covers the period of 13 years (2004–2016). 
The degree-of-fit and predictive potential of the trained models were evaluated using 
RMSE, MAE and R2. Additionally, the results from Multilinear Regression were 
also included to make the comparison. 

In general, the process of building an MLP model is more complex because it 
requires many parameters that are determined through a trial-and-error process while 
developing an M5-Rules model is simpler when just a minimum number of samples 
at a leaf note. In addition, the M5-Rules model has an advantage as it generates a list 
of decision rules that can serve in decision-making for hydropower dam maintenance. 

The results shown that the MLP model has better performance than the M5-Rules 
model and the GP model on both training and validation datasets. In addition, the 
variation of errors of the MLP model is lower than that of the M5-Rules model and 
GP model. 

Although the MLP model has better performance than the other models in this 
study, it can be concluded that the M5-Rules is still a promising tool that should be 
used for modelling and forecasting movements of hydropower dam. 
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Ranković V et al (2012) Modelling of dam behaviour based on neuro-fuzzy identification. Eng 
Struct 35:107–113 

Salazar F et al (2015) An empirical comparison of machine learning techniques for dam behaviour 
modelling. Struct Saf 56:9–17 

Salazar F et al (2017) Data-based models for the prediction of dam behaviour: a review and some 
methodological considerations. Arch Comput Methods Eng 24:1–21 

Sortis AD, Paoliani P (2007) Statistical analysis and structural identification in concrete dam 
monitoring. Eng Struct 29(1):110–120 

Su H et al (2015) Rough set-support vector machine-based real-time monitoring model of safety 
status during dangerous dam reinforcement. Int J Damage Mech 26(4):501–522 

Bui KTT et al (2018) A novel hybrid artificial intelligent approach based on neural fuzzy inference 
model and particle swarm optimization for horizontal displacement modeling of hydropower 
dam. Neural Comput Appl 29(12):1495–1506 

Vladimirov VB, Zaretskii YK, Orekhov VB (2003) A mathematical model for monitoring the 
rock-earthen dam of the Hoa Binh hydraulic power system. Power Technol Eng 37:161–166 

Wang Y, Witten I (1996) Induction of model trees for predicting continuous classes. Computer 
science working paper. University of Waikato, pp 13 

Were K et al (2015) A comparative assessment of support vector regression, artificial neural 
networks, and random forests for predicting and mapping soil organic carbon stocks across an 
afromontane landscape. Ecol Ind 52:394–403 

Witten IH, Frank E, Hall MA (2011) Data mining: practical machine learning tools and techniques, 
3rd edn. Morgan Kaufmann, Burlington 

Zhao E, Jin Y (2008) Dam deformation monitoring model and forecast based on hierarchical diag-
onal neural network. In: 4th International conference on wireless communications, networking 
and mobile computing 

Zheng D et al (2013) Integrated parameter inversion analysis method of a CFRD based on multi-
output support vector machines and the clonal selection algorithm. Comput Geotech 47:68–77

https://waikato.github.io/weka-wiki/citing_weka/
https://waikato.github.io/weka-wiki/citing_weka/


Chapter 5 
Simulation of the Hydrodynamic Regime 
of Aquaculture Development Zones 
Within Binh Dinh, Vietnam 

Duy Vu Luu , Thi Ngoc Canh Doan , Khanh Le Nguyen , 
Ngoc Duong Vo , and Chau Van Truong 

Abstract Binh Dinh province is suitable for fishery, such as brackish seafood, 
because the province has a long coastline and many lagoons. However, its brackish 
seafood farming has been impacted by sea level rise, drought and salinization caused 
by climate change. For example, both low and high salinity negatively affect the 
growth of many brackish populations. In this research, the hydrodynamic regime 
and salinity spreading in the coastal areas are estimated based on the MIKE 21 
model, a numerical model. The model is calibrated against tide levels and salinity 
records from 1st June 2010 to 11th June 2010. The validation period is from 1st 
June 2016 to 11th June 2016. The modelled output shows good agreement with the 
observed data at Quy Nhon station, Binh Dinh. The values of the Nash–Sutcliffe 
efficiency coefficient and correlation coefficient are very good, over 0.87. The veri-
fied model parameters are important data for the future salinity forecasting projects 
under climate change. 

Keywords Hydrodynamic · Salinity ·MIKE 21 · Binh Dinh 

5.1 Introduction 

Binh Dinh is a coastal province in South Central Vietnam. The province is in a 
very important strategic position in the socio-economic development of the Central 
region. It is also an important gateway to the Central Highlands, Southern Laos 
and Northeastern Cambodia, Thailand, and into the East Sea. The province has a
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134 km long coastline interspersed with many lagoons and bays. There is a wide 
range of aquatic resources in Binh Dinh. Its waters have biodiversity and are rich 
in aquatic resources with hundreds of species. For example, there are 500 species 
of fish. Marine shrimp has 20 species. Therefore, in recent years, Binh Dinh has 
focused on the ocean economy and fisheries (Development, B.D.D.o.A.a.R.: Binh 
Dinh Fisheries Development Master Plan To2020 2020). 

Binh Dinh has promoted the development of freshwater and brackish-water aqua-
culture Producers (Producers, V.A.o.S.E.a.: Binh Dinh: the sustainable development 
of brackish shrimp farming (in Vietnamese) xxxx). The environmental conditions, 
such as salinity, play a very important role in the growth of brackish-water and salt-
water aquaculture (Tibblin et al. 2012). If the salt concentration in the water exceeds 
the allowable threshold, it will negatively impact on aquaculture. In many fish farms, 
the change in salinity has killed a large number of aquatic animals (Boamah et al. 
2020). In addition, climate change in Vietnam has made salinity spread stronger in 
recent years. It directly impacts aquatic ecosystems as well as fish farming. There-
fore, a hydrodynamic model and a salinity map for the aquaculture environment are 
necessary for planning for aquaculture development in Binh Dinh. 

There are two main kinds of models for hydrodynamic processes, such as physical 
models and numerical models. In terms of the physical models, they can represent 
the phenomenon because they use laboratories with precise measuring instruments. 
Therefore, this method can represent mechanisms and phenomena that are difficult 
to observe in real conditions. However, it is very expensive to install and maintain 
the physical model. Numerical models refer to the use of computer codes based on 
the theoretical foundations and the most reliable conditions and scenarios. In recent 
decades, computing technologies have been developed significantly, which allows 
the numerical models to correctly simulate hydrodynamic problems. The numer-
ical models usually use the finite element method, boundary element method, finite 
difference method, and finite volume method. They can be classified into different 
spatial dimensions, such as one-dimensional (1D) models and two-dimensional (2D) 
models. 

This study uses a 2D numerical model because the model has been widely popular 
in simulating the hydrology and water quality processes of rivers, estuaries, and 
oceans. One example of a 2D numerical model is MIKE21. Danish MIKE 21 is 
developed and maintained by the Danish Hydraulic Institute. It is a two-dimensional 
model to simulate the hydrodynamics, transport of pollutants, thermal plumes, and 
water quality parameters of rivers, estuaries, and oceans (Gao et al. 2018; Zhang 
et al. 2020; Kim et al. 2017; Remya et al. 2012). 

5.2 The Study Area 

Binh Dinh province, shown on Fig. 5.1, located in Vietnam South Central Coast, has 
diverse types of terrain and a dense system of streams and rivers. The province is influ-
enced by the tropical monsoon climate. Climate in Binh Dinh is typified by the humid
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Fig. 5.1 Binh Dinh province 

tropical monsoon. Due to the complexity of the terrain, the monsoon winds change 
direction and intensity when reaching the province. The rainy season runs from 
September to December. In mountainous regions, there is an additional rainy season 
lasting from May to August under the influence of the rainy season in the Central 
Highlands. The dry season in Binh Dinh lasts from January to August. The annual 
average rainfall in mountainous districts is 2000–2400 mm, and in coastal regions 
it is 1751 mm. The rainfall tends to decrease gradually from mountainous regions 
to coastal areas and from the northwest to the southeast. Rivers in the Binh Dinh 
province are derived from the high mountains of the eastern slope of the Annamite 
Mountains. Rivers are small and short, having steep slopes and low silt concentration. 

Binh Dinh has a 134 km coastline, a 2500 km2 territorial sea and a 40,000 km2 

exclusive economic zone. Along the coast of Binh Dinh, there are some estuaries, 
such as Tam Quan, De Gi and Quy Nhon. Moreover, it has many lagoons, such as Tra 
O lagoon, covering an area of about 1200–1400 ha, Thi Nai lagoon (5060 ha), De Gi 
lagoon (1600 ha) and the Tam Quan estuary, covering an area of about 300 ha. The 
Thi Nai lagoon is known as a nursery for endangered aquatic species. The Tam Quan 
estuary is suitable for brackish water aquaculture such as shrimp and crab farming, 
fish and oysters. In addition, there are about 2283 ha for brackish water aquaculture, 
such as white leg shrimp and black tiger shrimp. 

In recent years, salinity intrusion has negatively affected aquaculture activities in 
Binh Dinh province. Salinity intrusion is one of the main reasons for the tons of dead 
fish in the Tuy Phuoc district, Binh Dinh province. 

Salinity intrusion is observed in estuaries, land and sea in Binh Dinh. It is affected 
by river flows, tidal regimes, river bed slopes and topography. Because tidal dynamics 
can lead to turbulent mixing based on saltwater transportation, tides are considered 
one of the most powerful sources of mixed fresh and saltwater. Therefore, it is the
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main source of saltwater intrusion. The tidal regime is unequal at the study site. 
At Quy Nhon station, the number of tidal days lasts from 18 to 22 days. The high 
tides last longer than the low tide. The variation in high and low tidal amplitudes 
is negligible. During May and June, the tidal regime at Thi Nai lagoon is similar to 
that in Quy Nhon. The heights of the tidal peaks in both locations do not change 
significantly. 

5.3 Methodology 

MIKE 21 is a proven computer program available worldwide to estimate flows, 
waves, sediments and ecology in rivers oceans, coasts and estuaries in two dimen-
sions. The spectral wave (SW) module, the hydrodynamic (HD) module and the 
Advection–Dispersion (AC) module of MIKE 21 are adopted in this study. The 
SW module can be used to simulate wind generated waves (Xiang et al. 2019). 
The HD module is the foundation part of the MIKE 21 model, and generates the 
hydrodynamic input for other modules of MIKE 21, such as the AD and Water 
Quality modules (Warren and Bach 1992). The AD module can simulate suspended 
substances, including salinity and temperature, in an aquatic environment (Warren 
and Bach 1992). 

5.3.1 The Spectral Wave (SW) Module 

The SW module is developed to estimate the growth, decay and transformation of 
wind based on waves in offshore and coastal areas. The SW module has a wide range 
of formulations and parameters. Two formulations are available: a directional decou-
pled parametric formulation (Holthuijsen et al. 1989) and a fully spectral formulation 
(Young 1999). The first is also suitable for the nearshore zones, while the second 
one is used for the offshore areas. In this study, the SW module is used to analyse 
the growth of waves under wind action. The wave boundary condition set includes 
wave height, wave crest and wave direction. 

5.3.2 The Hydrodynamic (HD) Module 

The HD module can calculate flows and distributions of temperature and salt, which 
are influenced by different functions and boundary conditions. The module is a 2-
dimensional model and based on the numerical solution of the two-dimensional 
incompressible Reynolds averaged Navier–Stokes equations with the assumptions 
of Boussinesq and hydrostatic pressure. It uses a cell-centred finite volume method 
to model the spatial discretisation of the primitive equations.
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Fig. 5.2 Wind data 

5.3.3 The Advection–Dispersion (AD) Module 

The AD module can simulates suspended substances, including salinity and temper-
ature based on a two-dimensional form of the QUICKEST finite difference scheme 
(Warren and Bach 1992). The module uses points of the grid covering the study site 
to estimate the concentration of the substance. Currents and water depths at the points 
are generated by the HD module. Other input data are substance concentrations at 
outfalls and boundaries as well as discharge quantities at outfalls. 

5.3.4 The Detailed Bathymetry 

Bathymetry plays an important role in hydrodynamic estimation based on Mike 21. 
Bathymetric data is obtained and processed in an XYZ format from old bathymetric 
maps before it is added to the Mesh Generator tool in MIKE Zero. The unstructured 
finite-element model domain has 29,607 elements and 17,397 nodes. The study
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Fig. 5.3 The bathymetry (left) and computational mesh scheme (right) of the study area 

carefully considers the trade-off between computational time and numerical stability. 
When the number of elements increases, the model reduces the simulation time step 
but requires more numerical effort. The bathymetry and grid resolution are shown 
on Fig. 5.3. 

5.3.5 Input Data 

The input data for the SW module has wind data and boundary conditions provided 
by the Southern Institute of Water Resources Research, Vietnam. The boundary 
conditions include average wave height, wave period and wave direction. 

For the AD module, the input data includes the salinity value and temperature. 
The salinity value is 0 PSU for flows from rivers in the area. Salinity in the coastal 
waters is divided into 3 regions with different salinities: offshore (35 PSU); inshore 
(32 PSU) and near shore, lagoon, bay (30 PSU). The temperature over the study site 
is settled at 30 °C. 

In terms of the HD module, the input data consists of wind speed, wave height, 
boundary condition, viscosity coefficient and roughness coefficient. Wind data is 
observed in the coastal area and the offshore areas in Binh Dinh. The wind data is 
shown on Fig.  5.2. Wave data is calculated by the SW module. Boundary condi-
tions include sea-level conditions and river discharges. Sea-level conditions are
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Fig. 5.4 The Manning’s roughness coefficients at the study site

provided by the Southern Institute of Water Resources Research, Vietnam and hourly 
discharge, shown on Fig. 5.5, is recorded at the Con River, Ha Thanh River, Lai Giang 
River and La Tinh River. The Manning’s roughness coefficients built into the whole 
grid domain represent each seabed topography and region (Fig. 5.4). 

5.4 Model Evaluation Criteria 

The model parameters are determined by the trial–error method. The selected param-
eters allow the model calculated results being close to the observed data. The simu-
lation results will be evaluated through the Nash–Sutcliffe efficiency coefficient (E) 
and correlation coefficient (R).



72 D. V. Luu et al.

Fig. 5.5 Hourly discharge recorded at Con River, Ha Thanh River, Lai Giang River and La Tinh 
River
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5.5 Model Calibration and Validation 

5.5.1 Model Calibration 

The HD and AD modules are calibrated against the observed tide levels and salinity 
concentration at Quy Nhon station. The calibration period was from 1st June 2010 
to 11th June 2010. The calibration process aims to adjust and select parameters of 
the HD and AD modules (Table 5.1).
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Table 5.1 Model evaluation criteria 

Evaluation criteria Very good Good Satisfactory Unsatisfactory 

Nash > 0.85 0.65–0.85 0.5–0.65 < 0.5  

R > 0.95 0.85–0.95 0.75–0.85 < 0.75  

Fig. 5.6 Calibration results for tide levels from 1st June 2010 to 11th June 2010 

The results show a good agreement between the modelled data and the observa-
tions shown on Figs. 5.6 and 5.7 and Table 5.2. The highest amplitude difference 
between the modelled and observed tidal levels is about 0.25 m. The highest observed 
tide level is 1.16 m, while its counterpart is 0.92 m. Similarly, the modelled and 
observed salinity concentration values share the same trend in this station, as shown 
on Fig. 5.7. In addition, the evaluation criteria shown in Table 5.2 indicate that the 
model performance is very good. These indicate that the calibrated parameters are 
reasonable. However, the model usually underestimates the tide levels.

5.5.2 Model Validation 

The model is validated by another set of data on the tide levels and salinity 
concentration collected in June 2016 for Quy Nhon station. 

Figures 5.8 and 5.9 and Table 5.3 compare the modelled values and observations 
from 1st June 2016 to 11th June 2016. The modelled tide levels and the observed 
data show a very good fit. The comparison demonstrates the model has the ability to 
estimate the tide levels on this study side. Therefore, the selected model parameters 
are useful for future research. In terms of salinity concentration, there are just a few
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Fig. 5.7 Calibration results for salinity concentration from 1st June 2010 to 11th June 2010 

Table 5.2 The calibration performances 

Evaluation criteria Nash R 

Results 0.875 0.950 

Very good Very good

measured data points, but it is clear that the model can predict the trend in changes 
of salinity concentration in this station. 

In the following, the validated model has the ability to model the impacts of 
future climatic changes on the hydrodynamic and salinity characteristics of Binh

Fig. 5.8 Validation results for tide levels from 1st June 2016 to 11th June 2016
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Fig. 5.9 Validation results for salinity concentration from 1st June 2016 to 11th June 2016 

Table 5.3 The validation performances 

Evaluation criteria Nash R 

Results 0.931 0.980 

Very good Very good

Dinh. Moreover, this proposed model can be adopted to estimate different quality 
prediction scenarios for Binh Dinh. 

5.6 Conclusion 

Changes in hydrodynamics and salinization caused by climate change have led to 
significant damage to freshwater aquaculture brackish, threatening the lives of people 
in the periphery. It is crucial to develop an accurate model to predict the disaster and 
allow the Government to give necessary response solutions. The study very well 
evaluates the hydrodynamic regime and the salt propagation based on the Mike 21 
model in Binh Dinh province. The model is calibrated and tested in 2010 and 2016. 
The verified model parameters are important information in developing saline zoning 
maps, forecasting warnings under the impacts of natural disasters and climate change.
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Chapter 6 
Prediction of Suspended Sediment 
Concentration by Artificial Neural 
Networks at the Vu Gia-Thu Bon 
Catchment, Vietnam 

Duy Vu Luu 

Abstract Suspended sediment concentration (SSC) is a key hydrological 
phenomenon that influences river engineering sustainability. Sediment has a signifi-
cant impact on many water resources engineering problems, such as reservoir design 
and water quality. The approaches for estimating sediment based on the characteris-
tics flow and sediment have some limitations due to lack of multiple observed factors. 
Therefore, an artificial neural network (ANN) model is used in this study to estimate 
monthly SSC at the catchment. The model adopts monthly observed time series of 
river discharge (Q) and SSC at the Vu Gia-Thu Bon catchment in Vietnam. The 
effectiveness of the model was evaluated using the Nash–Sutcliffe model efficiency 
coefficient (NSE), Root Mean Squared Error (RMSE) and Mean Absolute Error 
(MAE). The results show that ANN may be used as a competent tool to forecast 
SSC. 

Keywords ANN · SSC · Vu Gia–Thu Bon 

6.1 Introduction 

Changes of the sediment dynamics in the world’s major river basins can have serious 
impact on humans and aquatic biota. For example, reservoir sedimentation has nega-
tive impact on dam efficiency. It can reduce the ability of reservoirs to produce energy 
and control downstream flood (Schmitt et al. 2016). Therefore, sediment is a key 
issue that impacts many water resource engineering projects, such as reducing reser-
voir capacity (Buyukyildiz and Kumcu 2017). There are many methods proposed to 
estimate sediment in rivers.
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Several models have been developed for predicting SSC, such as direct measure-
ments, physical-based, empirical and machine learning (ML) models. First, the direct 
measurements seem to be the most reliable method for estimating suspended sedi-
ment load, however it is difficult to sample sediment. Moreover, sophisticated and 
pricey measurement instruments are required because of the large variability in the 
river system (Fan and Morris 1998). Due to these restrictions, the Vu Gia–Thu Bon 
catchment has a low quality of sediment observation. Second, the physics-based 
models use equations of conservation of mass for water and sediment and momentum 
for flow, but these equations must be solved numerically and require more detailed 
field data for reliable forecasts (Kavvas et al. 2006). The data are seldom accessible, 
particularly in rivers where there is less gauging stations, such as the Vu Gia–Thu 
Bon. In addition, because of errors in measuring the input parameters, using empir-
ical techniques can result in uncertainties in the final findings (Aytek and Kişi 2008). 
Finally, machine learning (ML) models have been effectively used in sedimenta-
tion research in many areas over the world (Bhattacharya et al. 2007; Azamathulla 
et al. 2010). The ML models have many advantages. For example, they require less 
data.They are adaptable in capturing the nonlinearity of sediment processes. Lafdani 
et al. adopted artificial neural networks (ANN) and support vector machine (SVM) 
models to forecast daily SSL in the Doiraj River, Iran (Lafdani et al. 2013). Kumar 
et al. employed an ANN model for rainfall-runoff-sediment modelling (Bhattacharya 
et al. 2007). Khosravi et al. used stand-alone and hybrid ML models to assessed hourly 
sediment load influx at the Adean catchment in Chile (Khosravi et al. 2018). The 
ANN methodology performs better than other previous methods in many cases since 
it does not require an explicit mathematical explanation of the underlying natural 
process in rivers. Therefore, ANN models are used in this study. 

6.2 Theoretical Review 

The ANN model has a great potential for estimation of many problems, such as 
hydrological predictions (Seckin et al. 2013). The model consists of an input layer, 
one or more hidden layers, and an output layer. It does not require any direct data-
flow loop. In the layers, there are the nodes which are fully or partially connected to 
each other by linking weights. The input layer gets the input data from the outside. 
Then information is transferred into the hidden layers. In which, data at each node 
is multiplied by the weight and added with a bias value before going through an 
activation function. The data is continuously forwarded until it reaches the output 
layer. 

An ANN model can adopt one and more hidden layers. However, some research 
indicate that one hidden layer is sufficient for ANNs to model complex nonlinear 
processes (Cybenko 1989; Hornik et al. 1989). Therefore, an ANN model with a one 
or two-hidden-layer was used in this study. There is no rule universally accepted for 
selecting the number of nodes in the hidden layer (Kavzoglu 2001).
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Fig. 6.1 An ANN with one hidden layer (https:, , www. kaggle. com, mirichoi0218, ann-making-
model-for-binary-classification. xxxx) 

There are some kinds of the activation function, such as Log-sigmoid transfer 
function, Hyperbolic tangent transfer function, ReLU (Rectified Linear Unit) acti-
vation function, and Purelin Transfer function. The Purelin Transfer function is a 
simply a linear function. The most common nonlinear functional forms are the Log-
sigmoid transfer function and ReLU (Dawson and Wilby 1998). After comparing 
the ANN models with different activation function, the ReLU and Purelin Transfer 
function are adopted in nodes in the hidden and output layer respectively (Fig. 6.1). 

The operation of a node k at the hidden layer is calculated as: 

Ik =
Σ	

wki  xi + bk (6.1) 

yk = ϕ(Ik) (6.2) 

in which yk is the output of the node k, ϕ is an activation function, xi is an input i of 
the node k, wki is the weight, bk is the bias. 

The weights are the most important factor in converting an input to affect the 
output. A training algorithm allows the model to adjust the weights in order to find 
the optimal weight value which can minimize the error of the network outputs. 

6.3 Study Area 

The Vu Gia-Thu Bon catchment is one of the biggest catchments in the center of 
Vietnam, with a drainage basin of nearly 10,000 km2.The climate type in the region 
is tropical monsoon. The flood season lasts three months and accounts for 80% of 
yearly flow. The dry season lasts nine months but only accounts for 20% of the yearly 
flow.
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Da Nang, Hoi An and Tam Ky are the three major cities in the area. The area 
has been industrialized as well as agriculturalized. The changes in land use included 
a decline in forests land and a rise in agricultural land and residential land. The 
catchment is characterized by rough topography, frequent floods, and mountainous 
features, with minimal plant cover in the headwaters. When major floods occur in 
the area protective plant cover is mostly missing. 

6.4 Model Development 

The proposed model uses continuous time series data from the Thanh My station, 
comprising monthly discharge data (Q) and monthly suspended sediment concen-
tration (SSC). The data is divided into three time series datasets for the training, 
verifying, and testing states. Monthly data from 1978 to 2002 (24 years) and data 
from 2003 to 2011 (8 years) are utilized in the training and verifying sets respec-
tively. The network weights and biases are updated using the training subset. An 
early stopping strategy is adopted using the validation subset to avoid overtraining or 
overfitting. The strategy allows users to specify an large number of training epochs, 
also stop training when the model performance stops. Finally, the testing subset is 
used to assess model performance (Fig. 6.2).

It is necessary for assess lag times for the forecasting procedure. The input combi-
nations are shown in Table 6.1. They enable the research to forecast the SSC value 
one month ahead at time t.

The ANN models use one input layer, one output layer and one and more hidden 
layers to forecast SSC. The models also adopt the Relu activation and the linear 
activation in the hidden layers. 

The selection of hyperparameters, such as number of nodes in the hidden layer, the 
number of batch-size, epoches and hidden layers, are crucial to select the best model. 
The grid search (GS) method is a solution to optimize parameters. GS develops 
a model for each combination of hyperparameters in order to determine the best 
hyperparameters. 

The optimization algorithm, Adam, is used to turn the weights in the training 
stage. This algorithm is widely popular in much research (Table 6.2).

The model evaluation criteria include the Nash–Sutcliffe model efficiency coef-
ficient (NSE), Root Mean Squared Error (RMSE) and Mean Absolute Error (MAE). 
NSE ranges from minus infinity to one. When NSE equals one, there is a perfect 
match. The value of the RMSE is never negative. Theoretically, when the RMSE 
value is 0, there are no errors. The lower the MAE number means the better the 
model. 

NSE  = 1 −
Σ	n 

i=1

(
ŷt − yt

)
Σ	n 

i=1

(
ŷt − y) (6.3)
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Fig. 6.2 Vu Gia Thu Bon catchment

Table 6.1 The input 
combinations 

Model The input combinations 

S1 SSCt−1 

SQ1 SSCt−1, Qt−1 

S2 SSCt−1, SSCt−2 

SQ2 SSCt−1, SSCt−2, Qt−1, Qt−2 

S3 SSCt−1, SSCt−2, SSCt−3 

SQ3 SSCt−1, SSCt−2, SSCt−3, Qt−1, Qt−2, Qt−3

RM  SE  =
/
1 

n

Σ	n 

i=1 
ŷt − y (6.4) 

MAE =
Σ	n 

1

||yt − ŷt
||

n 
(6.5)
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Table 6.2 The proposed ANN models 

Items Details 

Input variables Monthly SSC and Q in Thanh My station 

Output variable Monthly SSC in Thanh My station 

Training parameters Number of input neurons: from 1 to 6 
Number of hidden neurons: variety 
Number of hidden layers: 1 or 2 
Learning rate: 0.01 
Transfer function of hidden layer: Relu 
Transfer function of output layer: Purelin Transfer 
Training algorithm: Adam 
The number of epochs: variety 
Early stopping: yes

where ŷt is the observed discharge, yt is the modeled discharge, and yt is the mean 
of observed discharge. 

6.5 Model Results 

Time series comparison of measured data and ANN predicted data for calibration 
period shown in Fig. 6.3. The values of MAE, RMSE, NSE are from Table 6.3. 

Table 6.3 illustrates how the ANN models with different architecture perform. The 
performance of the models changes when hyperparameters change. The SQ2 model 
offers the best MAE, RMSE, NSE value. According to the comparison between the

Fig. 6.3 Comparison between the modelled and observed SSC for testing period (the SQ2 model)
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Table 6.3 Performance of the ANN models 

Station Model Model parameters Training Testing 

MAE 
(g/m3) 

RMSE 
(g/m3) 

NSE MAE 
(g/m3) 

RMSE 
(g/m3) 

NSE 

Thanh My S1 Structure: 1-7-1 
Epoch: 55 
Batch_size: 11 

31.335 52.195 0.317 86.29 128.566 0.305 

SQ1 Structure: 2-5-1 
Epoch: 50 
Batch_size: 10 

29.359 50.051 0.372 85.919 121.808 0.358 

S2 Structure: 2-3-1 
Epoch: 62 
Batch_size: 6 

31.178 51.263 0.345 92.565 133.613 0.280 

SQ2 Structure: 4-4-1 
Epoch: 67 
Batch_size: 8 

28.119 48.111 0.427 85.007 119.133 0.422 

S3 Structure: 3-3-1 
Epoch: 66 
Batch_size: 10 

31.139 52.271 0.318 93.620 134.343 0.275 

SQ3 Structure: 6-9-1 
Epoch: 60 
Batch_size: 10 

29.233 49.273 0.395 86.462 122.687 0.375

measured and ANN predicted data on Fig. 6.3. Therefore, the SQ2 model is the best 
for Thanh My. 

Figure 6.3 illustrates the comparison between the observed data and the predicted 
SSC based on the SQ2 model from 1978 to 2007. The observed data and the predicted 
data follow a similar pattern. However, the ANN model sometimes undervalues the 
SSC values. 

6.6 Conclusion 

The ANN model is developed in this study to create SSC. The six ANN models are 
built and compared to determine which one is best for the catchment. MEA, RMSE, 
and NSE are the model evaluation criteria. All the scenarios execute admirably, and 
there are no notable disparities in the outcomes among them. The scenario SQ2 is 
slightly better than the others, and it was chosen to test the model in the testing dataset 
with assurance. 

To obtain reliable results, the ANN model just needs two input variables: SSC 
and discharge. This is a benefit since there isn’t enough precise data in this catch-
ment, such as topographical and hydrological data. Despite differences between the
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predicted data and observation, the model is capable to producing SSC that is rela-
tively precise. As a result, the ANN model is a valuable tool for understanding the 
trends of SSC at the Vu Gia-Thu Bon catchment. 
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Chapter 7 
Criteria Affecting Groundwater 
Potential: A Systematic Review 
of Literature 

Dang Tuyet Minh 

Abstract Groundwater is an indispensable source of freshwater that contributes 
significantly to the total annual water supply. Therefore It is necessary to maintain, 
develop and utilize groundwater in a region. This paper has discussed the litera-
ture review in groundwater potential zone studies using Multicriteria decision anal-
ysis techniques and Geographic Information System (GIS). A systematic review 
of directly relevant research is presented. From the review of research papers, it 
is evident that 63 factors were used in the past years for exploring the ground-
water potential, of which eight almost always present including geology, linea-
ments, geomorphology, soil, land use/land cover, rainfall, drainage density, and slope. 
This paper can be used to choose the criteria affecting groundwater formation in 
groundwater potential zoning studies using GIS, and Multicriteria Decision Making 
(MCDM) technique. 

Keywords Multicriteria decision making (MCDM) · AHP · Groundwater 
potential zone · Groundwater 

7.1 Introduction 

Groundwater is one of the most essential natural resources supporting human health 
and economic development. Because of its continous availability and excellent 
natural quality, it becomes an important source of water supply in both urban and 
rural areas of any country (Todd and Mays 2004). The quantitatively and qualitatively 
practical development of groundwater resources will have a significant effect on the 
improvement of the community’s livelihood. Generating a groundwater potential 
map plays an important role to enhance the sustainable management of groundwater 
resources. Thus, it is critical to be able to quickly identify of groundwater potential
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to overcome water scarcity or overexploitation in the study areas. In the past, most 
of the hydrogeological investigations and groundwater potential assessments have 
been done traditionally, using in situ measurement which is not feasible. 

Recently, numerous studies have been conducted using index-based models and 
quantitative approaches for evaluating groundwater prospect regions (Ahmad et al. 
2020; Gyeltshen et al. 2020; Thomas and Duraisamy 2018). Besides, Aggarwal 
et al. and Pani et al. found remote sensing and GIS as promising tools for ground-
water exploration (Agarwal et al. 2013; Pani et al. 2016). However, several scien-
tists insisted that the Analytic Hierarchy Process (AHP) is the most popular and 
widely used of Multi-Criteria Decision Analysis technique to identify groundwater 
prospecting areas (Al-Abadi et al. 2017; Razandi et al. 2015). According to Saaty, the 
AHP is a method of “measurement through pairwise comparisons and depends on the 
judgments of experts to acquire priority scales” (Saaty 2008). The AHP technique 
was used to assign the relative importance of each factor for zoning groundwater 
potential recharging areas. The definition of criteria and the calculation of their 
weight are central in this approach to evaluating the alternatives. Recently, there 
are a few studies that mention them. Various publications were referred in order to 
select the parameters that influence the groundwater potentiality (Arulbalaji et al. 
2019; Das and Pal 2020; Murmu et al. 2019). Accordingly, some parameters are the 
prime factors considered to support the process of potential zone identification. These 
criteria show the geological formation, and hydrological properties of the ground-
water. In addition to the research that adopts the groundwater causative parameters 
in line with the physical conditions of the study area (Ahmadi et al. 2020; Allafta 
et al. 2020; Doke et al.  2021; Melese and Belay 2022), some studies divided the 
influence criteria into two groups including climate change and human activities 
(Li et al. 2014; Chen et al. 2010; Hsu et al. 2012). Several studies tend to choose 
influence criteria to focus on some critical features such as geology, topography, or 
hydrology while ignoring other factors that also have a significant impact on ground-
water potentials such as land use/ land cover or rainfall. Typically, Hamdani and Baali 
chose 3/4 alternatives that are geology-related criteria (Hamdani and Baali 2020), 
and Jha et al. selected 3/6 variables that are hydrological factors while excluding land 
use/ land cover and rainfall (Jha et al. 2010). Similarly, although choosing half of the 
geology-related parameters, Naidu et al. (2015) did not include rainfall to evaluate 
groundwater potential in their research (Naidu et al. 2015). Likewise, Das and Pal 
have confirmed that monsoon rainfall is the main source of recharge, yet this variable 
was not included in their study (Das and Pal 2020). Also, Ajay Kumar et al. insisted 
that the impact of climate change affects groundwater resources (Ajay Kumar et al. 
2020). However, they did not use data related to such features in their study such 
as rainfall, temperature, etc. According to Singh et al., both domestic and irrigation 
sectors suffer from water scarcity problems during non-monsoon seasons because of 
the short rainy season, large Spatio-temporal variability of rainfall, and capricious 
nature of the monsoon in the study area (Singh et al. 2018). Yet, the authors did not 
assess the rainfall as the main criterion contributing to groundwater formation, but 
only adopted 3/5 criteria that are hydrological factors.
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Besides choosing elements affecting groundwater potential, deciding on the 
number of parameters should also be considered in calculating the model. According 
to Pawel, we can generally deal with seven parameters at once, plus or minus two 
(Cabała 2010). Thus, it is not recommended to use too many criteria to assess, only a 
maximum of 9 criteria is sufficient because psychologists conclude that, nine objects 
are the most that an individual can simultaneously compare and consistently rank. A 
greater number of criteria causes an individual to lose the thread, which means that 
they are unable to make a reliable evaluation. However, some studies do not choose 
the number of influencing criteria in this range. While Alaa and Ayser, Hamdani 
and Baali only utilized four parameters to establish the groundwater potential map 
(Hamdani and Baali 2020; Al-Abadi and Al-Shamma’a 2014), Arabameri et al. used 
15 variables (Arabameri et al. 2019), Arulbalaji et al. chose 12 elements (Arulbalaji 
et al. 2019), Halder et al. employed 11 factors (Halder et al. 2020) to delineate the 
groundwater prospect zone. Although the above studies focus on different parame-
ters and their impact on groundwater occurrence, the literature revealed that there is 
no specific guideline for choosing criteria affecting groundwater prospecting. Dung 
et al. reviewed the role of factors affecting flood hazard zoning using AHP (Dung 
et al. 2021). Darko et al. conducted the review to summarize the existing literature 
related to AHP applications in construction (Darko et al. 2019). Thungngern et al. 
presented a review of the AHP approach in water resource management in Thai-
land (Thungngern et al. 2015). At present, no review has specifically focused on 
AHP applications in groundwater potential zone. The paper aims to fill this void and 
develop a systematic review of literature on the real cases that applied AHP to assess 
criteria influencing groundwater recharge as well as their impact level into a coherent 
piece. Moreover, this study also provides a deeper understanding of the selection of 
parameters affecting groundwater potentiality in accordance with the geographical 
and socioeconomic characteristics of each study area. Though our review is not 
exhaustive, we seek to give a comprehensive overview of research on the subject. 
This article provides a useful reference for researchers and practitioners interested 
in the application of AHP to analyze and model groundwater-related decisions. 

7.2 Method 

The present study uses a descriptive approach to increase knowledge and making 
clear how criteria affect groundwater occurrence. This paper reviewed primarily 
peer-studied related to assessment of groundwater potential zones using GIS and 
AHP techniques and formulated the following research questions:

● How many parameters affect groundwater potential?
● What are the different groups of factors affecting groundwater potential?
● How likely are the criteria to influence groundwater potential?
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A systematic literature review was used as a research strategy because it is an 
evidence-based practice that obtains different answers to the research question. 
The peer-reviewed publications in the period from 2010 to 2022 were detected by 
searching via major search engines such as ASCE Library, ScienceDirect, Google-
Scolar, SpringerLink, Taylor and Francis. Some of the journals cited in this review are 
Sustainability, International Journal of Scientific and Engineering Research, Water, 
International Journal of Remote Sensing, Geology, Ecology, and Landscapes, Journal 
flood risk management, Groundwater Sustainable Development, Ecological Indica-
tors, Research Journal of Recent Sciences, Remote Sensing, Hydrogeology, etc. 
Articles were searched with the keywords “Groundwater potential/prospect zone/ 
map; AHP/ MCDA/ Analytic Hierarchy Process/ Multi-Criteria Decision Analy-
sis”. The titles, abstracts, keywords, and conclusions of the selected research were 
reviewed. However, not all of the papers searched used AHP as a key or secondary 
decision-making tool in the assessment of groundwater possibility. A review of each 
paper’s contents was then performed to filter out unrelated publications; 70 papers 
were eventually considered valid for further analysis. 

The study analyzed preceding studies related to groundwater potentiality by the 
AHP approach in nations where freshwater resources are scarce such as China, 
Iran, Ethiopia, Iraq, Morocco, Turkey, India, Indonesia, Nigeria, and Bangladesh. 
According to the literature, the classification of influencing alternatives can not cover 
all factors that cause groundwater scarcity because it is challenging to arrange them in 
the appropriate groups. Therefore, in this research, there are six groups of factors that 
contribute to groundwater formation, namely (1) factors related to hydrological and 
orographic characters; (2) factors related to topographic geomorphologic characters; 
(3) factors related to geological and hydrogeological characters; (4) factors related 
to the meteorological character; (5) factors related to cover characters; (6) factors 
related to soil characteristics. 

In the third paragraph, the analysis of the impact level of the factors affecting 
groundwater prospects needs to be considered during the assessment process. The 
findings can be suggestions for researchers when deciding on the choice of criteria 
affecting groundwater generation for their study. 

7.3 Results and Discussion 

The methodology in all studies to delineate suitable sites for groundwater recharging 
has been illustrated in Fig. 7.1. So under that basis, the groundwater potential of the 
area is delineated using thematic layer parameters. However, it is more important 
to determine the criteria contributing to groundwater potential formation. Based on 
the type of influence factors, data can be extracted from DEM, satellite images, or 
acquired in the field. Identification of suitable sites for groundwater recharge was 
conducted through knowledge-based factor analysis. Based on the physical condi-
tions of the study regions, it is possible to choose the appropriate parameters affecting 
groundwater potential.
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Fig. 7.1 Flow chart of the 
methodology employed in 
the studies to delineate 
groundwater potential 

The review indicates that the influencing variables are not the same for different 
regions. In general, most of the publications are interested in the factors that play 
a relevant role in the distribution of groundwater occurrences in space including 
Drainage density, Geomorphology, Slope, Geology (Lithology), Lineamant density, 
Rainfall, Land use/ Land cover, and Soil. In addition to popular criteria mentioned in 
the past decade, recently scientists have tended to pay attention to other uncommon 
criteria. It will be difficult for data collection, but these factors have a great influ-
ence on groundwater potential such as Runoff coefficient, Node density, Distance to 
Palaeochannels, and Terrain ruggedness index. Besides, because the degree of impact 
is not much and there is no data available, some parameters are rarely used in research 
on groundwater potential, typically the factors of Potentiality around the major 
streams, Distance to the road, Profile curvature, Slope aspect, Slope angle, Topo-
graphic position index, Clay fraction, Lineament frequency, Lineament intersection, 
Water level fluctuation, Land surface temperature, Soil depth, etc. 

The obtained results show that there are 61 criteria affecting groundwater forma-
tion classified into six groups. In which, the number of factors belonging to the 
group of geological and hydrogeological characters accounts for the most with 34%, 
followed by a group of topographic and geomorphologic characters with 31%, a 
group of hydrological and orographic characters with 21%. The remaining three 
groups have a limited number of variables from only 3 to 5%. Figure 7.2 shows the 
number of criteria affecting groundwater potential in six groups.
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Fig. 7.2 The number of criteria affecting groundwater potential in each group 

7.3.1 Factors Related to Hydrological and Orographic 
Characters 

From the literature review, it is found that the factors affecting groundwater prospects 
related to hydrological and orographic characteristics include 12 factors as shown 
in Table 7.1. Among the 12 criteria, drainage density was the prevalent criterion for 
evaluating groundwater occurrence with 57 studies. Drainage density is an inverse 
function of permeability, and therefore it is an important parameter in assessing the 
groundwater zone. High drainage density values are favorable for run-off, and hence 
indicate a low groundwater potential zone (Agarwal et al. 2013). Although used 
by many authors, the influence of this factor is only accounted for at the moderate 
(27 studies) and low (23 studies) levels. There are even research areas, the level of 
influence of this factor ranks the last in the evaluation table (Atmaja et al. 2019; 
Mohammadi-Behzad et al. 2019; Rajasekhar et al. 2019).

Same as drainage density, to generate Distance to Stream, Distance from the river, 
authors initially extracted the drainage network from DEM and the criteria were then 
computed as the Euclidean distance from every pixel to the nearest stream (Arabameri 
et al. 2019). Though they are created easily, most publications have not taken into 
account these factors when analyzing groundwater prospects due to their insignificant 
influence. In addition, other parameters in this group also affect the groundwater 
occurrence at medium and low levels such as Flow direction, Height above the nearest 
drainage, Hydraulic conductivity, Normalized difference water index, Surface water 
body, Pond frequency, Proximity to surface water bodies, Potentiality around the 
major streams. These factors rarely appear in studies related to groundwater potential. 
For the remaining criteria in the group, there are not many studies mentioned, but 
some of them are assigned higher weight, even the highest such as recharge (Jha 
et al. 2010; Machiwal et al. 2011) and runoff coefficient (Singh et al. 2018). These 
factors are less commonly used in studies because of the challenges in processing 
the data or the difficulty of data availability. From the above analysis, the influence 
level of hydrological and orographic criteria is summarized in Table 7.2.
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Table 7.2 The influence level of criteria related to hydrological and orographic characters 

No. Criteria Used frequency Influence level 

1 Distance to stream, distance from river Low Medium–low 

2 Drainage density High Medium–low 

3 Flow direction Low Low 

4 Height above the nearest drainage Low Low 

5 Hydraulic conductivity Low Low 

6 Normalized difference water index Low Low 

7 Recharge, net recherge Medium High–medium 

8 Runoff coefficient Low High–medium 

9 Surface water body Low Low 

10 Pond frequency Low Low 

11 Proximity to surface water bodies Low Low 

12 Potentiality around the major streams Low Low 

7.3.2 Factors Related to Topographic and Geomorphologic 
Characters 

From the review literature papers, 15 factors related to topographic and geomorpho-
logic characters were detected when studying groundwater recharge. The number of 
the criteria and their impact degrees are presented in Table 7.3. The results indicate 
that the slope criterion was used in most studies (61 times), 69% of which assessed 
that this criterion has a significant role in groundwater formation. In addition to 
slope, geomorphology represents the landform and topography of an area and is one 
of the main factors used widely for the delineation of groundwater potential zones. 
Among the review papers, a total of 40 publications have used geomorphology data 
to study the groundwater prospect. Notably, geomorphology is considered the most 
important parameter in the 28 studies and only 2 studies appreciated that this factor 
is the least important.

The elevation is also one of the topographic factors and is considered a surface 
indicator to explore groundwater potential. According to the literature review, this 
criterion has been used for 12 research and has less influence on groundwater occur-
rence. In addition, the curvature is a significant terrain characteristic that expresses 
the amount by which a curve deviates from being a straight line, or a surface deviates 
from being a plane. Water tends to decelerate and tends to accumulate in convex 
and concave profiles respectively. High weight is assigned for high curvature value 
and vice versa (Arulbalaji et al. 2019). The curvature map can be easily generated 
from DEM however only seven authors mentioned this factor due to its negligible 
influence on groundwater formation. Moreover, the aspect is an essential input data 
for modeling groundwater occurrence. The aspect replicates the moisture retention, 
vegetation, moisture air, and attitude of rock bedding, which influenced soil struc-
ture’s physical assets, sloped materials, and potential groundwater zones (Pande et al.
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Table 7.4 The influence level of factors related to topographic and geomorphologic characters 

No. Criteria Used frequency Influence level 

1 Aspect Medium Low 

2 DEM Low Low 

3 Distance to road Low Low 

4 Elevation, altitude Medium Medium–low 

5 Geomorphology High High–medium 

6 Hillshade Low Low 

7 Plan curvature Medium Medium–low 

8 Profile cuvature Low Low 

9 Relative relief Low Low 

10 Relative slope position Low Low 

11 Roughness, terrain ruggedness index, terrain class, 
topography 

Low Low 

12 Slope High High–medium 

13 Slope aspect Low Low 

14 Slope angle Low Low 

15 Topographic position index Low Low 

2021). However, only four researchers choose this alternative because they believed 
that this criterion has the last important impact on groundwater scarcity hazard and 
therefore it is evaluated with the lowest weight. 

Similarly, slope aspects can influence the main direction of precipitation, but only 
two studies consider this variable. The obtained results indicated that its impact 
on groundwater formation is the lowest. Surprisedly, some factors related to topo-
graphical features do not seem to be of much interest to scientists, if any, they can 
only be assessed at the lowest level of influence, such as DEM, distance to road, 
hillside, profile curvature, relative relief, relative slope position, slope angle, terrain 
ruggedness index, terrain class (each factor mentioned by only one study), rough-
ness and topographic position index (two studies), and topography (three studies). 
From the above analysis and used frequency, the influence level of topographic and 
geomorphologic criteria is summarized in Table 7.4. 

7.3.3 Factors Related to Geological, Hydrogeological 
and Soil Characters 

In connection to the geological and hydrogeological characteristics, 19 relevant eval-
uation criteria were identified and listed in this study in Table 7.5. Geological factors 
control the porosity and permeability of aquifer materials and are, therefore, consid-
ered indicators of hydrological characteristics (Benjmel et al. 2020). The geology of
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regions without a local aquifer is a critical parameter as it can amplify or mitigate 
the extent of surface water percolation to aquifer rocks. Therefore, up to 59 scientists 
have used this factor to study groundwater potential delineation. The obtained results 
indicated that geology (lithology) has a considerable impact on groundwater scarcity 
hazards.

It is worth mentioning that more than half of the aforementioned studies assigned 
the highest weight to the geological factor. In addition to geology, lineament density 
also plays a dominant role in groundwater susceptibility studies due to the different 
susceptibilities of lithological units to active hydrological processes. A lineament is 
a linear feature in a geographical landscape that is a manifestation of fundamental 
geological structure (Melese and Belay 2022). Thus, the number of publications 
that consider that lineament density to be a necessary factor for the analysis of 
groundwater status accounts for 70% (52 papers). The highest rating was assigned 
to this criterion in various research (Atmaja et al. 2019; Mohammadi-Behzad et al. 
2019; Benjmel et al.  2020; Bourjila et al. 2020; Singh et al. 2017; Erhan et al. 2018). 

Besides the above two criteria that appear in many studies, others in this group are 
rarely concerned by scientists because they have a low and medium effect on ground-
water generation. While clay fraction, distance from lineament, geology unconsol-
idated, lineament frequency, lineament intersection, and water level fluctuation are 
the least important causes of groundwater scarcity, distance to fault, groundwater 
depth, karstic domains, and lineament buffer are often assigned by the medium influ-
ence weight. On the contrary, although the number of interested authors is limited, 
distance to Palaeochannels (Mohamed and Elmahdy 2017), node density (Benjmel 
et al. 2020), vadose zone (Rajasekhar et al. 2019; Sener and Davraz 2018), and 
weathered zone thickness (Shekhar and Pandey 2015) have the greatest impact on 
zoning groundwater potential. In particular, this result has only been discovered by 
a few scientists in the last five years. Table 7.6 shows the used frequency as well as 
criteria ranking at three levels high, medium, and low.

7.3.4 Factors Related to Soil Characters 

Criteria that contribute to occur groundwater connected with soil characteristics 
include soil, soil depth, and soil texture. Table 7.7 displays the number of criteria 
that are relevant to soil features and references. While there are only three papers that 
analyzed the soil depth factor and six publications applied the soil texture criterion to 
study groundwater potential, soil type was used by 44 authors in their research. Infor-
mation on the type of soil is often needed as a basic input in hydrologic evaluation. 
The rank of soil has been assigned on the premise of its infiltration rate. Moreover, 
the factors related to soil characteristics are of great use in assessing the runoff for 
any given watershed as soil influences the process of generating runoff from rainfall. 
Almost all scientists insisted that soil types play an important role in determining the 
amount of water that can infiltrate into the subsurface formations and hence influence
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Table 7.6 The influence level of factors related to geological and hydrogeological characters 

No. Factors Used frequency Influence level 

1 Aquifer, aquifer thickness Medium Medium–low 

2 Clay fraction Low Low 

3 Distance to fault Low Low 

4 Distance from lineament Low Low 

5 Distance to palaeochannels Low High 

6 Fault density Low Medium–low 

7 Geology (lithology) High High–medium 

8 Geology unconsolidated Low Low 

9 Groundwater depth below surface Low Medium 

10 Groundwater fluctuation, water level fluctuations Low Medium–low 

11 Karstic domains, Karst Low Medium 

12 Lineament density High High–medium 

13 Lineament frequency Low Low 

14 Lineament intersection Low Low 

15 Lineaments buffer Low Medium 

16 Groundwater depth, water table level, groundwater 
depth below surface 

Low High 

17 Node density Low High 

18 Vadose zone Low High 

19 Weathered zone thickness Low High

groundwater recharge. However, 89% of them indicated that the impact of soil type 
is only medium and low when categorizing in the above-mentioned research.

Not as popular as soil, soil depth and soil texture have only recently been paid 
attention to. Pande et al. insisted that soil texture is a crucial controller of infiltration 
of land water using voids and infiltrates into the subsurface to reach the aquifer (Pande 
et al. 2021). Therefore, soil texture is also an important component and characteristic 
of soils. This criterion has a great impact on creating groundwater because sandy soil 
absorbs water soon and few runoffs occur. There are not many experts including this 
parameter in the research on groundwater recharge zone. Yet, in some articles, soil 
texture is assigned to the highest rank of groundwater decline and depletion (Wudad 
et al. 2021; Das and Mukhopadhyay 2020; Pande et al. 2021). 

In addition, some experts found that soil depth is another important control on the 
groundwater potential as an area with a higher depth of soil is a place for developing 
a higher prospect of groundwater (Ahmadi et al. 2020). This factor not only has not 
been used by many studies but is also considered to have an insignificant influence 
on groundwater recharge. Thus, the impact of soil depth is only low with ranking 
order always ranked in the last place of the criteria. The used frequency as well as
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Table 7.7 Criteria related to soil characters in studies of groundwater potential zoning 

No. Factors References Total High Medium Low 

1 Soil Agarwal et al. (2013), Pani et al. (2016), 
Arulbalaji et al. (2019), Ahmadi et al. (2020), 
Allafta et al. (2020), Doke et al. (2021), 
Melese and Belay (2022), Jha et al. (2010), 
Naidu et al. (2015), Ajay Kumar et al. (2020), 
Al-Abadi and Al-Shamma’a (2014), 
Arabameri et al. (2019), Halder et al. (2020), 
Rajasekhar et al. (2019), Mahato et al. (2022), 
Santhosh et al. (2018), Andualem and Demeke 
(2019), Argaz et al. (2019), Aryanto and 
Hardiman (2018), Aslan and Çelik (2021), 
Chowdhury et al. (2009), Dar et al. (2020), 
Ifediegwu (2022), Jenifer and Jha (2017), 
Jhariya et al. (2021), Nithya et al. (2019), 
Panahi et al. (2017), Patil and Mohite (2014), 
Rajesh et al. (2021), Ramachandra et al. 
(2019), Roy et al. (2019), Saranya and 
Saravanan (2020), Shekhar and Pandey (2015), 
Erhan et al. (2018), Sonwane and Usmani 
(2021), Sresto et al. (2021), Saranya and 
Sravanan (2019), Yıldırım (2021), Gebru et al. 
(2020), Zghibi et al. (2020), Maity and Mandal 
(2019), Sener and Davraz (2018), Machiwal 
et al. (2011), Lakshmi and Reddy (2018) 

44 5 21 18 

2 Soil depth Ahmadi et al. (2020), Arabameri et al. (2019), 
Das (2019) 

3 1 2 

3 Soil texture Das and Pal (2020), Wudad et al. (2021), Das 
and Mukhopadhyay (2020), Das (2019), Pande 
et al. (2021), Mohamed and Elmahdy (2017) 

6 3 2 1

criteria ranking at three levels including high, medium, and low are shown in Table 
7.8. 

Table 7.8 The influence level of factors related to soil characters 

No. Factors Used frequency Influence level 

1 Soil High High–medium 

2 Soil depth Low Low 

3 Soil texture Low Medium–low
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7.3.5 Factors Related to Cover Characters 

The literature reviews indicated factors concerning the cover characteristics including 
green vegetation, land use/ land cover, and NDVI index. Table 7.9 shows the criteria 
in this group and the total numbers of research used to study groundwater potential. 
Of the 81 studies, 52 publications have revealed that land use/ land cover plays a 
very critical part in recharging groundwater. The water addition from the unsatu-
rated zone to the saturated zone of the water-bearing formation is influenced by land 
use land cover (Gebru et al. 2020). For areas with diversified land cover/ land use 
patterns, variation in this cover will have an impact on groundwater recharge, evapo-
ration, and surface runoff. Land use describes human operations such as land-related 
agriculture, settlement, and industry, while the land cover relates to features such as 
lakes, mountains, vegetation, and rocks on the surface of the earth (Dar et al. 2020). 
Besides, land use type gives the necessary information on infiltration. Despite the 
high frequency of use, the number of experts assigning low and medium weight to 
this criterion accounts for 77% of 40 studies.

Green Vegetation in the dry season and arid and Semi-arid areas is a good indicator 
of shallow groundwater (Khodaei and Nassery 2013). The vegetation layer can be 
obtained from satellite images easily and used to detect groundwater resources having 
different potentials. However, there are only two studies that mentioned this variable 
due to its negligible influence on this water resources. Similar to Green vegetation, 
the normalized difference vegetation index (NDVI) shows the canopy density also 
determined by satellite data, which is helpful as a criterion considering the high 
canopy bulk increase the probability of groundwater harvesting in poor aquifer zone 
(Pande et al. 2021). Thus, NDVI is another important factor that plays a crucial role 
in the delineation of groundwater potential zones. The obtained results revealed that 
this parameter is assigned a low weight according to its importance for recharge in 
most of the publications. Although it is easy to compute NDVI from satellite data, 
there are three authors who used NDVI in their research. From the above analysis 
and frequency used these criteria, the influence level of cover factors is summarized 
in Table 7.10.

7.3.6 Factors Related to Meteorological Characters 

From 81 reviewed literature publications, it is possible to recognize two criteria 
contributing to the formation of groundwater that is related to meteorological char-
acteristics including rainfall and land surface temperature. The rainfall is considered 
one of the most considerable hydrologic factors that crucially control the groundwater 
recharge of a region. It cannot be denied that many scientists have taken into account 
this factor when assessing groundwater potential because rainfall is a major hydro-
logical source of groundwater storage. The results of the literature review exposed 
that the majority of analyzed cases utilized this factor indicating that rainfall has
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Table 7.10 The influence level of factors related to cover characters 

No. Factors Used frequency Influence level 

1 Green vegetation Low Low 

2 Land use/ Land cover High Medium–low 

3 NDVI Low Low

a low and medium effect on groundwater occurrence. Among 38 studies reviewed, 
there are only nine articles that adopted this criterion with high weight (Table 7.11).

In contrast to the rainfall factor that has been paid attention to by many scientists, 
only one publication mentioned the Land surface temperature (LST) in the study of 
groundwater potential zone. The authors assessed LST as an indicator of the unsatu-
rated zone thickness. This criterion is related to the temperature of shallow aquifers 
and shows areas of poor saturation thickness, high evaporation, and evapotranspira-
tion considering the severity of semi-aridity in the study regions (Urqueta et al. 2018). 
Hence, its spatial information is considered significant to groundwater exploration 
in the study environment. LTS is deduced from the integration of brightness temper-
ature and emissivity which are extracted from satellite images. The used frequency 
and influence level of meteorological factors are summarized in Table 7.12.

The review results show the influence level of the factors on the groundwater 
potential in Tables 7.2, 7.4, 7.6, 7.8, 7.10, and 7.12. This level is evaluated based on 
the use frequency and priority ranking of the criteria based on the weights calculated 
by the AHP method in the studies. The obtained results revealed that there is at 
least one criterion in each group utilized for delineating groundwater prospect zone 
due to their significant influence as well as the ability to collect data. However, the 
group of geological and hydrogeological factors has many criteria assigned high 
and highest weight although some of them have not been used much in research 
studies. It should also be added that there are not many influencing factors belonging 
to the group related to meteorological and cover characters and the degree of their 
influence is also not appreciated remarkably, but these criteria are indispensable when 
studying groundwater potential, in particular for areas with complex meteorological 
conditions, and land cover changes. One thing worth noting in this review is that 
there have been no studies mentioning population density, a factor that directly and 
significantly affects groundwater recharge. It may be difficult to collect data, but this 
factor is also a suggestion for scientists interested in groundwater zoning in the future. 
Thus, it is necessary to add population distribution as a new variable in groundwater 
potential assessment. Moreover, the literature review revealed that when studying the 
parameters contributing to groundwater occurrence, it is necessary to consider the 
characteristics of the physical conditions of the research zone to choose the number 
of factors as well as the appropriate influencing criteria.
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Table 7.12 The influence level of factors related to meteorological characters 

No. Factors Used frequency Influence level 

1 Rainfall High Medium–low 

2 Land surface temperature Low Low

7.4 Conclusions 

This paper reviewed the application of the Analyticalcal Hierarchy Process for 
groundwater occurrence in 81 peer-reviews journal articles from 2010 to 2022. The 
objective of this paper is to (1) review and analyze publications depicting the usage 
of AHP in groundwater potential zone from 2010 to 2022; (2) From the 81 studies, 
it was found that AHP, one of the best known and most popular used in MCDA, can 
be used to assess groundwater potentiality of the study area. The obtained results 
also indicated that there are 54 factors affecting groundwater occurrence catego-
rized into six groups including factors related to the characteristics of hydrology 
and orography, topography and geomorphology, geology and hydrogeology, soil, 
cover, and meteorology. Of which, eight criteria are mentioned by many studies 
including geology, lineaments, geomorphology, soil, land use/land cover, rainfall, 
drainage density, and slope. In addition, the criteria evaluated that have a great influ-
ence on the groundwater potential are scattered in groups including the following 
factors: drainage density, geomorphology, slope, geology, Lineament Density, soil, 
land use/ land cover, rainfall. Some factors are not interested in many scientists but 
are considered to have a significant influence on groundwater potential such as node 
density, weathered zone thickness, distance to palaeochannels, runoff coefficient. 
Furthermore, to help minimize researchers’ bias regarding goals and factors as well 
as improve the effectiveness of evaluating groundwater prospect zone, the AHP has 
been used in combination with other techniques such as the Delphi technique in 
determining key criteria. 
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Chapter 8 
Pumped Storage Power Plant, Solutions 
to Ensure Water Sustainability 
and Environmental Protection 

Trung Son Pham 

Abstract Demand for electricity in recent years has been steadily increasing at an 
average of 14% per year. Therefore, the construction of a stable power source meets 
the demands of production and daily life of the people is extremely important and 
urgent. However, the increasing in energy use has an adverse impact on the ecological 
environment. Currently, to ensure energy security, environmental safety, and efficient 
and sustainable use of water resources, the best and almost unique solution is to build 
pumped storage power plants. The paper focuses on detailed analysis of advantages, 
disadvantages as well as the efficiency and prospects of using pumped storage power 
plant technology in Vietnam’s power system. 

Keywords Pumped storage power plant · Sustainable · Environment ·Water 
resources 

8.1 Introduction 

According to the Vietnam National Electricity Development Plan during the period 
2011–2020, with a vision to 2030 (also called Electricity Plan VII adjustment (The 
Prime Minister of the Socialist Republic of Vietnam 2030)) with forecast growth 
of average annual electricity demand of Vietnam at the average of about 14% per 
year1 . To meet the forecasted demand, the system’s generation capacity is planned 
to increase by 60,000 MW in 2020 and 129,500 MW in 2030.2 

1 Information for forecast growth of average annual electricity demand. https://tuoitre.vn/thuy-dien-
tich-nang---giai-phap-moi-cho-nguon-dien-vn-2808.html. 
2 Vietnam coal power development information. http://thoibaotaichinhvietnam.vn/pages/kinh-
doanh/2020-02-27/phat-trien-nang-luong-tai-tao-de-tao-ra-mot-he-thong-nang-luong-ben-vung-
83068.aspx.
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As generation capacity increases, the structure of the energy sources in the system 
is expected to change significantly. Accordingly, the percentage of hydropower in 
the energy system is expected to decrease from 38% (in 2015) to 17% (in 2030) and 
natural gas from 21% (in 2015) to 15% (in 2030) … Meanwhile, coal production 
capacity is expected to increase from 33% (2015) to 43% (2030), equivalent to the 
increase of 40 coal thermal power plants. The total capital needs for these investments 
are estimated at US $ 9.8 billion per year, most of which focuses on coal power 
development.3 

According to experts from the Electricity and Energy Working Group at the annual 
Vietnam Business Forum, if the Electricity Plan VII adjustment is continued, the 
energy development will be based mainly on coal sources. Coal-powered thermo-
electricity plants can cause a lot of financial expense, energy security, environmental 
and public health risks, which related to poor air quality, emissions through factory 
chimneys, fly ash emissions, coal sludge reservoir and the location of power plants. 

On the other hand, the future of coal thermal power plants globally is seriously 
threatened due to concerns related to limiting greenhouse gas emissions and the risk 
of asset depreciation4 . For both reasons, the number of financial institutions is willing 
to invest in coal thermal power plants will decrease. In addition, the development 
of energy based mainly on coal does not go along with the trend of developing low 
carbon economies of the world, contrary to Vietnam’s national commitment to reduce 
carbon emissions, as well as the need to complete the sustainable development goals 
of the electricity industry. 

In the face of food and water security challenges, the environmental challenges, 
the challenges of rising energy prices, it is necessary to create alternative energy 
sources for coal thermal power plants. The selection of alternative power sources has 
been studied based on both socio-economic and environmental calculations to select 
the appropriate type of energy. Considering the impact of overall socio-economic and 
from the results of the research, analysts said that replacing coal thermal power plants 
with renewable energy is necessary. However, a common limitation for all renewable 
energy sources is that it is difficult to produce a large amount of electricity, depending 
on the weather, wind and unreliable sunlight, low electricity production efficiency, 
and new technology with a huge initial investment cost. Therefore, the construction 
of a stable power supply, meet the needs of production and daily life of the citizens is 
extremely important and urgent. Besides, the task of ensuring the sustainable use of 
water resources and ensuring environmental safety cannot be forgotten. At present, 
the best and almost unique solution is to build pumped storage power plants. The 
detailed content will be fully analyzed in the following sections.

3 See Footnote 2. 
4 World energy information. http://peakoilbarrel.com/world-energy-2016-2050-annual-report/. 
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8.2 Analyze and Assess the Pumped Storage Power Plants 
and Its Current Status in Vietnam 

8.2.1 Analyze and Assess the Pumped Storage Power Plants 

Pumped storage power plants are a form of energy storage hydropower, with the main 
purpose of accumulating electricity to supply the system in need. Intuitively, one can 
imagine the pumped storage power plants as the “battery” of the power system, being 
“fully charged” in free time and brought out when needed. The model of pumped 
storage power plants is two reservoirs at two different levels, and a hydroelectric 
plant with reversible turbines located near the lower reservoir, connected to the upper 
reservoir by a pressure pipe. Pumped storage power plant works on the principle of 
balancing the load demand of the electricity system. During peak hours, when the 
demand for electricity is high, water is discharged through pressure pipes from the 
reservoir above, turn turbines to generate electricity on the system, the water is stored 
in the reservoir below. During off-peak hours, when the demand for electricity is low, 
the plant takes electricity from the system to pump water back from the lower reservoir 
to the upper reservoir via a two-way turbine, now acting as a pump. Therefore, the 
pumped storage power plant is both a power generating unit and a power consuming 
unit, and the practical basis for this mode of operation is the difference in electricity 
prices between peak and off-peak hour. Statistically, most pumped storage power 
plants consume more electricity than they can produce, but the economic benefits 
of the plant are still ensured because electricity prices during off-peak hours are 
much smaller than peak hours, even, in some power supply systems, at some point, 
the price of electricity can be zero. Based on technology, pumped storage power 
plants can reuse water sources, ensure sustainable and safe water energy source with 
the environment by using green technology. In addition, the pumped storage power 
plants can ensure the safety of dams and floods downstream in the rainy season by 
regulating the reservoir system appropriately (Fig. 8.1).5 

(1) Advantages and Disadvantages of Pumped-Storage Power Plants 

Vietnam starts a study on several pumped-storage power plants projects so it will 
take time to fully evaluate the effectiveness after the operation of some projects. 
According to the evaluation and experience of operation, pumped-storage power 
plants have the following advantages and disadvantages: 

Pumped-storage power plant has many advantages. The biggest advantage is that 
it increases the efficiency of the system, when it takes advantage of excess elec-
tricity from thermal power plants (coal, gas, nuclear …) during off-peak hours, 
plants that have to run idle. The continuous opening and closing will no longer 
exist (due to excess electricity has been used to pump water up), which helps to 
increase operational efficiency and operational stability for these plants. As well as

5 Pumped storage hydro power plant information. http://www.electricalpowerenergy.com/2017/01/ 
pumped-storage-hydro-power-plant/.
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Fig. 8.1 Operating model of pumped-storage power plants. Source http://www.electricalpowerene 
rgy.com/2017/01/pumped-storage-hydro-power-plant/

traditional hydroelectric power plants, pumped-storage power plant can also respond 
very quickly when electricity demand increases abruptly. If one of the power sources 
is in trouble, it only takes three minutes after pressing the start button to synchronize 
to the grid; while with other types of sources such as thermal power plant it takes 
hours or days to start a plant. This initiative helps to ensure the safety of electricity 
supply, to stabilize the frequency of the power system, and it is very friendly to the 
environment when it does not generate greenhouse gas emissions. But unlike tradi-
tional hydroelectric power plants, pumped-storage power plant does not need a lot 
of land for reservoirs, because it only needs to store a sufficient amount of water for 
design hours (usually from 6 to 20 h), minimizes impacts on the natural and ecolog-
ical environment in the plant construction, with little impact on the surrounding 
landscape. Moreover, after containing enough water, the amount of water goes up 
and down between the two reservoirs, the flow of the rivers is as the same before 
the plant was constructed. Also due to the initiative in the reserved water source, the 
operation of the pumped-storage power plant does not depend much on the annual 
hydrological regime, which can flexibly adjust the operating capacity according to 
the load demand (DOE, EPRI 2013; Prasad et al.  2013; Botterud et al. 2014).6 ,7 

Pumped-storage power plant is the safest and most economical way to store energy, 
just investing in initial construction without spending money on fuels like other 
energy sources. Ensure sustainable use of water energy and safe for the environment 
(DOE, EPRI 2013; Prasad et al.  2013; Botterud et al. 2014).8 ,9 

6 See Footnote 5. 
7 National renewable energy laboratory (2010) The role of energy storage with renewable energy 
generation. http://www.nrel.gov/docs/fy10osti/47187.pdf. 
8 See Footnote 5. 
9 See Footnote 7.
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Stimulate the development of renewable energy sources. Diversify the types of 
sources in the system. Establishment of combined synergy between hydroelectric 
dams, solar and wind power creates more power. The hybrid allows solar panels to 
produce solar energy during the day, wind power can produce electricity day and 
night. Another major advantage of installing solar power on dams is the benefit of 
using existing electrical infrastructure, including high-voltage switchgear and grid 
access. This significantly reduces overall costs and makes projects happen faster. 
Because solar power, wind power and hydropower are connected intelligently and 
the production of electricity from solar power, wind power or hydropower by the 
hour of the day, so it is not necessary to increase conversion or improve transport 
capacity if the maximum output of the solar power, wind power does not exceed 
the maximum capacity of hydropower. In some localities, the combination of three 
types of electricity generation, solar, wind and hydropower can create a beautiful 
landscape for eco-tourism, bringing economic benefits to the locality (Figs. 8.2 and 
8.3). 

Fig. 8.2 Geesthacht pumped storage power plant, near Hamburg, has been operating since 1958. 
Source https://powerplants.vattenfall.com/geesthacht

https://powerplants.vattenfall.com/geesthacht
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Fig. 8.3 Photovoltaic power plant floats on water at the reservoir of Yamakura Dam, Chiba 
Province, Japan. Source https://www.pv-magazine.com/2018/03/27/kyocera-jv-inaugurates-13-7-
mw-floating-pv-plant-in-japan/ 

Because the terrain of Vietnam is quite special, the western border, especially 
the southern central region, has a steep slope, so floods often occur when rain and 
flood10 . If reservoirs for pumped-storage power plant can be built in such terrain 
conditions, then can regulate flood flows to ensure safety downstream and deal with 
climate change. 

(2) Disadvantages 

The main disadvantage of pumped-storage power plants is that they do not have a high 
operating efficiency (about 70–85%). This lack of efficiency is caused by unavoidable 
energy losses during the pumping of water from the lower reservoir to the upper 
reservoir. Another fundamental drawback is that a pumped-storage power plants 
cannot function independently as a power generating facility. It only can function 
as a “battery” within a relatively large capacity electrical system. This means that 
pumped-storage power plants can only be considered, when a relatively extensive 
system of power plants has been built. They are not feasible in areas far from power 
load centers with severe electricity shortages. Other electricity generation is not 
feasible to build up pumped-storage power plants. This also leads to another limitation 
of pumped-storage power plants, in that it is difficult to choose the construction

10 Vietnam renewable energy information, http://socongthuong.tuyenquang.gov.vn/tin-tuc-su-kien/ 
nang-luong-moi-truong/tiem-nang-va-thach-thuc-phat-trien-nang-luong-tai-tao-o-viet-nam-ky-1!-
110.html. 

https://www.pv-magazine.com/2018/03/27/kyocera-jv-inaugurates-13-7-mw-floating-pv-plant-in-japan/
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site. Pumped-storage power plants require special terrain. There need to be drastic 
differences in height up to hundreds of meters. It must also be built near a water 
source with enough space to arrange two reservoirs. An ideal location would be in a 
mountainous area with wide peaks next to large rivers and streams. Such locations 
are often wilderness- in protected areas, with stunning scenery and high conservation 
needs. These areas are rarely near any major power generation facilities- taking into 
consideration economic factors when building the power transmission lines (DOE, 
EPRI 2013; Prasad et al.  2013; Botterud et al. 2014).11 ,12 

8.2.2 Assess the Current Situation of the Development 
of Pumped-Storage Power Plant in Vietnam 

During the energetic development of the hydropower industry in Vietnam in the 
past few decades, pumped-storage power plant has been included in the study as a 
new power development plan. The planning for the development of pumped-storage 
power plants nationwide has been approved by the Ministry of Industry in Decision 
№. 3837/QD-BCN of November 22, 2005. In consultation with Japanese experts 
(JICA), Vietnam Electricity (EVN) has also conducted research on the potential of 
pumped-storage power plant projects and are included in the national electricity 
development plan to be submitted to the Prime Minister for approval. Currently, 
EVN has started the construction of the discharge gate of the Bac Ai project. The 
Bac Ai pumped-storage power plant project-invested in by EVN, is one of the first 
hydroelectricity projects to be built in Vietnam13 . The project consists of 4 units, total 
capacity of 1200 MW, with a total investment of about VND 21,100 billion. The plant 
uses the world’s modern technology that integrated with pump-turbine reversing 
and engine-generator reversing. Multiple projects proposed by JICA have also been 
approved by the Government and are in the process of being implemented, such as 
the Dong Phu Yen pumped-storage power plant project. The Dong Phu Yen pumped-
storage power plant project (Son La) has a generating capacity of 1500 MW, this is 
the first pumped-storage power plant project to be applied and built in Vietnam and it 
is expected to operate in 2026–2030. Until recently, EVN has also completed a pre-
feasibility study report for three pumped-storage power plant projects in Moc Chau, 
Don Duong and Ham Thuan Bac, these projects are scheduled to be implemented 
step by step. With a well-established reputation and huge store of experience after the 
successful of Son La and Lai Chau hydroelectric projects; Moc Chau hydroelectric

11 See Footnote 5. 
12 See Footnote 7. 
13 Bac Ai pumped storage power plants information, https://thanhnien.vn/khoi-cong-thuy-dien-tich-
nang-dau-tien-o-viet-nam-post915227.html. 

https://thanhnien.vn/khoi-cong-thuy-dien-tich-nang-dau-tien-o-viet-nam-post915227.html
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project has been trusted by Vietnam Electricity to be assigned to Son La Hydropower 
PMU. In the next few years, the picture of pumped-storage power plants in Vietnam 
will be embellished with more projects than now, because with a lot of potential (at 
least 10 highly feasible projects), pumped-storage power plants will be the future of 
hydropower in Vietnam.14 

Thus, on the basis of analysis of the advantages and disadvantages of pumped-
storage power plant and the assessment of the current status and development poten-
tial of this power source. The Ministry of Industry and Trade needs a drastic strategy 
and solution to realize more construction of the pumped storage power plant to ensure 
energy security, to ensure water sustainability and environmental protection. 

8.3 Discussion 

Pumped-storage power plants have been widely used in electrical systems in 
numerous countries around the world. This type of energy storage technology has 
many advantages when compared to other types of energy storage technology such 
as the capacity of large plants as well as the flexible operation… 

Pumped-storage power plants are similar in structure to traditional hydroelectric 
plants, simple to operate and with high efficiency. 

When pumped-storage power plants work in the system, the economic efficiency 
of the whole system will be raised by the following reasons:

● Replace thermal power plants, cover the peak system load at maximum power 
operation regime.

● Improve the working efficiency of thermal power plants because now the units of 
thermal power plants will be mobilized with active power optimization and the 
electricity production cost of thermal power plants will be more optimal.

● Maximum mobilization of hydroelectric plants in flood season to avoid overflow.
● Contribute to stabilizing the system because it can adjust the voltage and frequency 

of the system as well as the auxiliary services that pumped-storage power plants 
can bring. 

When pumped-storage power plants are integrated into the system, the economic 
efficiency of the plant itself is also enhanced by using inexpensive electricity at the 
minimum load regime to operate in the storage mode and will generate electricity 
to cover peak-load power at maximum load regime with higher costs. These two 
electricity prices differ greatly, and this has increased the economic efficiency for 
the pumped-storage power plants itself. 

Contribute to ensuring sustainable use of water resources, economical and efficient 
use of water sources, balance irrigation plans in service of agriculture, ensure dam 
safety as well as flood safety during rainy and stormy seasons.

14 Vietnam pumped storage power plants information. http://nangluongvietnam.vn/news/en/home. 
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8.4 Conclusion 

Vietnam is facing the challenge of rising energy demands, complicated by increasing 
environmental constraints. This places pressure upon those entrusted with ensuring 
national energy security, and it calls upon the economic sector to mobilize enough 
investment capital for the energy sector. 

Overall, Vietnam’s energy supply has historically met the basic needs of the 
country’s socio-economic development. However, to solve the energy problems 
caused by the rapid upturn in economic development, it is necessary to use energy 
economically while utilizing environmentally friendly technologies for energy 
production. The move towards a low carbon economy in Vietnam necessitates 
changes to production patterns- from the inefficient use of fossil fuels to the use 
of clean, renewable energy sources. 

In this paper, a proposed a solution is to build a pumped-storage hydropower 
plant. The results of the analysis have shown that this is the best solution for both 
the present and the future. The benefits of a pumped-storage hydropower plant are as 
follows: energy security, energy quality in line with the development of the country’s 
economy, environmental safety and sustainability of water resources. The paper has 
evaluated the advantages and disadvantages of this type of plant in a comprehen-
sive manner with a long-term perspective for the overall development of Vietnam’s 
electrical system- positing solutions that can guarantee sustainable development of 
water resources. 
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Chapter 9 
Modelling the Influences of River Water 
Level on the Flooding Situation of Urban 
Areas: A Case Study in Hanoi, Vietnam 

Van Minh Nguyen, Kim Chau Tran, and Thanh Thuy Nguyen 

Abstract Urban flooding is one of the typical disasters in many cities, especially in 
riverside cities. This study has developed an integrated model to assess flooding in 
Hanoi, Vietnam, taking the water level impact of surrounding rivers into account. In 
the integrated model, the Mike Urban model is used to simulate the flow in the sewer 
system, the Mike 21 model is used to present the overland flow on the surface, while 
the Mike 11 model is used to simulate the flow in the river. The result of the study 
shows that the river water level has a significant influence on the drainage capacity 
of the system. When considering the effects of the river water level, the flooding 
depth becomes more serious as well as the flooding period. This result shows that, 
by operating the system of works to maintain the low water level of the surrounding 
rivers, the flood level of Hanoi city will be significantly reduced. 

Keywords Urban flooding ·Mike · Sewer system · Drainage · River water level 

9.1 Introduction 

In recent years, urban flooding in Hanoi has become more and more common. 
Although the city’s drainage system has improved significantly over time, it can be 
seen that the urban drainage requirements are still unmet. According to the current 
regulations, urban drainage standards in Vietnam in general (VIWASE 2008) or in  
Hanoi city in particular (The Vietnamese Prime Minister 2013), the drainage system 
of Hanoi must drain the 10 year return period rainfall event. However, flooding still 
occurs in annual rainfall season. According to statistics of Hanoi drainage company,
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during the heavy rainfall event on August 18, 2016, there were 45 flooded points in 
the whole inner city. This number of flooded points decreased to 28 in the rainfall 
event of April 2019. These heavy rains had not reached the design value. However, 
the flood situation made the daily life of the people in the city difficult. 

Urban flooding is a complex process that includes flow in the sewer system 
combine with overland flow. Flood simulation using mathematical models is an 
effective approach to this complex issue. Le et al. (2021) applied 1-D/2-D coupled 
urban-drainage/flooding model to simulate flooding for Ha Tinh city. Huỳnh and 
Pathirana applied similar approach to assess climate change impact on urban flooding 
for Can Tho city (Huong and Pathirana 2013). These two cities are surrounded by 
rivers, i.e. Nghen and Rao Cai; Rach Cam, Hau and Can Tho corresponding to Ha 
Tinh and Can Tho. However, these rivers were not set up in the model to analyse the 
interaction between river water level and flow from city inner drainage systems. 

The interaction between the drainage system and surface runoff in the urban 
flood simulation problem was considered in many research (GebreEgziabher and 
Demissie 2020; Seyoum et al. 2012; Jang et al. 2018; Chang et al. 2018; Son et al. 
2016; Leandro and Martins 2016). However, the influences of surrounding river has 
not mentioned specifically in any research. In these studies, the water flow from 
sewer systems to rivers freely or with known river water level. These assumptions 
are not suitable for the case the river water level higher than the outlets’ invert level 
or strongly dependent on the flow from sewer system and lateral flow. 

This paper, therefore, focuses on the riverside urban. The aim of our work is to 
develop integrated model to assess impact of water level of surrounding river to 
drainage capacity of sewer system. This integrated model is linked Mike Urban, 
Mike 11 HD, and Mike 21 FM together. The study will conduct in 2 cases with and 
without considering the influence of river water level. 

9.2 Materials and Methods 

9.2.1 Study Area 

Hanoi is the capital of Vietnam. Hanoi is located to the northwest of the center of 
the Red River Delta. The total area of Hanoi city is 3358.6 km2 and the population 
is 8.25 million people (General Statistics Office of Vietnam 2020). The study area 
is part of this city where is bounded by the Red river, Nhue river and To Lich river 
(Fig. 9.1). This is an area with flat terrain with elevations mainly from 4 to 5 m. This 
elevation is lower than the water level of the Red River in flood season. To protect 
the city, a dike system along the Red river was built to prevent flooding from the Red 
River.

The drainage network in the study area is shown in Fig. 9.1. The areas tend to 
drain the water to the To Lich River on the left, and Nhue River on the right. There are 
several outlet is presented in Fig. 9.1 along both rivers. In case, water level in Nhue
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Fig. 9.1 The location of study area

River is high, water is forced to release to river through pumping stations. There are 
4 pumping stations setup along the Nhue River. In the To Lich river side, there is no 
pumping station. So water only drain to river via gravity sewer systems. In addition, 
the Thanh Liet weir was built in To Lich River. This weir plays an important role 
to regulate water level in Nhue and To Lich River. It prevents water from the Nhue 
river flow into the To Lich river when the water level in Nhue River is higher than 
the water level in To Lich river.
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9.2.2 Method 

To simulate flooding in the study area, the methodology was described in Fig. 9.2. 
The integrated model was calibrated and validated for two heavy rainfall events on 
29–30/04/2019 and 03/08/2019. These was 2 heavy rainfall event that occurred on 
the area corresponding to the current state of the drainage system. The calculated 
results were compared with surveyed flood marks. In this process, the observer 
rainfall data of 8 stations on the study area was used as the input of rainfall runoff 
model. For simulation scenarios, the designed rainstorm was derived from Intensity– 
Duration–Frequency (IDF) curves. IDF curves were constructed from historical data 
on short-term rainfall observed at Lang station since 1985–2008. From these curves, 
the alternating block method was applied to develop the design hyetograph (Ghazavi 
et al. 2016). 

In this study, the study area was divided into 365 sub-basins. The division was 
based on the spatial distribution of manholes in the area. The amount of rainfall per 
sub-basin was collected into the sewer system. In this study, the time-area curve 
method was used to convert rain to runoff (DHI 2016b). Besides, the lateral flow 
contributing to the Tolich and Nhue River was delineated to 15 sub-basins from 
1:2000 topography map are shown in Fig. 9.3.

Fig. 9.2 The methodology flowchart 
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Fig. 9.3 The sub-basins and river network were built in MIKE 11
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The study simulated the overland flow via Mike 21 FM model (DHI 2016a). For 
the study area, because the flooded area is only roads and open spaces. Water cannot 
enter residential households as well as buildings. According to Syme (2008), the 
most suitable method to simulate the building in 2D area in this case is blocking 
out of elements. It leads that, only 2-dimensional grid was setup for roads and open 
spaces. Besides, the roads have narrow width from 10 to 60 m. In this study, the 
mesh size was 5–15 m. This approach both saves calculation time as well as ensures 
the accuracy of the model. The study collected 1/2000 topography data to create 2D 
simulation mesh. The Mike 21 FM model will be linked to the urban model through 
connections at manholes. When the drainage capacity of the sewer system could 
not afford the amount of water, the water was overflowed onto the roads causing 
flooding. The results of inundation depth and inundation duration from the Mike 21 
FM model was used to create inundation maps. 

After validation process, the study will calculate 2 cases with and without the 
influence of water level in river. In case the water level in river was not taken into 
account. The Mike 11 HD model was not considered. The amount of water was 
released freely through the outlet of the Mike Urban model, which are the connected 
nodes with Mike 11 HD model. The calculation results of the two cases are compared 
to show the importance of the river system’s water level problem in the simulation 
of urban drainage. 

9.3 Results and Discussion 

9.3.1 Model Calibration and Validation 

The model’s parameters calibration was conducted by least square error. The main 
parameters in the model include the roughness of objects in the 1D, 2D and urban 
models. The calculated results were compared with the observer data. These data 
are collected from Hanoi Sewerage One Member Limited Liability Company. The 
model parameter was well calibrated with data of rainstorm event on 29–30th of 
April, 2019 with the mean error of 0 m and max error of 0.05 m (Fig. 9.4a). The 
errors were higher at the range water depth of 0.2–0.3 m, correlation coefficient (R) 
is 0.71.

The 03/08/2019 storm event was simulated for validating parameters. The vali-
dation results are shown in (Fig. 9.4b). The difference between the simulated and 
observed water depths reaches the maximum value of 0.05 m, correlation coefficient 
(R) is 0.88. The simulated values are overestimated with more points lying above 
the bio-sector. However, the discrepancies between simulated results and observed 
values are small with the points lying close to the bio-sector and the mean error of 
0.017 m.
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(b)(a) 

Fig. 9.4 Comparison between simulated and observed inundated depth in a calibration and b 
validation

9.3.2 Inundation Map for 10% Design Storm Event 

The calibration and validation results in Sect. 9.3.1 indicates that the model parameter 
can be used to model the flood scenarios. The Figure 9.5a presents the inundation 
map for 10% design storm event, while Fig. 9.6a presents the inundation period map. 
There is 71.12 ha with water depth of higher than 1 m, contributing to 19.2% total 
flooded area. 55% of inundated area is covered with water from 0.5 to 1 m. The spatial 
distribution of inundation area is ununiform. The Western part of the study area, the 
water drains towards Nhue River through dynamic pumping stations. Therefore, the 
flooded area is small. In contrast, the gravity sewer system In the Eastern part of the 
study area leads to more severe flooding. From North to South, flooding levels is also 
uneven. At the northern and southern part, under the influence of lakes and ponds, the 
flood level is much less than in the central area. Topography is also a factor affecting 
inundation distribution. Along the streets, water will concentrate to low-lying areas.

9.3.3 Asset the Influences of Surrounding River Water Level 

To evaluate the influence of the surrounding river water level on the flood drainage 
capacity, 2 cases with and without rivers were simulated for comparison. Figures 9.5b 
and 9.6b show the inundation map and inundation period map incase without 
surrounding river flow modelling. It shows that the inundation in the Western part of 
study area is similar in both simulations. This is because this area is drained through 
pumping stations, so it is independent on Nhue River water level. On the opposite 
side, the water level of To Lich River plays important role to the drainage capacity. 
In both simulations, the inundated area with water depth in the range of 0.5–1.0 m
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(b)(a) 

Fig. 9.5 Inundation map for 10% design storm event a with and b without surrounding river flow 
modelling 

)b()a( 

Fig. 9.6 Inundation time map for 10% design storm event a with and b without surrounding river 
flow modelling
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(Fig. 9.7). Additionally, the highest value of inundated area is observed in Cau Giay 
district and lowest values in Tay Ho district. The biggest difference in inundated area 
between the 2 simulation is observed in Cau Giay district, i.e. in the areas of Nguyen 
Khanh Toan, Cau Giay and Hoa Bang. These areas are near the drainage system 
outlets, so they are greatly influenced by the river water level. The total affected area 
when taking into account the influence of surrounding river water level is 106.31 ha, 
it takes into account for 28.76% of the total flooded area. Although the total affected 
area is not large, however the percentage is significant. 

(a) 

(b) 

Fig. 9.7 Inundated area corresponding to 5 water depth levels in 8 districts a with and b without 
surrounding river flow modelling
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Figure 9.6 shows that the inundation period in most areas in both cases is from 
1 to 2 h. However, according to the calculation results, when the river water level is 
taken into account, the inundation period will be longer than about 42 min in almost 
locations. This is almost never mentioned in previous studies. 

9.4 Conclusion 

The study had established an integrated hydro-hydraulic model to simulate the 
flooding level in Hanoi city. The model parameters were well calibrated and validated 
with 2 huge rainstorm events in 2019. Based on the validated model, a storm event 
correspond with 10% frequency was simulated. The result showed that the drainage 
capacity of the sewer system cannot met the requirements. The degree of flooding is 
still large in the whole study area with a total flooded area of 369.64 ha. The study 
also showed that the influence of river water level on the drainage capacity of the 
sewer system cannot be ignored, i.e. the inundated area can increase more than 20%. 
This is an important finding in the understanding of the drainage issue. 
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Chapter 10 
Assessing the Current Characteristics 
of Concrete in Some Parts Hoa Binh 
Hydropower Plant 

Duong Thi Toan and Nguyen Thi Mai Phuong 

Abstract Hoa Binh Hydropower plant was built in Song Da, Hoa Binh province, 
is one of the large hydroelectric plant, and very important to Vietnam’s electricity 
industry. Stability assessment of the components of the construction is necessary 
and require carried out regularly. This paper has the objective to assess the current 
state characteristics of concrete in the water intake gate and power station system of 
Hoa Binh hydropower plant. The main evaluated properties include the compressive 
strength, ultrasonic pulse velocity, pH value, water absorption and the density of the 
concrete. These properties are performed on core samples and test methods according 
to current standards. The results show that the compressive strength is in the range 
of 21.4–33.4 MPa, the ultrasonic pulse velocity is from about 3102 to 3792 m/s; 
density from 2324 to 2470 kg/m3, pH from 9.98 to 10.69, and the water absorption 
from 3.6 to 5.2%. These results show that the construction concrete still meets the 
standard requirements for the heavy concrete in the grade of compressive strength 
as M300. However, as a result, the pH in some locations dropped below 10, and the 
carbonation process may be starting. This problem needs to be handled to ensure the 
safety of the construction. 

Keywords Hoa Binh hydropower’s concrete · Concrete properties · Concrete 
quality and problems 

10.1 Introduction 

Hoa Binh hydropower plant (Fig. 10.1) was kicked off to build in 1979 in the Song Da 
River, which flows through the Hoa Binh province. From completing the building in 
1994–2012, that was the biggest hydropower plant in Vietnam and in Southeast Asia.
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Hoa Binh hydropower plant has 8 power generator stations producing a capacity 
of 1920 MW of electricity, which is the main source of electricity supply for the 
entire electricity system of Vietnam. Besides, hydropower participates actively and 
effectively in flood control, ensuring safety for the Northern Delta and Hanoi capital. 
Hoa Binh hydropower reservoir dam was built by soil, rock, and concrete material 
with 128 m in high, 743 m in length. The elevation of the reservoir dam’s top is 
123 m high, the reservoir has a capacity of about 10 billion m3, with length of more 
than 200 km, the average width is about 1 km. The normal water level is 117 m, the 
highest water level is 122 m, the lowest water level is 80 m. The plant construction 
consists of main parts: Dam to remain reservoir water; reservoir after dam; intake 
water gates; power station system (penstock, hydraulic turbine, generator), drainage 
water line, and gates. In this research, the concrete in the intake gate and power 
station system (Fig. 10.2) will be investigated and assessed. 

In the intake water gate area, the water flow inside of 8 power stations through the 
16 intake gates, which are between the concrete pillars. Then every 2 intake gates 
supply water for one power generator at the power station. Each power station system 
has a penstock to take water with a diameter of 8 m, through the turbine with the flow 
rate of 300 m3/s, and then through the pressure pipe (12 m in diameter). The pillars 
in the water intake gate were built by concrete with a height of 17 m, and 190 m in 
length. Across of intake pillars, there are 16 garbage screens to stop waste and 16 
repair valves respectively for 8 power station systems. These valves are controlled 
by 4 hydraulic actuators located at an altitude of 119 m, for 4 hydraulic cylinders. 

The water intake gate and power station system are the most important parts of the 
hydropower plant. In the intake gate area, the construction is greatly influenced by a 
number of factors such as the impact high velocity flow, the high hydraulic pressure 
along with the hard and heavy waste. Issue such as the construction is attacked, the

Fig. 10.1 Hoa Binh hydropower plant area
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Fig. 10.2 General configuration of hydropower generator system (Electrical academia: How 
hydropower plants work|Types of hydropower plants. https://electricalacademia.com/renewable-
energy/hydroelectric-power-plant-working-types-hydroelectric-power-plants/)

materials are eroded and destructed may happen. In addition, the fluctuation of water 
level changes in high intensity, going up and down in a short time, making the dry 
and wet process happen regularly and continuously overtime on the concrete surface, 
rapidly increasing the degree of penetration of concrete. The power station system 
is located underground. To prevent earthquakes and seepage, concrete in this area 
is used by cement injection and blast-drilling techniques. Clay mortars are sprayed 
into the sand and gravel bed lying in the river bed, then drilled into the rock bed and 
sprayed cement into all the holes drilled in the rock to create adhesion. 

To ensure the materials working in good condition as well as ensuring the dura-
bility of the hydropower plant, the assessment of the current state of the material 
is carried out regularly (Tan et al. 2018; Phuong 2011; Ton et al. 2018). Here the 
concrete of the intake pillars and power station system are investigated to ensure 
that the structure continuously keeps its working function and in order to promptly 
handle important works of national and century level. 

The purpose of this study is to assess the status of reinforced concrete in the 
water intake pillars from + 87.5 to + 123.0 m and in some locations in the power 
station system. The factors include the quality of concrete (the compressive strength); 
concrete structure (the magnetic ultrasonic velocity), the quality of concrete rein-
forcement through measuring the rust of the reinforcement, and the working envi-
ronment (the pH value), and the properties of concrete density and water absorption 
capacity.

https://electricalacademia.com/renewable-energy/hydroelectric-power-plant-working-types-hydroelectric-power-plants/
https://electricalacademia.com/renewable-energy/hydroelectric-power-plant-working-types-hydroelectric-power-plants/
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10.2 Methods 

The processing of inspecting and evaluating the condition of concrete and steel rein-
forcement including: (1) Selecting of position for drilling samples and clean the 
drilled area; (2) Determining the magnetic ultrasonic velocity at the drilled locations 
and around area; (3) Drilling samples, packing and transferring samples to the labo-
ratory. Samples were drilled at 17 representative locations with 9 locations at the 
intake concrete pillar (elevation of + 117.5 m height) and 8 locations at the power 
station system (elevation of + 1205 m); (4) Preparing and cutting samples in stan-
dard size; (5) Doing tests for building the results of the compress strength, ultrasonic 
pulse velocity, pH, water absorption and the volumetric weight of the concrete. The 
method and standard to determine these properties are listed in Table 10.1. 

Compressive strength is an important parameter that determines the quality of 
concrete, is also one of the important parameters to classify concrete strength and 
evaluate the durability of the building (Akorli et al. 2021). The compressive strength 
of concrete is defined as the compressive stress, calculated in force per unit area, as 
kG/cm2 or MPa. Compressive strength is the basic characteristic of concrete to reflect 
the bearing capacity for construction. The results of the compressive strength will 
be compared with the strength requirements according to the standard TCXDVN 
239:2006 with the grade by compressive strength as M300 (the value of standard 
compressive strength of Mix concrete is 30 MPa). Accordingly, the determination of 
concrete strength on a construction structure is a measured value of the actual strength 
of the structure, which serves as a basis for assessing the safety of the construction 
under the influence of current loads or for design, renovation, and repair of existing 
construction. 

Compressive strength is usually measured by many different methods but can 
be divided into two groups: the destructive method and the non-destructive method 
group (ultrasonic pulse velocity) (Tan et al. 2018). The group of non-destructive 
methods has the advantage of giving quick results, without affecting the structure, 
but often does not guarantee the required accuracy. The group of destructive methods 
(drilled samples) gives the true value of the material properties, but requires a lot of 
work and is likely to affect the existing structure, so the number of test samples tends

Table 10.1 The methods and standard to determine the concrete characteristic 

No. Processing and proper Methods and standard 

1 Drilling and collecting concrete core sample TCVN 3105:1993 
TCVN 3118:1993 

2 Compressive strength TCVN 3118: 1993 
TCVN 9335:2012 

3 Ultrasonic pulse velocity TCVN 9357:2012 

4 pH value TCVN 9339:2012 

5 Water absorption TCVN 3113:1993 

6 Desity TCVN 3115:1993 
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to decrease to a minimum. Currently, when inspecting old construction, only a small 
number of drilled samples was collected and determining concrete properties in the 
laboratory. The results in the laboratory are used to build a correlation curve. A large 
remaining area of construction will be checked in the field by using non-destructive 
methods. The field result is corrected based on the determined in the laboratory (Tran 
and Dang 2015). In addition, other works evaluated in the field include checking for 
visual defects such as concrete cracking, peeling concrete surface, concrete erosion, 
damaged concrete areas, concrete steel carbonation…This paper will present only 
the results of determining strength from drilled samples in the plant construction. 
The process to cut a concrete sample and testing according to the regulations stated in 
TCVN 3105:1993, TCVN 3118:1993, and related instructions are given in TCXDVN 
239:2006. 

The experiment to determine the pH index of concrete is to evaluate the quality of 
reinforced concrete by measuring the rust of the steel reinforcement and the working 
environment of the reinforcement (Pu et al. 2012). The determination of pH is carried 
out with a mortar sample of drilled concrete by measuring the potential difference of 
the electrode when immersed in the sample solution using a pH meter according to 
the sampling standards TCVN 7572-15:2006 and measuring by TCVN 9339:2012. 
Studying the change of pH value in concrete can evaluate possible chemical reactions 
in concrete with the participation of ions or CO2 penetration when concrete has cracks 
or small openings, and evaluate the corrosion of the environment to steel reinforced 
materials in concrete. 

The water absorption of concrete is carried out in the laboratory according to the 
standard TCVN 3113:1993. The concrete drill specimen is placed in an immersion 
tank one-third of the specimen height and immersed for one hour. Then add water up 
to two-thirds of the specimen height and soak for a more hour. Finally, fill water above 
5 cm the top of the sample and keep the water level until the sample is saturated with 
water. After every 24 h of immersion, the sample was taken out, wiped dry samples, 
and weighed with an accuracy of 0.5%. The sample is considered to be saturated 
when the difference in weight of the sample in two continue times is not more than 
0.2%. After saturated, the samples were placed in an oven with a temperature of 
105–110 °C to dry to constant weight. The water absorption is the percent of the 
water mass absorbed into the sample during the test. 

Density is one of the physical parameters that represents the arrangement of 
components and void in the concrete, which is the ratio of mass to volume. The 
density of concrete is determined on 3 samples according to the standard TCVN 
3115:1993.
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10.3 The Results and Discussion 

10.3.1 The Concrete Compressive Strength and the Magnetic 
Ultrasonic Velocity 

According to Vietnam standard TCXDVN 239:2006, which is used to assess the 
concrete compressive strength of parts in the constructions, the measured compres-
sive strength at the construction field (Rf) must respond to the critical compressive 
strength (Rc). The measured compressive strength (Rf) has to be higher than 0.9 
Rc, and the minimum compressive strength of concrete in the field (Rfmin) has to be 
higher than 0.75Rc. Where the critical compressive strength (Rc) is determined by 
the equation: Rc = 0.778 M, where M is the standard compressive strength value. 
For the hydroelectric plant, the built concrete requires the value M = 30 MPa. Apply 
this value, the calculation for Rc = 23.34 MPa, then Rf > 0.9  Rc = 21.01 MPa, and 
Rfmin > 0.75Rc = 17.51 MPa. 

The compressive strength at the Hoa Binh hydroelectric plant ranges from 25.2 to 
33.4 MPa at the intake pillars, and 21.4 ÷ 28.9 MPa at the power station. Comparing 
these values (Rf and Rfmin) with the critical value (0.9 Rc and 0.75 Rc), all value 
of the field compressive strength are higher than 21.01 MPa and 17.51 MPa. These 
values are higher than the critical compressive as 1.2–1.6 times at the intake pillars 
and as 1–1.3 times at the power station. Based on this comparison, it can be seen 
that the current concrete in the field of the Hoa Binh hydroelectric plant still has 
good quality and responds to the requirement of the standard compressive strength 
at grade M300. 

To find out any other issues in the structure of concrete construction, the ultra-
sonic velocity test was done in the locations of drilled samples. The results on the 
ultrasonic velocity (Vp) are 3328 ÷ 3792 m/s at the intake pillars; 3102 ÷ 3552 m/s 
at the power station. Figure 10.3 shows the relationship between the ultrasonic pulse 
velocity values and the compressive strength. Two of these properties also have quite 
close consistence with R2 being 0.77 at the power station and is 0.88 at the intake 
pillars. The higher the compressive strength, the higher the ultrasonic pulse velocity 
(Fig. 10.3).

In the standard TCVN 9357:2012, the ultrasonic pulse velocity value range is 
about 4000–4500 m/s for the precast concrete sample at grade M300 in the labo-
ratory. For the construction, the concrete at grade of M300-M350 (the standard 
compressive strength of 30–35 MPa), the ultrasonic pulse velocity value range 3810 
÷ 3993 m/s (Tran and Dang 2015). And according to that overviewing (Tran and 
Dang 2015), concrete with good quality should have a Vp of about 3700 m/s. An area 
with Vp in 2750 ÷ 3660 m/s need to make a questionable and thoughtful investiga-
tion. However, in the research in Vietnam, the ultrasonic pulse velocity still is used 
narrowly and depends on the compressive strength. According to the standard TCVN 
9396:2012, the ultrasonic pulse velocity values have meaningfull when the concretes 
obtain the required compressive strength. All investigated location concrete on the 
compressive strength has responded to the requirement M300, then the results on
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Fig. 10.3 The compressive strength versus the ultrasonic velocity

magnetic ultrasonic velocity values should be considered as the reference results for 
further testing. 

10.3.2 Characteris of pH Value, the Water Absorption 
and Density 

Table 10.2 shows the results of the pH, water absorption, and density determined by 
the concrete samples in the laboratory. The pH value was measured at the surface, 
center, and bottom of the sample. In almost locations, the pH value increases from 
the surface to the bottom of samples and is the smallest at the surface where the 
construction suffers the effects of the outside environment. The pH value range from 
10 to 10.64 on the sample surface at the power station, and from 9.98 to 10.58 at the 
intake pillars.

Usually, the pore solution of concrete is saturated with calcium hydroxide and 
also contains sodium and potassium hydroxide, pH is usually 13–14 and can even 
be higher. When steel reinforcement is embedded in concrete, a passivation layer is 
formed around the steel from being exposed to the high alkaline environment (Zhiguo 
et al. 2021). This passivation layer formed on the steel is an oxide layer that protects 
the embedded rebar from corrosion. Concrete with a pore solution of pH 10–12 is 
less alkaline than concrete which is still in good condition. When the passivation 
layer is broken the concrete has pore cracks, the concrete reinforcement is exposed 
to the atmosphere, the carbon dioxide in the atmosphere will react with the concrete 
to reduce the pH of the concrete.
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Table 10.2 The testing result of pH value, water absorption, and density 

Location pH value Water absorption Density 

Bottom Center Surface % kg/m3 

Power station 1 10.67 10.69 10.64 3.8 2347 

Power station 2 10.47 10.52 10.51 3.7 2324 

Power station 3 10.23 10.36 10.22 4 2326 

Power station 4 10.57 10.6 10.5 4 2383 

Power station 5 10.15 10.44 10.32 3.9 2355 

Power station 6 10.65 10.62 10.6 3.8 2370 

Power station 7 10.59 10.51 10.48 3.7 2406 

Power station 8 10.23 10.16 10.18 4.1 2368 

Min value 10.15 10.16 10.18 3.7 2324 

Max value 10.67 10.69 10.64 4.1 2406 

Intake Pillar 1,1 10.58 10.55 10.56 3.6 2412 

Intake Pillar 1,2 10.49 10.41 10.39 3.9 2461 

Intake Pillar 2,1 10.26 10.23 10.25 4 2424 

Intake Pillar 2,2 10.32 10.33 10.27 3.6 2372 

Intake Pillar 3,1 10.3 10.26 10.23 4.6 2426 

Intake Pillar 5,1 10.34 10.43 10.36 5.2 2380 

Intake Pillar 7,3 10.55 10.51 10.58 4.7 2395 

Intake Pillar 8,2 10.26 10.21 10.18 4.5 2403 

Intake Pillar 8,3 10.05 10.02 9.98 4.3 2413 

Min value 10.05 10.02 9.98 3.6 2372 

Max value 10.58 10.55 10.58 5.2 2461

When the pH of the concrete decrease below 10, the reinforcement steel in the 
concrete may begins to corrode. There are two main causes of reinforcement corro-
sion in reinforced concrete structures, which are: (i) Carbonation of concrete due 
to CO2 penetration; (ii) the passivation layer does not protect embedded steel from 
corrosion when the chloride concentration is above 0.02% by mass of concrete. In 
the first case, CO2 in the air penetrates the concrete through a network of pores and 
cracks. In the presence of the liquid phase present in the concrete and the hydration 
products of the cement, especially Ca(OH)2, the carbonate reactions occur to form 
CaCO3 (limestone). The pH of the medium decreased from about 12.5 to 13.5 to 
approximately 9, leading to the breakdown of the passive film protecting the rein-
forcement (Tan et al. 2018; Pu et al.  2012). Crack damage and corrosion in concrete 
will continue. When the steel reinforcement is corroded, there is also a loss of mass, a 
reduction of the working section compared to the calculation, and a danger to people 
and the process of using and operating. One of the degradations in bearing capacity 
is the decrease in the adhesion stress between concrete and reinforcement due to 
corrosion.
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In all tested locations, the pH value is quite low, less than 11, even is 9.98 at the 
intake pillar No. 8.3. Infield investigation, some small broken sides can be found. 
The concrete surface from the height of + 109 m to the elevation of + 117 m at the 
intake pillars was slightly eroded, the mortar layer was washed away, exposing the 
rock due to the impact of water levels up and down. In particular, some major defects 
in the concrete need to consider thoroughly investigated. 

Water absorption indicates the ability of water to penetrate and store in the 
concrete. Because concrete has a capillary structure, it can be humidified by absorbing 
a certain amount of water vapor from the surrounding air or can absorb water to satu-
ration when in direct contact with water. The maximum water absorption of cement 
concrete, solid aggregates often in the state of water saturation can reach 4–8% 
by weight (10–20% by volume) (Alsayed and Amjad 1996). The measured water 
absorption in the Hoa Bình ranges from 3.7 to 4.1% at the power station and from 3.6 
to 5.2% at the intake pillar. These results are still in the permission value for quality 
concrete. Through water absorption, it is possible to assess the structure and degree 
of compaction of concrete. The higher the moisture absorption, the more porosity of 
the concrete or the appearance of cracks in the structure. Water absorption is one of 
the parameters to evaluate the strength and durability of concrete (Zhang and Zong 
2014; Kumar et al. 2021). 

The result of density ranges 2324 ÷ 2406 kg/m3 at the power station, and 2372 ÷ 
2461 kg/m3 at the intake pillars. For hydraulic construction, the density ranges 1800 
÷ 2200 kg/m3 with medium-heavy concrete; 2200 ÷ 2500 kg/m3 with heavy concrete 
used for load-bearing structures. The measured results adapt to the standard value. 
The change of volumetric mass will affect other important mechanical properties of 
concrete such as compressive strength, shear strength, elastic modulus. Iffat (Iffat 
2015) have done a series of testing of the concrete density and compressive strength. 
Those results show the linear relationship and indicate a simple equation for an 
estimate of the density from the compressive strength. 

To find out the relationship between the concrete properties (compressive strength, 
water absorption, and density), the coefficient of determination (R2) were built in 
Figs. 10.4 and 10.5. However, most of the relationships are quite loose dependences, 
with a small coefficient of determination (R2). Anyway, it can be seen that the water 
absorption has a certain influence on the compressive strength. With higher water 
absorption, the compressive strength decreases (Fig. 10.4). The correlation of the 
density and water absorption was shown in Fig. 10.5, the water absorption decrease 
clearly with higher density at the intake pillars, but decreases only lightly at the 
power station.

Based on the above present, the concrete samples drilled in the Hoa Binh hydro-
electric plant still have good quality. The properties of the compressive strength, 
density, and water construction adapt the required standard for the concrete in the 
hydraulic construction with the compressive strength of M = 30 MPa. There are 
two properties as the pH value and the magnetic ultrasonic velocity are quite low 
comparing the standard requirement. The Hoa Binh hydroelectric was kicked off in 
1979, and the intake pillars and power station were constructed from 1983 to 1986. 
It is nearly 40 years since the concreted of this construction was built. Moreover, the
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Fig. 10.4 The water absorption versus the compressive strength 

Fig. 10.5 The density versus water absorption

concrete at the intake pillar often is affected by the fluctuation of water level, the 
hydraulic gradient, and other factors in the way attached to the construction. In the 
field, some cracks and eroded positions can be found on the surface of both the intake 
pillars and the power station. Because of these issues, the concrete of this construc-
tion is continually investigated and urgent treatment in any area having the problem.
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Solving the problem of the low value of pH requires monitoring and assessment in 
real-time to see the trend of these values changing. Relating to low pH value and 
areas having cracks on the surface of concrete pillars, further research should focus 
on clarifying the mechanism and interaction to decrease the pH and their effects 
on the evolution of crack development. To protect concrete, the treatment methods 
such as infiltration chemical mortar to fill in the crack, prevent the permeability, and 
erosion process will be designed in the near further. 

10.4 Conclusion 

This paper presents the testing results on some main properties of concrete collected 
in the Hoa Binh hydropower plant, in Vietnam. The obtained results are fundamental 
for assessing the current concrete condition at the intake water gates and in the power 
generator system. Comparing with the requirement of standard for the heavy concrete 
of hydraulic construction with the grade compressive strength of M300, the concrete 
at both the intake gates and the power generator system have good quality. The 
measured compressive strength at all drilled location range from 21.4 to 33.4 MPa, 
which are higher 1–1.6 times than the critical value calculated by the standard. The 
density and water absorption also range in the acceptable for concrete M300. The 
density is from 2324 to 2470 kg/m3, and the water absorption is from 3.6 to 5.2%. 
There are two properties as the pH value and ultrasonic pulse velocity are quite lower 
for high-quality concrete. The pH value is from 9.98 to 10.69, the ultrasonic pulse 
velocity is from 3102 to 3792 m/s. The range value of two these factors may indicate 
that some checked areas do not have really good quality. Also, some are with small 
crack shadow cracks or erosion on the surface. Then these issues are should be made 
questionable, and need more careful investigation to find out an effective solution to 
protect the concrete as well as keep the durability of the Hoa Binh hydropower plant. 
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Chapter 11 
Hydraulic Performance of a Sand Trap 
in the Flushing Period to Support 
the Maintenance of the Pengasih 
Irrigation Network, Indonesia 

Ansita Gupitakingkin Pradipta , Ho Huu  Loc  , S. Mohana Sundaram , 
Sangam Shrestha , Murtiningrum , and Sigit Supadmo Arif 

Abstract Sand traps, as the first barrier against sedimentation in irrigation networks, 
have an essential role in minimizing the sediments in the irrigation channels. A 
large number of deposits upstream of the weir triggered a decrease in the sand trap 
performance. Pengasih is one of the irrigation schemes included in the Progo-Opak-
Serang River Basin (WS POS) and gets water supply from the Serang River through 
the Pengasih Weir. 38.17% of the WS POS area is included in critical land, with 
an erosion rate of 234.83 tons/ha/year. It is necessary to evaluate the performance 
of the Pengasih Weir sand trap during the flushing period. The study’s objectives 
were to construct a hydraulic model, develop an optimum modeling approach for 
sediment transport in the flushing period, and identify the performance regarding 
the discharge and duration of flushing in the sand trap. This study used 1-D math-
ematical modeling software, HEC-RAS 4.1.0. The primary data were the channel’s 
cross-section, observed water surface, measured discharge, sediment properties, and 
flushing duration. The hydraulic model was developed by calibration and validation, 
providing the validated Manning’s coefficient of 0.025. The modeling approach for 
the sediment transport in the flushing period was Laursen for transport function, 
Exner 5 for sorting method, and Ruby for falling velocity method. The optimum 
discharge and sand trap flushing duration were 2 m3/s and 315 minutes. The flushing 
mechanism is optimal, and the duration adjustment is required to achieve a more 
effective and efficient sand trap operation in the irrigation maintenance period. 
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11.1 Introduction 

Irrigation is a critical component of Indonesia’s agricultural development. A well-
functioning irrigation system can help strengthen the agricultural industry and 
provide food security. However, irrigation performance has deteriorated after less 
than a century of development and management in Indonesia. The inadequacy of irri-
gation infrastructure maintenance, the poor management system, the inappropriate 
rehabilitation system, and poor financing systems are all factors that contribute to 
this drop. In the case of irrigation infrastructure, the current state of degradation 
is due to current environmental conditions that are significantly different from the 
requirements as designed. Sedimentation is now one of the most serious infrastruc-
ture issues, affecting everything from weirs to tertiary irrigation channels. The main 
source of sedimentation in irrigation infrastructure is excessive erosion in the weir 
upstream, which is caused by poor river basin conservation in the upper weir. Sedi-
mentation can reduce the overall efficiency of an irrigation system (Pradipta et al. 
2022; Revel et al. 2015). 

In this case, Sand traps play a critical function in preventing or reducing sedimen-
tation in irrigation channels. However, the high amount of sediments coming from 
upstream of the weir caused the sand trap, the first sediment barrier to enter an irri-
gation channel, to perform poorly. The incoming water discharge, surrounding soil 
conditions, and flushing mechanism all have an impact on the sediment suspended in 
a sand trap. The sediment in the sand trap is removed on a regular basis, either manu-
ally or by flushing (Mustafa et al. 2013). Due to farmer requests to meet their irrigation 
water needs, the flushing period often deviates from its intended schedule. Unsuitable 
flushing periods also have an impact on sand trap performance (Widaryanto 2018). 
As a result, reviewing the operation and maintenance of the sand trap is necessary, 
especially during the flushing period. If the sand trap fails, a large amount of sedi-
ment will be carried into the irrigation channel. This can result in an increase in the 
volume of sediment entering the irrigation channel, reducing the irrigation channel’s 
capacity. If this capacity decline is not addressed promptly, it may become a severe 
issue. Water availability will decrease, potentially leading to a fall in agricultural 
production. 

One of the irrigation schemes in the Progo-Opak-Serang (POS) River Basin is the 
Pengasih Irrigation Scheme, which has a service area of 2,291 hectares. Through the 
Pengasih Weir, it receives water from the Serang River. Progo, Opak, and Serang are 
the three primary watersheds in the POS River Basin, with 2,421 km2, 1,376.34 km2, 
and 280 km2, respectively. It was discovered that 38.17% of its land area is classified 
as critical land, with an erosion rate of 234.83 tons/hectare/year (Anonym 2016). 
Critical land is indicated by a very high erosion rate and requires prompt conserva-
tion activities to restore land functions (Anonym 2016). The Serang Watershed is 
dominated by clay-textured soils and is sustained by heavy rainfall and topographic 
variations, which increases the risk of land erosion (Ayuningtyas et al. 2018). This 
is worsened further by poor land management (Anonym 2016).  The high level  of  
erosion in the Serang Watershed causes sedimentation in Pengasih Irrigation Scheme.
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It will reduce the irrigation channel’s capacity, resulting in inefficient irrigation water 
allocation. The characteristics and quantity of sediment that enters the Pengasih Weir 
Sand Trap are affected by land-use change in the upstream Serang Watershed and 
global climate change. As a result, it’s critical to evaluate the present state of the sand 
trap, particularly during the maintenance period, commonly known as the flushing 
period. The purpose of this research is to assess the hydraulic performance of the 
Pengasih Weir sand trap during the flushing period in order to support irrigation 
network maintenance. The particular goals are to construct a hydraulic model of the 
sand trap, determine the appropriate modeling approach for sediment transport in 
the sand trap during the flushing period, and identify the sand trap’s performance 
in terms of discharge and flushing period to empower the irrigation network main-
tenance. It can assist with the efficient use of irrigation water, which is one of the 
indicators in the Indonesian irrigation modernization program. 

11.2 Methodology 

11.2.1 Study Area 

The Pengasih Irrigation Scheme, located in Kulon Progo Regency, Special Region 
of Yogyakarta, Indonesia, was the subject of this research. The Pengasih Irrigation 
Scheme covers 2,077 hectares of paddy field and has a primary as well as nine 
secondary channels. The Pengasih Weir, located at 7° 50' 08.88'' S and 110° 10'
16.73'' E, receives water from the Serang River. It occupies an area of 280 km2 and 
has a main river that runs for 28 km. The Serang River in Durungan Station has a 
monthly average discharge of 10.83 m3/s, with a maximum discharge of 61.10 m3/s 
and a minimum discharge of 0.28 m3/s. In Kulon Progo Regency, Sermo Reservoir 
dams the Ngrancah River (a tributary of the Serang River) and serves as a primary 
source of irrigation and drinking water (Anonym 2016). It provides additional water 
to the Pengasih Irrigation Scheme during the dry season. Figure 11.1 depicts the 
research location.

11.2.2 Overall Framework 

The study’s overall framework is represented in Fig. 11.2. This study conducts three 
primary analyses. Hydraulic calibration and validation are used to determine the 
optimal hydraulic parameter, in this case, Manning’s coefficient, by comparing simu-
lated and observed water levels. Calibration of sediment aims to establish a modeling 
approach for the sand trap’s sediment transport throughout the flushing period, while 
simulation and optimization of flushing intend to identify the sand trap’s performance 
in terms of discharge and flushing period.
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Fig. 11.1 Research location

Fig. 11.2 Overall framework
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11.2.3 Data Collection 

Secondary Data Collection Secondary data required includes irrigation scheme 
technical specifications, operation and maintenance manuals, and monitoring data. 
The data came from the Serayu Opak River Basin Organization, the Kulon Progo 
Regency Public Works Service, and the field observer office. 

Primary Data Collection The primary data collection involves cross-sectional 
measurements, discharge measurements, water surface elevation measurements, and 
sediment investigations in the Pengasih Weir sand trap. Each data collection is 
described in the following manner. 

Cross Section Measurement Cross-sections were taken along the channel from the 
sand trap to the beginning of the primary channel. Terrestrial measurements were 
done with the aid of a total station and its supporting accessories. Figure 11.3 illus-
trates the configuration for cross-section measurement. From CSintake to CS13, 14  
cross-sections must be measured. 

Discharge Measurement The velocity was determined using a cup-type current meter. 
The cup rotates in response to the flow velocity, and the amount of rotation is 
converted to the flow velocity. Due to the fact that velocity varies with the depth 
and width of the flow, the measurement was made at a variety of depths (H) and was 
separated into three width segments. As demonstrated in Fig. 11.4, the discharge 
was computed using the velocity area method, as given in Eqs. (11.1) and (11.2). 
As illustrated in Fig. 11.4, there are three depth variations, namely 0.2H, 0.6H, and 
0.8H, as well as three width segments. Figure 11.5 illustrates the configuration of 
the velocity measurement system. As can be seen, the measurement location consists 
of nine points. Three cross-sections in measuring the discharge represent the flow 
upstream, midstream, and downstream.

Total discharge as calculated by the velocity area method: 

V I , V I I  , V I I I  = 
V0.2H + V0.6H + V0.8H 

3 
(11.1)

Fig. 11.3 Layout for measuring cross-sections 
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Fig. 11.4 Discharge measurement illustration 

Fig. 11.5 Layout for velocity measurement

Qtot  = V I AI + V I I  AI I  + V I I I  AI I I (11.2) 

where, 

Qtot = total discharge. 

AI = cross-sectional area of segment I 

AII = cross-sectional area of segment II 

AIII = cross-sectional area of segment III 

V I = average flow velocity of segment I 

V I I  = average flow velocity of segment II 

V I I I  = average flow velocity of segment III 

V0.2H = flow velocity at a depth of 0.2H from the water surface 

V0.6H = flow velocity at a depth of 0.6H from the water surface 

V0.8H = flow velocity at a depth of 0.8H from the water surface 

B = channel top width
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Fig. 11.6 Layout for water surface measurement 

b = channel bottom width 

h = flow depth. 

Water Surface Elevation Measurement Hydraulic calibration and validation in HEC-
RAS were performed using the water surface. The measurement was carried out 
using an automatic level and its associated equipment. Figure 11.6 illustrates the 
measurement’s layout. As can be seen, there are nine cross-sections to measure, 
starting with CS0 and ending with CS8. The distance between the two cross-sections 
is ten meters. 

Sediment Investigation Sediment properties were utilized for sediment modeling, and 
it contains information about the current bed sediment in the Pengasih Weir sand trap. 
Sampling was conducted using a sediment grab sampler. The bed sediment sampling 
layout is identical to that of the velocity measurement, as illustrated in Fig. 11.5; thus, 
there are nine sampling points. The sieve and hydrometer methods were conducted 
to figure out the sample’s specific gravity and particle size distribution. 

11.2.4 Mathematical Modeling in Irrigation System Using 
HEC-RAS 

By analyzing the flow characteristics in a large and complex irrigation network under 
various design and management scenarios, the hydraulic simulation model enables 
the improvement of irrigation system performance (Van et al. 2020) (Islam et al. 
2008). A mathematical model can be used to investigate the hydraulic characteristics 
and behavior of a large irrigation network, directly evaluating and improving system 
performance (Serede et al. 2015). Nowadays, technological advancements enable 
researchers to do mathematical modeling for various purposes. Numerous mathe-
matical models are available for hydraulic modeling tasks, including HEC-RAS, 
MIKE 11, CCHE1D Model, Fluvial-12, and BRI-Stars (Mohammed et al. 2018). 
These models can be used to predict how a river or stream will look after a flood,
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how sediment will move, and how reservoirs and stream channels will get clogged 
up (Loc et al. 2015, 2020). 

This work simulates both flow and sedimentation models in a sand trap using a 
one-dimensional flow mathematical model and HEC-RAS version 4.1.0. HEC-RAS 
(Hydrologic Engineering Center River Analysis System) was established in 1995 
by the United States Army Corps of Engineers (a division of the Institute for Water 
Resources/IWR). HEC-RAS is a piece of software that enables users to perform 
one-dimensional steady and unsteady flow river hydraulics calculations, sediment 
transport capacity calculations, uniform flow calculations, and water temperature 
analyses. The most recent version of HEC-RAS is accessible for free under a public 
domain license from the US Army Corps of Engineers website (Mehta et al. 2014). 
HEC-RAS enables the simulation of the one-dimensional water surface profile in 
stable rivers, the unsteady river flows, delivered sediment load, and water quality in 
rivers (Ahmad et al. 2021). HEC-RAS 1D model is considerably applied to simu-
late sediment transport (Joshi et al. 2019). The HEC-RAS one-dimensional model is 
frequently used to simulate sediment transport (Ahmad et al. 2021). In version 4.0 of 
HEC-RAS, 1D sediment transport numeration was introduced (Brunner and Gibson 
2005). HEC-RAS can be utilized as a decision support system to ensure the optimal 
operation and maintenance of irrigation systems (Serede et al. 2015). Hydraulic 
modeling was used to simulate flow and sediment movement along the principal 
channel in this investigation. The discharge data, geometry data, and sediment 
characteristic data were all employed in this modeling. 

11.2.5 Approach for Sediment Transport Modeling Using 
HEC-RAS 

It is essential to comprehend the approaches used to build sediment transport models 
in order to ensure that they are applicable to a given stream (Sisinggih et al. 2020). 
Three ways are provided in HEC-RAS sediment modeling to do this, including a 
sediment transport function, a sorting mechanism, and a fall velocity method. This 
model considered both the bed and suspended sediment transports. 

Sediment Transport Function Sediment transport functions generally estimate 
sediment transport rates given a set of steady-state hydraulic parameters and sedi-
ment properties. HEC-RAS 4.1.0 includes the following sediment transport func-
tions: Yang, Toffaleti, Ackers and White, Engelund and Hansen, Laursen-Copeland, 
Meyer-Peter and Müller, and Toffaleti (USACE 2010). 

Sorting Method The bed sorting method (sometimes referred to as the mixing or 
armoring method) records the bed gradation that HEC-RAS utilizes to compute
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grain-class-specific transport capacity and simulate supply-side armoring proce-
dures. Armoring is the most prevalent effect of bed sorting, in which a coarse cover 
layer accumulates atop a more representative subsurface layer of river bed material 
(USACE 2010). HEC-RAS 4.1.0 supports the following sorting methods: Exner 5 
and active layer. 

Fall Velocity Method Shear velocity u ∗ is a well-known fundamental velocity 
scale of the wall turbulence, widely used for scaling various flow quantities such as 
mean velocity and turbulent intensities (Pokrajac et al. 2006). It can be referred to 
as the representation of the intensity of turbulent fluctuations in the boundary layer 
(USACE 2010). It is also commonly defined as the velocity scale of the momentum 
absorbed by the bed. It can be evaluated at the roughness crests, where the bed starts 
extracting momentum from the flow (Pokrajac et al. 2006). Suspension of a sediment 
particle occurs when the bed-level shear velocity approaches the magnitude of the 
particle’s fall velocity. The particles will remain suspended as long as the bed-level 
turbulence’s velocity components exceed the fall velocity. As a result, determining 
suspended sediment transport is highly dependent on particle fall velocity (USACE 
2010). The user can select the method for computing fall velocity within HEC-RAS. 
There are four methods: Toffaleti, Van Rijn, Ruby, and Report 12 (USACE 2010). 

11.2.6 Performance Indicator 

Performance indicators are necessary to evaluate several scenarios employed in this 
study in order to identify the best alternative. Each scenario involves a comparison 
of simulated and observed data. We must assess the accuracy of a scenario in light 
of observable data. The Root Mean Square Error (RMSE) and Mean Absolute Error 
(MAE) are the two evaluation metrics used in this study (MAE). The root means 
square error (RMSE) and the mean absolute error (MAE) are frequently employed 
to determine the accuracy of a recommender system (Wang and Lu 2018). The lower 
the RMSE and MAE, the better the model or the more precise the forecasts (Ratner 
Jun. 2009). These formulas are illustrated in Eqs. (11.3) and (11.4) (Wang and Lu 
2018). 

RM  SE  =
/∑N 

n=1

(
r̂n − rn

)2 
N 

(11.3) 

MAE  =
∑N 

n=1

||r̂n − rn
||

N 
(11.4) 

where, 

r̂n = the prediction rating 

rn = the actual rating in the testing data set
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N = the number of rating prediction pairs between the testing data and prediction 
results. 

Furthermore, this study evaluated the system using the coefficient of determina-
tion (R2) and the Nash–Sutcliffe efficiency index (NSE). The correlation coefficient, 
represented as R, quantifies the strength of the relationship between two variables 
that are either straight-line or linear. Correlation coefficients are frequently misused 
because their linearity assumption is not checked (Ratner Jun. 2009). The coeffi-
cient of determination (R2) runs typically between 0 and 1; a value of 0 implies no 
linear relationship, whilst a value of 1 shows a perfect linear relationship (Ratner 
Jun. 2009). The coefficient of determination is defined in Eqs. (11.5) and (11.6). 

coe f f i cient o f determination = (coe f f i cient o f correlation)2 (11.5) 

coe f f i cient o f correlation, R = n
(∑

xy
) − (∑

x
)(∑

y
)

/⎡
n

∑
x2 − (∑

x
)2⎤⎡

n
∑

y2 − (∑
y
)2⎤
(11.6) 

where, 

R = coefficient of correlation 

x = values in the first set of data 

y = values in the second set of data 

n = total number of values. 
Recognizing the correlation coefficient’s shortcomings, Nash and Sutcliffe (1971) 

presented an alternative goodness-of-fit metric, termed the efficiency index. The NSE 
statistic is a widely used and potentially valid measure of the quality of fit of hydro-
logic models (Mccuen et al. 2006). If a linear model’s predictions are unbiased, its 
efficiency index will be between 0 and 1. The efficiency index may be algebraically 
negative in the case of biased models. Even if the model is unbiased, negative effi-
ciencies can occur for nonlinear models, which most hydrologic models are. The 
NSE is equal to R2 under the assumption of a linear model (Mccuen et al. 2006). 
Equation (11.7) illustrates the formula for NSE. 

NSE  = 1 −
∑n 

1

(
Ŷi − Yi

)2

∑n 
i

(
Yi − Y

)2 (11.7) 

where, 

Ŷi = predicted values of the criterion (dependent) variable Y 

Yi = measured values of the criterion (dependent) variable Y
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Y = mean of the measured values of Y 

n = sample size. 

11.3 Results and Discussion 

11.3.1 Preparation of Model 

The author of this work developed a model of the Pengasih Weir sand trap’s hydraulic 
performance, particularly during the flushing period. The discharge rate and flushing 
duration can evaluate performance. Prior to simulating the flushing phase, the authors 
modeled the sand trap’s geometry and flow during the operational period in order to 
calibrate the Manning coefficient at the sand trap’s bottom. Water surface elevation 
is utilized as a reference parameter in calibration, allowing for comparisons between 
observed data and simulation findings. After calibrating the Manning coefficient, 
the second measurement results were used to validate it. Sediment modeling is then 
used to calibrate sediment transport parameters in the sand trap using the sediment 
properties determined from field data. After flushing the sand trap, the channel’s bed 
configuration changes. Calibration of the sediment model can be accomplished using 
that bed change. 

The author utilized a one-dimensional mathematical modeling program, HEC-
RAS version 4.1.0. The technique for doing flow simulations in HEC-RAS is split into 
five parts (Mehta et al. 2014): model preparation, geometry modeling, flow modeling, 
hydraulic calculation, and presentation and interpretation of simulation results. This 
study modeled the operational and flushing periods using two geometry and flow 
data sets. Figure 11.7 depicts the geometry during the operational period used for 
hydraulic calibration and validation purposes. The flow moves from the irrigation 
intake, through the sand trap body, and then enters the primary irrigation canal. 
In comparison, Fig. 11.8 illustrates the geometry during the flushing period; this 
geometry was utilized to calibrate the sediment. The flow moves from the irrigation 
intake, through the sand trap body, and then exits through the natural channel, which 
is located downstream of the flushing gate. The user should always simulate the 
river reach using HEC-RAS in the upstream–downstream direction. As a result, the 
reach’s most downstream section is designated as river station 0.

11.3.2 Hydraulic Calibration and Validation 

Hydraulic calibration and validation follow a similar procedure, involving the use of 
flow and water surface elevation data from two independent measurements taken at 
different times. The flow was modeled as a steady flow because it occurs in a channel 
with uniform geometry, and the discharge is constant throughout time. Calibration
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Fig. 11.7 Geometry in the operational period 

Fig. 11.8 Geometry in the flushing period
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and validation used the same geometry data, namely the geometry from the opera-
tional period. Figure 11.7 illustrates geometric modeling throughout the operational 
phase. A normal discharge of 2.03 m3/s was used as the input in steady flow data in 
the calibration process. The downstream boundary condition is normal depth. Addi-
tionally, the observed water surface elevation is fed into the flow modeling, where 
it is compared to the predicted one. There are eight data points for water surface 
elevation, with values ranging from + 96.382 to + 96.436 m. 

The calibration process began by obtaining the Manning’s bed roughness coeffi-
cient that will be employed in the simulation. According to field observations, the 
Pengasih Weir sand trap channel’s walls and bottom are made of stone set in mortar. 
This type was not completely covered by Manning’s coefficient table, which is avail-
able in HEC-RAS’s hydraulic reference. As an approach, a concrete bottom float 
with random stone on the mortar sides was chosen, with the minimum, normal, and 
maximum values of 0.017, 0.020, and 0.024, respectively. As a result, the Manning 
coefficient is set to 0.015 for the first simulation. Figure 11.9 illustrates the hydraulic 
calibration findings. It compares observed and simulated water surfaces using a 
variety of Manning’s coefficients. It shows the sand trap’s upstream and downstream 
parts on the right and left sides of the figure. 
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Fig. 11.9 Comparison between observed and simulated water surface with several Manning’s 
coefficient values
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Table 11.1 Performance Indicators of the calibrated Manning’s coefficient 

No. Performance indicator Value, n = 0.025 
1 Coefficient of determination (R2) 0.9522 

2 Nash–sutcliffe efficiency index (NSE) − 0.6402 
2 Root mean square error (RMSE) 0.0266 

4 Mean absolute error (MAE) 0.0216 

As illustrated in Fig. 11.9, the water surface elevation calculated using the input 
Manning’s coefficient of 0.015 is underestimated, with the overall trend being lower 
than the measured water level. Manning’s coefficient was set to 0.020 in the following 
simulation; as can be seen, the water level elevation obtained by the simulation was 
still underestimated. The simulation was then repeated using Manning’s coefficient 
of 0.025, and it can be seen that the simulation’s water level elevation corresponds to 
the observed water surface. The simulation was then run with a Manning’s coefficient 
of 0.030 to see whether the 0.025 Manning’s coefficient is the suitable value. As can 
be seen, the results are inflated. It may be concluded that Manning’s coefficient is 
most appropriate at 0.025 for the channel condition of the Pengasih Weir sand trap. 
This is referred to as a calibrated Manning’s coefficient. 

The calibrated Manning’s coefficient was then evaluated with performance indi-
cators, namely R2, NSE, RMSE, and MAE, as indicated in Table 11.1. It can be seen 
that the results perform well in all indicators. Particularly for NSE, an efficiency less 
than zero occurs when the observed data is a better predictor than the model. Nega-
tive efficiencies can occur with nonlinear models, which the majority of hydrologic 
models are (Mccuen et al. 2006). As a result, a negative NSE value is permissible. 

After calibrating Manning’s coefficient and resulting in the appropriate value of 
0.025, the data set from the second measurement was used to validate it. In steady 
flow data, the input is a normal discharge of 0.53 m3/s. The downstream boundary 
condition is normal depth. Additionally, the observed water surface was included in 
the flow modeling process, which will be compared to the simulated one. There are 
eight data points for water surface elevation, with values ranging from + 95.702 to 
+ 95.741 m. Figure 11.10 illustrates the hydraulic validation results. It demonstrates 
the comparison between the observed and simulated water surfaces at n = 0.025. 
As can be seen, the validated Manning’s coefficient produces a water surface that is 
consistent with the observed data. As with the calibrated Manning’s coefficient, the 
verified one was evaluated using performance measures, including R2, NSE, RMSE,  
and MAE (see Table 11.2). As can be observed, the results perform admirably across 
the board. Specifically for NSE, an efficiency smaller than zero arises when observed 
data outperforms the model as a prediction. As a result, 0.025 was subsequently 
designated as the validated Manning’s coefficient, and it can be used in sediment 
model simulation.
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Fig. 11.10 Comparison between observed and simulated water surface with n = 0.025 

Table 11.2 Performance indicators of the validated Manning’s coefficient 

No. Performance indicator Value, n = 0.025 
1 Coefficient of determination (R2) 0.8479 

2 Nash–sutcliffe efficiency index (NSE) − 0.9833 
2 Root mean square error (RMSE) 0.0221 

4 Mean absolute error (MAE) 0.0168 

11.3.3 Sediment Calibration 

Sediment flushing in the sand trap is modeled using the sediment transport concept. 
Sediment transport modeling is well-known for its complexity. The data used to 
anticipate bed changes is unclear, and the underlying hypothesis is empirical and 
highly sensitive to a wide variety of physical variables (USACE 2010). However, with 
adequate data, it is possible to calibrate regional sedimentation models in order to 
develop decision plans and assess sedimentation problems. The sand trap hydraulics 
parameter must be determined before HEC-RAS calculates sediment transport. HEC-
RAS uses hydrodynamic simplification, which many sediment transport models use. 
The quasi-unsteady flow assumption comes close to a continuous hydrograph with 
a series of separate steady flow profiles. 

The maximum amount of sediment that can exit the control volume is depen-
dent on the amount of sediment that the water can move. This is referred to as the 
sediment transport capacity. A factor that must be obtained for computing sediment 
transport capacity is sediment transport potential, which is the measure of how much 
material of a particular grain class a hydrodynamic condition can transport. There 
are seven equations of sediment transport potential function available in HEC-RAS
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4.1.0, including Ackers and White (1973), Engelund and Hansen (1967), Laursen-
Copeland (1968, 1989), Meyer-Petter and Müller (1948), Toffaleti (1968), and Yang 
(1973, 1984) (USACE 2010). 

The sediment transport potential is computed by grain size fraction, thereby 
allowing the simulation of hydraulic sorting and armoring. There are two sorting 
methods available in HEC-RAS 4.1.0, including active layer and Exner 5. The fall 
velocity method is also considered to remain consistent with the development of the 
sediment transport function. Four modes are available: Ruby, Toffaleti, Van Rijn, and 
Report 12. The researcher must determine the most appropriate approach of sedi-
ment transport model, including sorting and velocity methods, for a particular case, 
location, and condition. Additionally, it is critical to establish the proper transport 
potential function to improve sediment transport capacity prediction. Calibration 
is required to address this issue of determining the sediment transport modeling 
approach. The bed changes after the sediment flushing can be used to figure out the 
calibration parameter. 

The bed alterations following the sand trap flushing operation were measured in 
this study. For calibration reasons, a comparison was made between the simulated and 
observed bed changes. The sediment transport simulation includes eight scenarios 
that consist of two sorting and four fall velocity algorithms listed in Table 11.3. Each 
scenario is indicated by a graph of seven transport potential functions. A plan in 
HEC-RAS represented the scenario, and hence eight sediment transport plans were 
calculated. The results that were considered from HEC-RAS was sediment spatial 
plot. It displayed the bed elevation after flushing for a particular duration. The actual 
flushing of the Pengasih Weir sand trap took 90 min and produced a discharge of 
2.08 m3/s. As a result, the simulations lasted 90 min. 

A graph was created to compare the simulated channel bed elevation after 
90 minutes of flushing with the measured using multiple transport functions. Each 
curve corresponds to a particular scenario. They were analyzed to see which one was 
the closest match to the observed bed elevation following flushing. And scenario 5 
demonstrated the most optimal bed elevation comparison, notably using Laursen’s

Table 11.3 Scenarios for sediment calibration 

Scenario Sediment transport parameter 

Sorting method Fall velocity method 

1 Active layer Ruby 

2 Active layer Toffaleti 

3 Active layer Van Rijn 

4 Active layer Report 12 

5 Exner 5 Ruby 

6 Exner 5 Toffaleti 

7 Exner 5 Van Rijn 

8 Exner 5 Report 12 
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Fig. 11.11 Comparison between simulated channel bed elevation after 90 min flushing from several 
transport functions with the measured one in scenario 5 

transport potential function. The comparison of bed elevation from scenario 5 can 
be seen in Fig. 11.11. The graph’s left side depicts the upstream region, while the 
right side depicts the downstream area. 

According to Fig. 11.11, the measured channel bed after flushing is depicted by 
dots, while a purple line indicates the Laursen-simulated channel bed. The purple 
line is the one that is closest to the dots. It was then evaluated using the performance 
indicators shown in Table 11.4, namely R2, NSE, RMSE, and MAE. As seen in Table 
11.3, all values are satisfactory. As a result, the optimal approaches for modeling 
sediment transport in this scenario are Laursen for the potential function, Exner 5 
for the sorting method, and Ruby for the fall velocity method. 

When the actual condition is considered, Laursen-Copeland as a transport func-
tion makes sense in this case. Laursen-Copeland equation was developed for gravel 
transport and extended down into the silt range. None of the other functions currently

Table 11.4 Performance indicators of the sediment calibration 

No. Performance indicator Value 

1 Coefficient of determination (R2) 0.9986 

2 Nash–sutcliffe efficiency index (NSE) 0.9974 

2 Root mean square error (RMSE) 0.0163 

4 Mean absolute error (MAE) 0.0114 
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included in HEC-RAS were explicitly designed for silt-sized particles (USACE 
2010). This investigation determined the bed gradation, ranging from fine gravel 
to fine silt. It is consistent with the Laursen-Copeland equation of transport func-
tion’s identification. In terms of sorting, Exner 5 armoring techniques have been 
successfully applied to various river systems. As a result, it is also appropriate for 
this investigation. Additionally, Ruby’s calculating fall velocity is suitable for silt, 
sand, and gravel grains. Further, Ruby recommended that particles with a specific 
gravity of 2.65 are optimal for the equation (USACE 2010). From the laboratory test 
result, the specific gravity of the sediment for this study is 2.66. 

11.3.4 Flushing Simulation and Optimization 

The approach for modeling sediment transport has been determined in the preceding 
step. The following analysis is a flushing simulation. It evaluates the performance of 
a variety of discharges used in sand tap flushing over a 90-min time frame. The bed 
elevation after flushing was then compared with the observed data set. The flushing 
was simulated for 90 min into five different discharges with an interval of 0.5 m3/s. 
The discharges were 1.5, 2.0, 2.5, 3.0, and 3.5 m3/s. Figure 11.12 illustrates the 
results. 

According to Fig. 11.12, the left portion represents the upstream zone, while the 
right leg indicates the downstream region. Each scenario’s line is limited to station 
66.6, the last part, before going through the flushing gate. The reason for this is that 
the assessment emphasizes the inside of the sand trap, neglecting its downstream. 
The black straight line indicates the channel bed before flushing. As can be seen,
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Fig. 11.12 Flushing simulation results (discharge interval = 0.5 m3/s) 
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Table 11.5 Performance indicators of the sediment simulation results 

Performance indicators Values from the discharge of 

1.5 m3/s 2.0 m3/s 2.5 m3/s 3.0 m3/s 3.5 m3/s 

R2 0.9972 0.9981 0.9975 0.9973 0.9968 

NSE 0.9956 0.9968 0.9954 0.9950 0.9943 

RMSE 0.0212 0.0181 0.0217 0.0226 0.0241 

MAE 0.0127 0.0117 0.0149 0.0156 0.0161 

significant sediment was deposited at Sta. 133.6, where the bed slope bends, resulting 
in a sediment thickness of 10.57 cm. 

As illustrated in Fig. 11.12, all discharges resulted in a similar trend of decreasing 
deposited material near Sta. 133.6 and increasing deposited sediment downstream of 
Sta. 133.6. Each simulated channel bed (after flushing) was compared to the observed 
channel bed using performance measures such as R2, NSE, RMSE, and MAE. Table 
11.5 summarizes the performance indicators for the sediment simulation findings. As 
can be observed, the results from the 2.0 m3/s discharge have the best performance, 
followed by the  1.5 m3/s discharge. All of the values are acceptable. 

The process was then continued to optimization based on the simulation results. 
The flushing was simulated for 90 min into six different discharges ranging from 1.5 
to 2.0 m3/s. The interval was compressed from 0.5 to 0.1 m3/s. The discharges were 
1.5, 1.6, 1.7, 1.8, 1.9, and 2.0 m3/s. Figure 11.13 illustrates the results. As can be 
seen, the graphs produce nearly identical results. The difference in the discharge of 
0.1 m3/s is insignificant in comparison to the bed change that occurs after 90 min 
of flushing. The red line indicated that the channel bed resulting from a 2.0 m3/s 
discharge was the most similar to the observed data, as indicated by the performance 
indicators in Table 11.6.

The results indicate that a discharge rate of 2.0 m3/s is optimal for flushing 
the Pengasih Weir sand trap. According to field measurements, the average actual 
flushing discharge was 2.083 m3/s. It could argue that the existing discharge and 
flushing procedures were already suitable and practical. Another factor to consider 
is the flushing duration. The shorter the time of the flushing operation, the more effi-
cient it is. However, the sediment was not totally flushed during the actual duration 
(90 min), particularly at Sta. 133.6. That station is the main cross-section where the 
most sediment was deposited in the Pengasih sand trap since there is a bend of bed 
slope. We might use the station to ascertain the timeframe of flushing till the entire 
volume of sediment has been removed. 

Figure 11.14 depicts the time series for flushing the sediment, notably that accu-
mulated in Sta.133.6. The curve’s straight line implies that all sediment has been 
removed. As a result, the optimal flushing duration is 315 min or 5.25 h. To manage 
the flushing process, we must take into account the amount of water available in the 
source river. If the river’s minimum discharge is greater than 2.0 m3/s, the flushing 
operation can be performed. Currently, the government entity responsible for irriga-
tion in Kulon Progo Regency, which includes the Pengasih Weir, has installed several
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Fig. 11.13 Flushing optimization results (discharge interval = 0.1 m3/s) 

Table 11.6 Performance 
indicators of the sediment 
optimization results 

Performance indicators Value, Q = 2.0 m3/s 

R2 0.9981 

NSE 0.9968 

RMSE 0.0181 

MAE 0.0117

automatic water level recorders (AWLR). They were constructed in numerous sites 
throughout the Pengasih Irrigation Schemes, including one on the weir’s side. It can 
assist the operator in flushing the sand trap.

Apart from the water availability in the source river, we should consider the 
water requirements of the paddy crop, which demands irrigation. Water usage is a 
priority if they are in the tillage and growth stages. Sedimentation issues occur in 
the irrigation scheme’s upstream portion and continue through the network to the 
downstream part. If efforts to prevent sedimentation carried out upstream are still 
optimal, it is necessary to study the causes and solutions to sedimentation problems 
that occur along with the network. This is critical to ensuring the irrigation system’s 
sustainability in order to enable more outstanding agricultural production, which 
is a national strategic goal. Good agricultural products can contribute to food self-
sufficiency, which contributes to the attainment of Sustainable Development Goal 
2: end hunger, achieve food security, improve nutrition, and promote sustainable 
agriculture.
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Fig. 11.14 The sediment time series to flush the sediment deposited in Sta. 133.6

11.4 Conclusion 

On the basis of the study’s findings and discussion, it can be concluded that the 
hydraulic model of the Pengasih Weir sand trap was developed through a calibration 
and validation process, generating a validated Manning’s bed roughness coefficient 
of 0.025, which applies to the channel bed type of stone set in mortar. The optimal 
modeling approach for sediment transport during the flushing period was Laursen-
Copeland for the transport function, Exner 5 for the sorting method, and Ruby for the 
fall velocity method. The discharge and duration that were optimal were 2 m3/s and 
315 minutes, respectively. The existing flushing mechanism is reasonable; however, 
adjusting the length will result in a more effective and efficient sand trap functioning 
during the irrigation maintenance period. 
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Chapter 12 
Identification of Hydrogeochemical 
Processes and Controlling Factors 
in Groundwater and Surface Water 
Using Integrated Approaches, Tuul River 
Basin (Ulaanbaatar, Mongolia) 

Odsuren Batdelger , Maki Tsujimura, Dang An Tran, 
Byambasuren Zorigt, and Pham Thi Bich Thuc 

Abstract Insights into hydrogeochemical evolution and its controlling factors are 
crucial for sustainable water resources management in many countries worldwide, 
especially in arid and semi-arid regions. Here we present the hydrogeochemical 
characteristics of surface and subsurface water resources in a semi-arid region of 
Mongolia using stable isotopes, hydrochemistry, and multivariate statistics. A total of 
42 surface water and 87 groundwater samples were collected during the 2016 summer 
and winter seasons, and major ions and stable isotopes (δ2H, δ18O) were analyzed. 
Hierarchical Cluster Analysis (HCA) classified water samples into 4 clusters (C1–C4) 
according to hydrochemical facies. Four principal components in summer and three 
principal components (PC1 through PC4) in winter were identified which explained 
86.9 and 83.8% of geochemistry variance. In summer, PC1 represents the pollu-
tion related to domestic and industrial waste, and mineral weathering processes 
and rock-water interactions, PC2 indicates the regional flow system with strong
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loading of stable isotopes and mineral weathering, PC3 represents silicate weath-
ering and pollution, and PC4 indicates physical processes in surface water samples, 
showing high positive loading for pH and temperature. In the winter, the number 
of factors decreased, indicating the minor variation in the chemical composition of 
water samples due to the freezing of the river and solid-state precipitation, and natural 
processes more influenced the behavior than the summer season. In winter, PC1 and 
PC2 represent mineral dissolution and anthropogenic inputs, whereas PC3 has posi-
tive loading of pH, negative loading of temperature indicates physical processes. 
The scatter diagrams show that carbonate and silicate weathering, and ion exchange 
are the dominant processes controlling the mineral water quality For this study area, 
the correlations indicate that water mineralization increases from the groundwater 
recharge area to the discharge area; and mineral weathering processes resulting in 
dissolution dominated, followed by human impacts associated with municipal waste 
discharges that also elevated the mineral concentrations of the groundwater. 

Keywords Hydrogeochemistry · Hydrochemical processes · Hierarchical cluster 
analysis · Principal components analysis · Mineral weathering 

12.1 Introduction 

Water availability is one of the main factors influencing socio-economic develop-
ment. However, deterioration of water resources has become a global issue, posing a 
significant challenge to sustainable water resources management (Taylor et al. 2013; 
Tran et al. 2020). Common sources of water pollution include municipal sewage, 
industrial wastewater, agricultural runoff, and stormwater and urban runoff (Ahamad 
et al. 2020; Cao et al. 2018; Stefania et al. 2019). Many pollutants originating from 
treated and untreated municipal and industrial wastewater can influence receptor 
water bodies, especially riverine systems. Nonpoint pollutant sources from agricul-
tural and urban areas can also significantly affect water quality, but these effects on 
water quality are difficult to identify and quantify (Jain and Singh 2019; Yang et al. 
2020; Kourakos et al. 2012). 

Surface water and groundwater are a part of the water resource system, and 
their interconnection plays a crucial role in sustainable water resources develop-
ment (Winter et al. 1139). This interconnection means that changes in the surface 
water system may directly or indirectly impact the groundwater system. Addition-
ally, seasonal variations significantly influence water availability in arid and semi-arid 
regions, particularly in Mongolia (Sakakibara et al. 2017; Gao et al. 2018; Verhoeven 
et al. 2018; Liu et al. 2010). Almost all surface water and subsurface soil in colder 
regions like Mongolia is frozen in the winter, affecting the recharge processes and 
water uses. To evaluate complex data sets a multi-disciplinary approach is needed to 
better understand the influence of agricultural, municipal, recreational, and industrial 
development on both surface water and groundwater resources. In recent decades, 
multivariate statistical analysis (MSA), such as correlation analysis, Hierarchical
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Cluster Analysis (HCA), and Principal Component Analysis (PCA) have become 
indispensable methods in hydrological studies (Stefania et al. 2019; Cloutier et al. 
2008; Menció et al. 2012; Raiber et al. 2012; Salifu et al. 2012; Matiatos et al. 2014; 
Machiwal and Jha 2015; Voutsis et al. 2015; Cerar and Mali 2016; Singh et al. 2017; 
Busico et al. 2018; Roy et al. 2020). Notably, the MSA method coupled with anal-
ysis of the isotope composition and chemical concentration has widely been used 
to understand groundwater origin and recharge processes (Sakakibara et al. 2017; 
Cloutier et al. 2008; Cortes et al. 2016), groundwater and surface water interaction 
(Trásy et al. 2018; Keefe et al. 2019), geochemical processes (Salifu et al. 2012; 
Singh et al. 2017; Roy et al. 2020; Wang et al. 2013; Yidana et al. 2018; Magesh 
et al. 2020), and inputs from pollution sources (Stefania et al. 2019; Machiwal and 
Jha 2015; Busico et al. 2018; Matiatos 2016; Wang et al. 2018). 

The Tuul River Basin in central Mongolia is the primary water source of Ulaan-
baatar, the capital city with a population of 1.3 million. However, rapid population 
growth, fast industrial development, and unplanned urbanization have resulted in 
severe water degradation (Batdelger and Julien 2012). In addition, surface water is 
unavailable in the winter, straining groundwater resources to meet the increasing 
demand (Javzan et al. 2013). For the last several decades, various studies have been 
done to understand groundwater characteristics and their relation to the surface water 
system in the Tuul river basin (Tsujimura et al. 2007, 2013; Guo et al. 2008; Nriagu 
et al. 2012; Dalai and Ishiga 2013; Batsaikhan et al. 2018). For instance, groundwater 
resources in eastern Mongolia have a heterogeneous spatial variation in hydrogeo-
chemistry because of geological strata, and wastewater and refuse discharge from 
residential areas (Tsujimura et al. 2007; Dalai and Ishiga 2013). Tsujimura et al. 
(2013) showed that Tuul River water, via infiltration processes, is a primary source 
for recharge of alluvial aquifers used for water supply to Ulaanbaatar. These studies 
raise the fact that change in Tuul River may directly influence groundwater resources. 
Recently, Batsaikhan et al. (2018) provided additional evidence showing surface 
water pollution caused high concentrations of nitrate contamination in groundwater. 
However, impacts of excessive groundwater pumping practices, surface water degra-
dation, and seasonal climatic variation on groundwater resources are still poorly 
known for the Tuul River (Batdelger and Julien 2012). Therefore, insights into 
geochemical processes, dominant factors, and rock-water interactions controlling 
the water system and its spatiotemporal variability are necessary for sustainable 
groundwater resources management, not only in Mongolia but in similar arid and 
semi-arid regions. 

Accordingly, the main objectives of the study are (1) to identify associations 
among water bodies using hierarchical cluster analysis (HCA) of their chemical and 
stable isotopes, (2) to determine the dominant factors by using PCA, (3) to determine 
main geochemical processes based on Gibbs diagram, ionic ratio and geochemical 
equilibrium modeling (using the PHREEQC model), and (4) to evaluate the water 
system using PCA and HCA. The results will provide insights into spatiotemporal 
geochemical characteristics, dominant processes, groundwater and surface water 
interactions, as well as the effect of storm water drainage canals and wastewater 
inputs.
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12.2 Materials and Methods 

12.2.1 Study Area 

The Tuul River is in central Mongolia, within the Arctic Ocean Basin (Fig. 12.1a). The 
total catchment area of the Tuul River Basin is 49,774.4 km2. The Tuul River is 717 km 
long and flows through Ulaanbaatar and into the Orkhon River, the main tributary 
of the Selenge River. The basin is far from the sea and surrounded by mountains. 
The area is characterized by a semi-arid climate, with short warm summers and long 
cold winters. About 85–90% of the total precipitation falls during the summer (June– 
August). In winter, precipitation falls as snow, and the surface of the Tuul River is 
frozen from mid-November until the end of April, but water still flows under the 
ice. The maximum average ice depth is 116 cm in mid-February. Tributaries and 
canal waters were wholly frozen in the winter. The annual average precipitation in 
Ulaanbaatar is 275 mm, and the yearly average temperature is − 0.4 °C, ranging 
from an average of − 21.6 °C in January − 18.0 °C in July (Fig. 12.1c) (IWMP 
2012). 

Water sampling and observations were performed in the areas surrounding Ulaan-
baatar, which is the capital city of Mongolia; thus, it is politically, economically, and

Fig. 12.1 a Map of Tuul river basin, b topography and sampling locations of the study area, c mean 
annual precipitation and temperature-Ulaanbaatar d geological map (Source Jadambaa N) 
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environmentally crucial for the nation. The study area covers approximately 5845 
km2, with elevations varying from 1168 to 2253 m above mean sea level (Fig. 12.1b). 
The geology of the target area consists mainly of Carboniferous sediments, which 
are encroached by Jurassic to Triassic granitoid rocks and locally covered by Creta-
ceous sediments and Neogene and Quaternary deposits (Buyankhishig et al. 2009). 
Four types of aquifers are distinguished based on water productivity and geological 
formations (Fig. 12.1d) (IWMP 2012). 

12.2.2 Sampling and Analytical Procedures 

To understand the seasonal variation of groundwater processes, sampling of ground-
water, river water, spring water, and canal water were conducted in the study region 
of the Tuul River Basin in June 2016 (summer) and in December 2016 (winter). Due 
to freezing, fewer sampling sites were included in winter. In total, 87 groundwater 
(GW), 19 Tuul River (TR) samples, six tributary samples, nine spring water samples, 
five canal water samples (CW), and three wastewater (WW) samples were collected 
to analyze the stable isotopes and major ions. Electrical conductivity (EC; Twin 
Cond B173; HORIBA Ltd.), water temperature (Petten Kocher; Nikkyo Technos 
Co. Ltd.), pH (Twin PH Meter B121; HORIBA Ltd.), dissolved oxygen, and ground-
water levels were measured in situ. The sampling site locations were verified using 
a portable GPS meter (GPSMAP 76S; Garmin Ltd.). All water samples were sealed 
in 100-mL polyethylene bottles and transported to the laboratory at the University 
of Tsukuba, Japan, for analysis of stable isotopes of deuterium (δ2H) and oxygen 
18 (δ18O) and chemical parameters (cations and anions). Water samples for analysis 
of major cations and anions were filtered through a 0.2-μm cellulose membrane. 
The major cations (Ca2+, Mg2+, Na+, K+) and dissolved silica (Si) were analyzed by 
optical emission spectrometry (Optima 7300DV; Perkin Elmer) with a detection limit 
of 0.05 ppm for Ca2+, Mg2+, Na+, K+, and of 0.01 ppm for Si. The anions (Cl−, NO3, 
and SO4 

2−) were analyzed by ion chromatography (HIC-10A Super; SHIMADZU) 
with a detection limit of 0.02 ppm for NO3, SO4 

2−, and of 0.005 ppm for Cl. HCO3
− 

was measured via titration with sulfuric acid. As a quality check on the analysis, the 
charge balance error (CBE ± 10%) was calculated using the following equation, and 
the calculated error did not exceed ± 10%. 

CB  E  = ∑cation(eq)−∑anion(eq)

∑cation(eq)− + ∑anion(eq) 
∗ 100 (12.1) 

The stable isotopes of hydrogen (δ2H) and oxygen (δ18O) were determined by 
a Cavity Ringdown Spectrometer (L2120i; Picarro), and values were reported as 
the per mil (‰) deviation from Vienna Standard Mean Ocean Water. The analytical 
accuracies of δ18O and δ2H were 0.1‰ and 1‰, respectively.
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12.2.3 Multivariate Statistical Analysis 

Principal component analysis (PCA) and hierarchical cluster analysis (HCA) were 
conducted by using the Statistical Package for Social Sciences (SPSS) software 
(version-22). Before applying PCA and HCA, the data were screened by charge 
balance calculations, normality using Skewness and Kurtosis, and by graphical 
displays (such as histograms and Q-Q plots). The following parameters were used for 
HCA and PCA: EC, TDS, DO, Na+, K+, Ca2+, Mg2+, Cl−, SO4 

2−, HCO3
−, NO3

−, 
δ18O, δ2H, water temperature, and pH. Only pH and dissolved oxygen (DO) parame-
ters were found to be normally distributed. Therefore, prior to the statistical analysis, 
all other data were log-transformed and standardized according to analytical require-
ments. The standardization was performed according to their z-score (Woocay and 
Walton 2008; Davis  1986) as follows: 

Zi = 
yi−y 
s 

(12.2) 

where Zi is the standard score of samples i, yi is the value of sample i, y is the mean, 
and s is the standard deviation. All the variables were standardized, to diminish the 
effects of differences in measurement units on the data, by making them dimen-
sionless (Davis 1986; Zhou et al. 2007). For the HCA analysis, Ward’s linkage 
method with Squared Euclidean Distance (SED) was used to measure similarity; 
this approach also yielded the most distinct groupings (Cloutier et al. 2008; Güler 
et al. 2002): 

Distance(X, Y ) = 
n∑

i=1

(
zi j  − zk j

)2 
(12.3) 

where zij and zkj are the z-scores of the medians of the water quality parameters at 
sites i and k. The SED is the geometric distance in multidimensional space between 
two sites i and k, based on the difference in the j-th hydrochemical parameter; n is 
summed across all hydrochemical parameters considered in the HCA (Kumar and 
Keshari 2009). The levels of similarity were used to build a dendrogram (Davis 
1986). 

The principal component analysis (PCA) is a method that can reduce the dataset 
without losing information. PCA was performed on the correlation matrix of stan-
dardized data. The same dataset is used for the HCA. According to the Kaiser crite-
rion, the components with eigenvalues greater than one were retained (Cloutier et al. 
2008).
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12.2.4 Saturation Index 

Saturation indexes (SI) of gypsum, calcite and dolomite were calculated for all 
groundwater samples using PHREEQC computer software according to Parkhurst 
and Appello (1999). These are common minerals associated with dissolution and 
precipitation processes in the groundwaters (Deutsch 1997). This approach predicts 
the subsurface’s reactive mineralogy from groundwater data without collecting and 
analyzing mineral samples (Fisher and Mullican 1997). The saturation index was 
calculated using the following equation: 

SI  = (I AP/Kt ) (12.4) 

where IAP is the ion activity product, and Kt is the solubility product of the mineral. 
A negative saturation index (SI < 0) indicates undersaturation, which means the 
dissolution of the mineral phase. A positive saturation index (SI > 0) indicates the 
water that is supersaturated concerning the mineral, indicating that it cannot dissolve 
more minerals. A neutral index (SI = 0) indicates an equilibrium state with the 
mineral phase. 

12.3 Results and Discussion 

12.3.1 Chemistry of Groundwater and Surface Water 

Summary statistical results of the 15 hydro-chemical variables of all sampling stations 
(River, tributaries, springs, groundwater, wastewater, and canal water) are given in 
Tables 12.1 and 12.2. The Tuul River above Ulaanbaatar and floodplain groundwater 
supply waters have similar characteristics. They exhibit the lowest EC (mean value 
of 94.27 μs/cm and 117 μs/cm, respectively), and possess the lowest individual 
ion values, indicative of groundwater and surface water interaction. Meanwhile, 
water chemistry in the downstream sites varied due to mineral weathering and the 
influence of anthropogenic activities such as wastewater discharges. Water samples 
from tributaries show higher EC values (mean value of 328.33 μs/cm) than Tuul River 
because of tributaries flowing from ger districts (residential area) which may be more 
affected by human pollution. Spring water has higher EC and nitrate values, and the 
lowest temperature and dissolved oxygen concentrations. Non-water supply wells 
have higher EC (mean value of 498 μs/cm) values than river waters and floodplain 
groundwaters. Finally, canal and wastewaters were found to have the highest EC 
mean values.
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12.3.2 Hierarchical Cluster Analysis 

Hierarchical cluster analysis (HCA) was used to find the spatial similarity among 
the sampling sites. All sampling sites were grouped into four statistically different 
clusters based on physio-chemical and stable isotope characteristics in both seasons 
(Fig. 12.2 and Table 12.3). The four clusters were differentiated by EC, with the EC 
organized in the following cluster sequence C1–C2–C4–C3 (Fig. 12.2), representing 
different rock-water interactions, recharge source, residence time, and anthropogenic 
activities. The median values of each cluster are presented in Table 12.3 and are 
clearly differentiated by their chemical and isotope characteristics. The C1–C2 and 
C4 clusters were characterized as a Ca–HCO3 type water, while C3 showed Ca-
mixed type in summer and Na-HCO3 type in winter (Fig. 12.3). The Na–HCO3 type 
(TR9-11) resulted from contamination by treated municipal wastewater discharges.

In both seasons, water samples from Tuul River upstream and municipal wells 
were assigned to cluster C1, which has a low concentration in major ions, EC, and 
NO3 and is relatively higher in dissolved oxygen and depleted stable isotopes. This 
result suggests that water sources in these locations were unpolluted, and ground-
water may be recharged and have a short residence time, and have low rock-water 
interaction. Water samples downstream of Tuul River and floodplain areas, tributaries 
(Uliastai, Selbe, and Dund Rivers), spring (SP1), and two wells (GW35 and GW43) 
on the southern side were assigned to cluster C2 (Table 12.4). The water samples 
in the cluster C2 have moderate ion concentrations and compared to cluster C1, are 
slightly polluted sites. Meanwhile, cluster C3 mainly consisted of different surface 
water samples, including canal water (CW1–CW5), wastewater (WW1 and WW2), 
one tributary (DR2), and two spring samples (SP3 and SP5) in summer and TR9, 
TR10, TR11, and WW2 in winter (Table 12.4). The cluster C3 was characterized by 
high EC (1220 μs/cm) and nitrate concentration (104.5 mg/L), a wide variation in 
temperature (2.4–17.2 ºC) and stable pH (7.9). Cluster C4 included two springs (SP2 
and SP4) and groundwater samples mainly from ger districts to the north of the Tuul 
River. When compared to cluster C1 and C2, this cluster had enriched stable isotope 
composition (Fig. 12.5), and high median values of EC (530 and 590 μs/cm), and 
nitrate (26.2 and 35.5 mg/L) in summer and winter, respectively. This result indicated 
influences of rock-water interaction such as weathering, dissolution, ion exchange, 
and anthropogenic pollution on the water quality of the study area. These geochem-
ical characteristics are common in many regions globally (Roy et al. 2020; Arya et al.  
2020; Zhang et al. 2020) (Fig. 12.4).

However, comparing the summer and winter results, the EC values increased 
slightly in winter, and several temporal shifts were observed between clusters 
(Fig. 12.2b and Table 12.4). For example, municipal wells (GW7, GW10, and GW11) 
shifted from C1 to C2, and GW40 changed from C4 to C2, indicating less ground-
water infiltration in the winter. Similarly, GW7, GW10, GW11, and GW40 shifted 
cluster groups from summer to winter was caused by decreased dilution, leaching by 
runoff and rainfall processes increased the EC values. The decreased dilution results 
from surface water freezing and solid-state precipitation (i.e., snow). Meanwhile,
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Fig. 12.2 Dendrogram of the cluster analysis using Ward’s method in a summer and b winter

surface water sample results from downstream sites on the Tuul River (TR9, TR10, 
and TR11) shifted from C2 to C3, and SP3 from C3 to C4, from summer to winter due 
to anthropogenic activities (Batsaikhan et al. 2020). Because TR9, TR10, and TR11 
were located downstream of wastewater discharge points, their EC values increased 
in winter due to continued wastewater discharge combined with lower dilution by 
river water. All other sites remained in the same clusters throughout the year, indi-
cating that both the surface and subsurface water samples in the study area do not 
show a clear seasonal variation in geochemical compositions and stable isotopes. 

The HCA also provides a spatial distribution of water geochemistry in the study 
site. Most samples with low concentrations are in the alluvial aquifers along the river
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Table 12.3 Median concentrations of clusters 

Parameters Summer Winter 

C1 C2 C3 C4 C1 C2 C3 C4 

EC 62.5 191 1140 530 107 230 1220 590 

TDS 36 90.5 558.5 252 49 90 607 328 

T °C 7.5 7.8 17.2 3.7 4.2 5.3 2.4 2.7 

pH 7.0 7.2 7.9 7.6 7.3 7.6 8.0 7.4 

DO 5.9 4.7 4.1 3.8 6.0 5.1 1.8 4.2 

HCO3
− 33.9 61 259.3 203.1 40.0 70.8 334.0 214.1 

Cl− 2.8 6.4 96.4 34.4 2.6 4.9 82 34.2 

NO3
− 1.5 5.5 104.5 26.2 1.2 5.2 0.0 35.3 

SO4 
2− 3.4 9 111.3 36.6 3.6 8.8 56.7 35.7 

Ca2+ 8.4 17.9 101.7 60.6 8.6 18.5 58.6 66 

Mg2+ 1.0 3 28.9 12.2 1.6 3.6 8.8 14.6 

Na+ 3.2 8.1 55.2 21.6 4 6.8 86 24.5 

K+ 0.8 1.3 4.6 1.64 0.6 0.9 12.4 1.7 

SiO2 3.1 4.2 4.5 6.3 8.7 11 12.3 14.2 

δD − 126.2 − 112.6 − 96.0 − 98.6 − 114.1 − 110.0 − 109.2 − 98.3 
δ18O − 18.0 − 16.4 − 14.0 − 14.6 − 16.8 − 16.6 − 16 − 14.7

and are grouped into 2 clusters regarding their chemical and isotopic compositions 
(C1 and C2), which may be related to natural and anthropogenic activities (Fig. 12.5). 
The C1 cluster is characterized by the natural processes of rainfall recharge and 
river water infiltration, while the C2 group includes those data exhibiting higher 
EC values as influenced by mineral weathering. Monitoring sites in the C3 cluster 
consist of urban storm water runoff canal and wastewater samples with high nitrate 
concentrations (104.5 mg/L), indicating anthropogenic pollutant sources. Cluster C4 
samples have relatively high TDS (252–328 mg/L) and nitrate (26.2–35.3 mg/L) and 
are mainly distributed on the alluvial-proluvial aquifers of the northern mountainside, 
indicating the origin of this groundwater is from the northern mountainside and mixed 
with surface water in floodplain areas. The spatial variation of water geochemistry 
suggests that hydrogeochemical evolution in the study area is related to hydrogeology 
and human impacts. 

The significant findings of the HCA are: (i) some samples changed cluster from 
summer to winter, which indicates a seasonal change in the chemical system, espe-
cially in the downstream area; (ii) water chemistry in the study area is controlled by 
rock–water interactions and anthropogenic pollution; (iii) floodplain groundwater 
and river water were grouped in the same cluster, showing active interaction between 
these water bodies; and (iv) based on dissolved solids, the HCA distinguished Ca– 
HCO3–type water in three clusters depending on the mineral dissolution and pollution 
inputs (Fig. 12.3).
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Fig. 12.3 Piper diagram of the collected water samples in the study area in a summer and b winter

12.3.3 Principal Component Analysis 

Correlation analysis was performed between 16 parameters (Tables 12.5 and 12.6) to  
study hydrochemical relationships (underlining values). In the summer (Table 12.5), 
electrical conductivity (EC) and TDS have a high positive correlation with HCO3, 
Cl, NO3, SO4, Ca, Mg, Na, K, and δ2H (r  = 0.6–1.0). This shows that minerals in
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Table 12.4 Samples of each cluster contained in the dendrogram 

Cluster Samples (summer) Samples (winter) Location Characteristics 

C1 GW2, GW5–GW7, 
GW9–GW22, 
TR2–TR8 

GW2, GW5, GW6, 
GW9, 
GW12–GW22, 
TR2–TR8 

East (Municipal 
wells and Tuul 
River upstream) 

A low concentration 
in major ions, 
conductivity, and 
NO3 but relatively 
higher in dissolved 
oxygen, and depleted 
stable isotopes 

C2 DR1, TR9–TR11, 
SR1, SR2, UR1, 
UR2, GW8, GW25, 
GW34, GW35, 
GW37–GW39, 
GW41–GW43, SP1 

GW7, GW10, 
GW11, GW25, 
GW37, GW34, 
GW35, GW39, 
GW40, GW41, 
GW43, GW42, SP1, 
GW38, GW8 

West 
(downstream), 
north-east, south 

Moderate ion 
concentrations and 
slightly polluted 

C3 DR2, SP3, SP5, 
WW1, WW2, 
C1–C5 

TR9–TR11, WW2 North-west Higher EC, 
temperature, pH and 
nitrate 

C4 GW3, GW4, GW23, 
GW24, 
GW26–GW33, 
GW36, GW40, 
GW44–GW46, SP2, 
SP4 

GW3, GW4, GW23, 
GW24, 
GW26–GW33, 
GW36, GW44, SP2, 
SP3, SP4 

Mainly north, 
north-west and 
east 

Enriched stable 
isotope composition 
and high median  
values of EC and 
nitrate 

Bold values indicate shifted values between clusters in 2 seasons

the study area have similar characteristics to the solutes in the water samples and 
contribute to water mineralization in the study area. Nitrate significantly contributed 
to conductivity and was highly correlated with major ions (Ca, Mg, Na, SO4, Cl,  
HCO3), indicating pollution inputs. These results are consistent with a previous 
research finding of high nitrate concentration (> 10 mg/L) in the ger districts due to 
the lack of sanitary conditions and no centralized wastewater collection and treatment 
systems (Naranchimeg et al. 2018). Temperature positively correlated with pH, which 
may be attributed to surface water chemistry, such as rivers, canals, and wastewater. 
Correlations of pH with other variables was weak or negative; ion concentrations 
are higher due to the higher aggressiveness of acidic media to soil and host rocks 
(Négrel et al. 2003). Silica, HCO3, and δ2H have positive correlations indicating the 
weathering of silicate minerals. In the winter (Table 12.4), electrical conductivity 
(EC) and TDS are highly and positively correlated with HCO3, Cl,  NO3, SO4, Ca,  
Mg, Na, K, SiO2, δ18O, and δ2H (r  = 0.6–1.0). The contribution of nitrate to EC in 
winter decreased (from 0.9 to 0.6), indicating reduced dilution from runoff processes 
due to frozen surface and subsurface. The silica correlated with more parameters than 
in the results for the summer samples, such as EC, TDS, Ca, Mg, Na, HCO3, Cl,  
SO4, δ2H, and δ18O (r  = 0.6–0.7). This showed the relatively greater influence of 
natural processes such as rock-water interaction and mineral weathering in winter.
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Fig. 12.4 Relationship between δ18O and  δD in the collected water samples in the study area in a 
summer and b winter

Principal component analysis was applied to the log-transformed and standardized 
data sets. A varimax rotation was conducted to reduce the overlap of original variables 
over each principal component. The loadings, eigenvalues, explained variance, and 
cumulative variance are shown in Table 12.7. Four (summer) and three (winter) 
principal components (PCs) have eigenvalue > 1, which explained about 86.9% and 
83.8% of the total geochemical data variance, respectively (Table 12.7). The factor 
loadings can be classified as strong, moderate, and weak, corresponding to absolute
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Fig. 12.5 Hydrogeological spatial and temporal distribution of the clusters in a summer and b 
winter

loading values of > 0.75, 0.75–0.5, and 0.5–0.3, respectively (Liu et al. 2003). PC1 
explains 55.8% of the total variance and strong positive loadings of EC, TDS, Cl, SO4, 
NO3, Ca, and Mg, and moderate positive loadings of HCO3, Na, and K. It means 
that water chemistry is controlled by geochemical processes of rock weathering, 
dissolution, and ion exchange, and anthropogenic activities such as domestic and 
industrial waste. The highly positive loading of Ca2+ and Mg2+ coupled with HCO3

− 

in PC1 indicates that calcite and dolomite dissolution are primary factors influencing 
the concentration of Ca2+ and Mg2+ in groundwater (Roy et al. 2020). The identical 
loading of nitrate in PC1 showed the same pollution sources exist in both seasons 
since nitrate has no known lithological source (Handa 1988). The source of nitrate 
is possibly domestic, municipal and industrial discharges (Selvakumar 2017).

PC2 explains 17% of the total variance and strong loading of stable isotopes, in 
addition to weak positive loading of HCO3 and SiO2, which can be identified as 
regional flow processes with the dissolution of minerals containing these elements. 
PC3 accounts for 7.8% of the total variance and moderate positive loading of silica 
and strong negative loading of dissolved oxygen related to silicate weathering of 
minerals in the water. PC4 represents 6.3% of the total variance, and strong positive 
loading of temperature and pH, and weak positive loading of Na and K. This principal 
component describes the physical processes in surface water samples, such as from 
a river, tributary, canal or wastewater, showing high positive loadings for pH values 
and temperature. The high loading for pH value may arise from biogenic or organic 
control of the pH value, which relates to dissolved CO2 consumed by organisms and 
aquatic plants (Livingstone 1963). 

The number of factors decreased in the winter, and cumulative variance is as low 
as 84% (Table 12.7). This is because several processes in the study area, such as 
ion exchange, dilution, leaching by runoff, rainfall and anthropogenic activities, are 
more active in the summer (Kumar and Keshari 2009). PC1 explains 65% of the
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Table 12.7 Loadings of 16 physicochemical variables on 2 rotated components 

Summer Winter 

Variable PC1 PC2 PC3 PC4 PC1 PC2 PC3 

EC .906 .241 .281 .186 .689 .699 .127 

TDS .917 .226 .253 .162 .695 .691 .154 

Temperature .059 − .376 − .105 .846 − .120 − .173 − .768 
pH .172 .041 − .129 .839 − .005 − .056 .774 

DO − .139 − .051 − .800 .246 − .086 − .750 .199 

HCO3
− .571 .460 .551 .213 .640 .698 .079 

Cl− .924 .077 .249 .132 .620 .714 .134 

NO3
− .965 .095 − .045 − .001 .922 − .077 − .088 

SO4 
2− .925 .092 .066 .104 .687 .577 .070 

Ca2+ .917 .253 .140 − .001 .808 .561 .066 

Mg2+ .911 .172 .150 .088 .840 .504 .054 

Na+ .639 .207 .512 .394 .468 .838 .114 

K+ .502 .027 .553 .482 .076 .871 .246 

SiO2 .083 .491 .606 − .325 .605 .445 − .248 
δD .345 .837 .202 .012 .895 .267 .193 

δ18O .170 .900 .035 − .196 .900 .220 .137 

Eigenvalue 8.920 2.720 1.250 1.000 10.410 1.610 1.370 

Explained variance (%) 55.750 17.000 7.790 6.300 65.010 10.090 8.590 

Cumulative % of variance 55.750 72.780 80.570 86.870 65.090 75.180 83.770 

Bold values represent strong loadings

total variance, with strong loading of δ18O, δ2H, NO3, Ca, and Mg, and moderate 
loadings of EC, TDS, HCO3, Cl,  SO4, and SiO2, and weak positive loading of K. 
The result shows the influence of regional flow and weathering processes, and pollu-
tion sources. Group PC2 has a strong positive loading of Na and K, and strong 
negative loading of dissolved oxygen and positive moderate loadings of EC, TDS, 
HCO3, Cl,  SO4, Ca, and Mg, and a weak positive loading of SiO2. This result shows 
mainly anthropogenic inputs, especially downstream of the municipal wastewater 
and stormwater discharges from Ulaanbaatar as exhibited with increasing K, Na, 
SO4, and Cl concentrations. The decreased pH, NO3, and DO values in winter water 
samples in this principal component are related to the oxidation of organic matter in 
sewage water discharged to the river (Kattan 2006); this interpretation is also clear 
from the increased loading of EC and TDS. Component PC3 explains 8.6% of the 
total variance and has positive loading of pH, negative loading of temperature indi-
cating physical processes in surface water, and from the seasonal variation. In both 
seasons, moderate to strong loading of Na and Cl together in PC1 (summer) and PC2 
(winter) indicate the anthropogenic source of these ions.
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12.4 Hydrogeochemical Processes 

12.4.1 Gibbs Diagram 

Gibbs diagrams have been used in hydrochemistry to analyze formation mechanisms 
(Feth and Gibbs 1971). Two diagrams have been used to evaluate the dominant effects 
of evaporation, rock weathering, and precipitation on the geochemical evolution of 
groundwater in arid and semi-arid regions. The diagrams show the weight ratios of 
(Na)/(Na + Ca) and Cl/(Cl + HCO3) against TDS (Gibbs 1970). As seen in Fig. 12.6, 
all samples plotted in the rock dominance field show that the primary controlling 
mechanism of the chemical compositions in the study area is the rock weathering 
process. Most of the samples had lower Na/(Na + Ca) ratios, which indicates that 
carbonate minerals dominate the geology of the study area. The ratio of Na/(Na + 
Ca) and Cl/(Cl + HCO3) were higher than 0.5 in samples GW39 (C2), SP5, C2, and 
WW2 (C3), GW4 and SP4 (C4) in summer, and in samples GW39 (C2), WW2 and 
TR9-11 (C3), GW4 and GW44 (C4) in winter. These clusters have higher TDS values 
than C1, which indicates that cation exchange processes or anthropogenic activities. 
The C3 HCA cluster samples had higher ionic ratios and TDS values in both seasons, 
implying that the evaporation process involves hydrochemistry with anthropogenic 
activities. Significantly, GW 39 and TR9-11 are located downstream, and are highly 
affected by wastewater from the wastewater treatment plant (Fig. 12.6). The finding 
is consistent with the Piper diagram distribution in Fig. 12.3.

12.4.2 Ratios of Major Ions 

Many researchers have demonstrated that the relationship between primary ions can 
give valuable information about the geochemical processes and mechanisms (Zhang 
et al. 2020; Jalali 2009; Marghade et al. 2012; Canora et al. 2019). The relationship 
between dissolved species can show the origin of solutes and the processes that 
produced the observed water compositions (Fisher and Mullican 1997). Accordingly, 
the dissolution of calcite, dolomite, and gypsum are the dominant processes in the 
water environment when the plot of (Ca2+ + Mg2+) against (HCO3

− + SO4 
2−) is  

close to the 1:1 equiline (Fisher and Mullican 1997; Kumar et al. 2006; Venugopal 
et al. 2009). The plot of the ratio of major ions also represents ion exchange processes. 
If the ion exchange is dominant, the points shift to the left side, and if the reverse 
and the ion exchange process is dominant, then the points change to the right side 
(Krishnaraj et al. 2011). 

As shown in Fig. 12.7a, cluster 1, cluster 2, and most samples from cluster 4 
fall on the 1:1 equiline suggesting that groundwater is mainly recharged by surface 
water or precipitation, and calcium, magnesium, and hydro-carbonate originate from 
weathering of carbonate rocks (Zhang et al. 2007). In both seasons, GW4 (C4) and
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Fig. 12.6 Gibbs diagram of water samples in the study area in a summer and b winter

GW39 (C2) are plotted above the 1:1 equiline, suggesting a contribution from non-
carbonate source or cation exchange processes, such as between Ca2+ + Mg2+ and 
Na+ + K+ (Tiwari and Singh 2014), and silicate weathering, with a possibility of 
anthropogenic activities. From cluster 4, springs and some groundwater samples 
located on the north side of the study area fall below the 1:1 equiline, showing some 
additional sources of cations and are balanced by Cl and NO3. Cluster 3 samples lie on 
both sides of the line, indicating the ion exchange and reverse ion exchange processes. 
This cluster mainly included samples collected from canal water, wastewater, some 
springs, and river water downstream, all of which are impacted by anthopogenic
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waste discharges For instance, wastewater samples (in both seasons) and downstream 
samples of Tuul river water after wastewater discharge (in winter) plot above the line, 
indicating apparent effects of anthropogenic activities from wastewater. 

Figure 12.7b indicates that most samples, especially cluster 1 and cluster 2, are 
close to the carbonate weathering line, suggesting that carbonate weathering occurs in 
the floodplain of the study area. Cluster 3 is distributed on both sides of the line, indi-
cating ion exchange processes and pollution. Cluster 4 falls below the line, meaning 
that there are some additional sources to the carbonate weathering, indicating that the 
ion exchange process is dominant and balanced by some anions, which may be due 
to anthropogenic inputs as there is a high representation of high nitrate and chloride. 

Gypsum dissolution yields Ca2+ and SO4 
2− in water. A plot of Ca2+ and SO4 

2− 

shows that all samples of four clusters fall below the 1:1 line (Fig. 12.7c), indicating 
that groundwater is in an oversaturated state with respect to calcite and undersaturated 
concerning gypsum (Tran et al. 2020). The gypsum dissolution process does not 
contribute in the study area. The enrichment of Ca showed rock-water interaction 
and dissolution of carbonates and silicate minerals. 

The strong correlation between sodium and chloride has often been used in semi-
arid regions (Kattan 2006; Sami 1992; Magaritz et al. 1981). The dissolution of halite 
releases equal concentrations of Na and Cl in water, and the Na/Cl molar ratio will 
be around one (Hounslow 1995). From Fig. 12.7d, most of the samples from clusters

Fig. 12.7 Plots between a HCO3 + SO4 and Ca + Mg, b HCO3 versus Ca + Mg, c SO4 versus 
Ca, d CI versus Na 
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1 and 2 falls around or below the 1:1 line, suggesting the silicate weathering is more 
significant than halite dissolution. The silicate dissolution can be a probable source of 
Na because HCO3 is the most abundant anion in the study area (Fisher and Mullican 
1997). Clusters 3 and 4 have distributed values, and the high chloride and sodium 
contents may be due to anthropogenic activities such as industrial and municipal 
waste. Some samples are located above the line, showing that cation exchange of Na 
for Ca and Mg occurred or that rainwater is a source for Cl. Excess Na in clusters 
4 and 3 can be related to silicate weathering and wastewater, respectively, because 
wastewater samples in cluster 3 have high Na in both seasons. The strong positive 
correlations between Cl-TDS (r = 0.91.0), Na-TDS (r = 0.8–0.9), and Na-Cl (r = 
0.8–0.9) in summer and winter, respectively (Tables 12.2 and 12.3), indicate these 
ions come from anthropogenic inputs that are relatively increased in wintertime. The 
interpretations of ionic ratios were consistent with the Piper diagram (Fig. 12.3) and 
Gibbs plots (Fig. 12.6). 

12.4.3 Saturation Index 

Saturation indexes (SI) of gypsum, calcite, and dolomite of all groundwater samples 
were calculated using PHREEQC (Parkhurst and Appello 1999). PHREEQC is useful 
for finding common minerals in the groundwater environment and their geochemical 
processes (Deutsch 1997). This approach can predict the reactive mineralogy of the 
subsurface from groundwater data without collecting and analyzing mineral samples 
(Fisher and Mullican 1997). 

Except for a few samples, most of the samples were undersaturated to these 
minerals, suggesting that dissolution is yet to reach equilibrium and that solute 
component concentration is not limited by mineral equilibrium (Fig. 12.8).

12.4.4 Relationship Between PCA and Hydrochemical 
Characteristics (HCA) 

The HCA could help identify similar water samples while PCA classifies similar 
variables of the samples (Tran et al. 2020; Jiang et al. 2015; Liu et al. 2020; Yang 
et al. 2020). Therefore, the integration of HCA and PCA can clarify the spatial and 
temporal processes and main factors affecting the water system and explain pollution 
sources of each station in the clusters (Razmkhah et al. 2010; Chen et al. 2018; Pervez 
et al. 2021). Figure 12.9 illustrates the sample scores for the first two factors according 
to their respective clusters and Stiff diagrams for each cluster based on the median 
values. This figure shows the water types and processes found in the study area. 
Clusters C1 and C2 represent low mineral Ca–HCO3 type and less polluted water 
corresponding to a recharge area in the alluvial plain (Figs. 12.3 and 12.5). A negative
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Fig. 12.8 Plot of saturation indices of gypsum, dolomite and calcite against TDS. a Summer and 
b winter

high-to-low positive loading of PC2 and a negative loading of PC1 indicates dilu-
tion and mixing processes between groundwater and surface water in C1 and C2. In 
summer, the mixed trend between C1 and C2 samples is caused by several processes 
functioning in the study area, such as ion exchange, dilution, leaching by runoff, rain-
fall, and anthropogenic activities. In winter, the number of components decreased, 
indicating the minor variation in the chemical composition of water samples due 
to the river freezing and solid-state precipitation, and natural processes more influ-
enced the behavior than the summer season. PC1 indicated mineralized and polluted 
samples of cluster 3 in summer, and in winter; by PC2 the results from the pollution 
because C3 samples included two springs, canals, wastewater samples in summer,



192 O. Batdelger et al.

and wastewater and Tuul River downstream sites winter. Samples of cluster 4 were 
more influenced by PC2 (summer) and PC1 (winter), and show regional flow system 
and mineral weathering, rock-water interactions, and anthropogenic inputs in both 
seasons. Overall, in the study area, water mineralization is increased from recharge 
areas with a short resident time to discharge areas with a long resident time, and 
water chemistry was dominated by the dissolution of mineral weathering processes 
and influenced by human impacts.

12.5 Conclusions 

This study characterized the spatial and temporal geochemical variations in ground-
water and surface water interactions in Ulaanbaatar, Mongolia and the main control-
ling processes, using a multi-tracer approach (hydrochemistry and stable isotope), 
correlation analysis, and multivariate analysis statistical techniques (HCA and PCA). 
The main findings of this study are:

(1) The study identified spatial differences in the water samples analyzed but 
minimal temporal changes, except in the Tuul River downstream from Ulaan-
baatar. 

(2) Ca–HCO3–type water predominated, and water chemistry in the study area was 
controlled by rock–water interactions and anthropogenic factors. The down-
stream sites of Tuul River (TR9, TR10, and TR11) were located below wastew-
ater discharge points and classified as Ca–Na–HCO3-type water in summer and 
Na–Ca–HCO3-type water in winter when sodium became the dominant cation, 
indicating the effect of wastewater. 

(3) Nitrate was the most significant contributor to conductivity and was highly 
correlated with major ions (Ca2+, Mg2+, Na+, SO4 

2−, Cl−, HCO3
−) indicating 

pollution inputs, and the correlation decreased in winter (from r = 0.885 to 
0.575) indicating reduced dilution of runoff processes and infiltrations due to 
subsurface freezing., Groundwater from a residential area had an especially 
high level of nitrate due to anthropogenic activities such as pit latrines and 
septic tank-leach field systems, suggesting that changes in land use and human 
activities have led to nitrate enrichment. 

(4) The Cluster Analysis indicated a connection between floodplain groundwater 
and river water and the effect of anthropogenic activities (e.g., canals and 
wastewater) in addition to to infiltration and mineral dissolution. 

(5) Four principal components in summer and three principal components in winter 
were identified, which explained 86.9 and 83.8% of geochemistry variance. In 
summer, PC1 represents the pollution and mineral weathering processes and 
rock-water interactions. PC2 indicates the regional flow system and mineral 
weathering, PC3 represents the silicate weathering and pollution, and PC4 indi-
cates physical processes. In winter, the number of processes decreased due to 
the freezing of the river and solid-state precipitation. In winter, PC1 and PC2
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Fig. 12.9 Evaluation of groundwater and surface water hydrochemistry. Plot of the factor scores 
for PC1 and PC2 with clusters. a Summer, b winter
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represent mineral dissolution and anthropogenic inputs, whereas PC3 indicates 
physical processes. In winter, since the number of components decreased, and 
the cumulative variance was also lower at 84%.

(6) The scatter and Gibbs diagrams show that carbonate and silicate weathering and 
ion exchange are dominant processes controlling the ion content in the study 
area. Water samples from the area along and near the flood plain were domi-
nated by the carbonate weathering process. Silicate weathering and ion exchange 
processes governed the water chemistry of samples from the northern moun-
tainside. Some samples have oversaturated calcite values, meaning that these 
originate from groundwater discharging from an aquifer containing abundant 
calcite minerals with a long residence time. 

This study demonstrates the usefulness of combined approaches in hydrochem-
istry and data interpretation for understanding spatial/temporal variations in water 
samples and of pollution sources. The analytical results would also be useful for the 
design of a future optimal spatial sampling plan. The study offers a reliable method 
to classify sampling stations in the region, especially along Tuul River. 

The study showed the impact of pollution from the ger district on ground and 
surface waters. Since the area of the ger district, which does not have a sewage system, 
and continues to grow rapidly, it is recommended that a detailed bacteriological 
monitoring study be performed to better characterize the distribution of pathogen 
contaminations and guide new public health policies. 
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Chapter 13 
Application of Plant Endophytic 
Microorganisms (Endophytes) 
in the Treatment of Heavy Metal 
Pollution in Soils 

Kieu Bang Tam Nguyen and Thi Hong Thao Phan 

Abstract Heavy metal contaminated soils may pose risk and hazards to humans and 
the ecosystem. Physiochemical approaches have been widely used for remedying 
polluted soil; however, their large-scale application is difficult due to high cost and 
side effects. Current research interests are moving towards the application of in situ 
strategies to reduce costs and to resolve pollution dispersal problems. Phytoremedi-
ation is a plant-based, environment-friendly, and cost-effective technology that can 
potentially be used to remediate contaminated media. However, phytoremediation 
is with some critical shortcomings, such as phytotoxicity, slower than mechanical 
method and limited mechanical uptake. Some plant-associated bacteria can overcome 
these constraints by assisting plants to accumulate higher amount of metal without 
increasing phytotoxity. While rhizosphere microorganisms can enhance phytoreme-
diation according to numerous studies, endophytes appear to do so more efficiently by 
interacting closely with host plants. Endophytes are all microorganisms that inhabit 
the interior of plant tissues, causing no harm to the host and developing no external 
structures. In the plant endophyte symbiosis, endophytes receive carbohydrates from 
plants and improve plant resistant to biotic and abiotic stresses in return. Moreover, 
recent studies showed that many endophytes are metal resistant, able to degrade 
organic contaminants and have been successfully used in phytoremediation. This 
paper focuses on the overview of studies on the ability of endophytes to support plant 
absorption of heavy metals as an object with potential in environmentally friendly 
and inexpensive bioremediation. 
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13.1 Introduction 

Heavy metals are distinguished by their high relative atomic weight (> 4 g/cm3). 
Some of them, such as zinc (Zn), iron (Fe), or manganese (Mn), are microelements 
that plants require and absorb through their roots since they are essential to plant 
survival. These metals, however, can be harmful in excessive doses. Other elements, 
such as lead (Pb), cobalt (Co), and arsenic (As), have no biological role and are 
harmful even at low doses; they are categorized as Toxic Heavy Metals (THM) 
(Rahman and Singh 2019). 

Heavy metal pollution is the excessive deposition of hazardous heavy metals in 
soil as a result of human activity. Lead (Pb), cadmium (Cd), zinc (Zn), mercury (Hg), 
arsenic (As), silver (Ag), chromium (Cr), copper (Cu), iron (Fe), and platinum group 
elements are among the heavy metals found in soil. With the expansion of the global 
economy recently, both the type and concentration of heavy metals in the soil from 
anthropogenic sources (mining, electroplating and wielding, urbanization) (Mishra 
and Bharagava 2016; Wang and Chen 2009) and the use of metal-based fertilizers and 
pesticides have gradually increased, resulting in environmental degradation. Heavy 
metals are extremely dangerous to both the environment and organisms. It can be 
enhanced via the food chain and finally integrated into living creatures (Sim et al. 
2019). Once the soil has been contaminated with heavy metals, it is difficult to be 
remediated (Bayata 2020). 

The main purpose of heavy metal removal is to minimize their negative effects on 
ecosystems and human health. Numerous remediation techniques for heavy metal 
contaminated soils have been introduced to cope with this problematic issue, which 
can be divided into three main groups: physical, chemical and biological. Physical and 
chemical technologies are often expensive and time-consuming besides the negative 
environmental impacts due to generating a large quantity of hazardous waste (Sim 
et al. 2019). On the contrary, phytoremediation is attracting great interest because 
of its outstanding advantages of being a green technology, environmentally friendly 
and more economical than traditional methods. Phytoremediation of heavy metal 
contaminated soil is more effective due to the interaction between plants and plant-
associated microorganisms. While rhizobacteria increase plant metal uptake and 
translocation through various processes, endophytes live inside plant tissues and 
form a mutualistic relationship with host plant (Sim et al. 2019). 

Endophytes support the survivability of their host plants in unfavorable envi-
ronments, especially in heavily polluted soils. Endophytes residing in such harsh 
environments are hypothesized to have adapted and evolved to acquire increased 
tolerance toward the adverse conditions. 

In addition to heavy metal tolerance, plant-associated microbes can operate as 
biocontrol agents against a variety of pathogens and herbivores (Sim et al. 2019), 
ensure nitrogen fixation and growth regulator production, and contribute to heavy 
metal tolerance and treatment in plants. The nature of endophytes, their potential in 
heavy metal removal, and their function in heavy metal uptake by plants utilized in 
bioremediation will be examined in this paper.
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13.2 Endophyte Characteristics 

Endophytes were first defined as microorganisms that reside inside plant tissues 
by Barry in 1866. Then, in 1904, endophytic bacteria were identified in Darnel, 
Germany. Smith et al. developed the concept of endophytic actinomycetes in 1975 
when they isolated Micromonospora sp. and discovered that it had a considerable 
inhibitory impact on the pathogenic fungus Fusarium oxysporum in uninfected 
tomato plant tissues (Shimizu 2011; Zhenhua et al. 2012). Endophytes are non-
pathogenic microorganisms that reside inside plants, according to Carroll et al. 
(Araújo et al. 2008). 

Endophytes are microorganisms that invade interior plant tissues without inflicting 
obvious harm to their hosts (Stępniewska and Kuźniar 2013). Endophytes, according 
to Wilson and Carroll, are bacteria and fungi that penetrate the tissues of live plants 
for all or part of their life cycle without causing damage or disease symptoms to the 
host plant. The most frequently recognized definition is that of Bacon and White, 
who agree with the aforementioned writers that “endophytes are microorganisms 
that live inside live tissues of plants and exert no obvious and direct harmful impact 
on host plants” (Bacon et al. 2000). This definition has a very important implication: 
because of its asymptomatic nature, the colonization of plant tissues by endophytes 
suggests a mutualistic relationship between endophytes and host plants. 

Endophytes in plants are classified as either obligatory or facultative. The former 
require particular environmental conditions in the laboratory for successful culture 
(Waheeda and Shyam 2017). According to some authors, facultative endophytic 
bacteria may be isolated from surface sterilized plant parts or from plant internal 
tissues and are not harmful to the host plant. The preceding definitions do not take into 
account bacteria that are unculturable under laboratory circumstances and have just 
recently been detected using molecular techniques. As a result, endophytic bacteria 
might be culturable or unculturable (Araújo et al. 2008). 

Each of the 300,000 higher plant species on Earth is a host plant for one or more 
endophytes, implying that Earth may have a huge endophytic community (Strobel 
et al. 2004). Endophytes are abundant, yet diverse, in the environment (soil, culti-
vated areas) (Seghers et al. 2004; Conrath et al. 2006; Hardoim et al. 2008; Singh 
et al. 2009). Their numbers vary depending on the plant and environmental factors. 
According to Xu et al., the number of endophytes and their species richness are 
greater in tropical and subtropical plants than in cold and dry locations, more in 
fast-growing and perennial plants than in slow-growing and short-term plants, and 
greater in healthy plants than in polluted plants (Zhenhua et al. 2012). 

Endophytic microorganisms are not only asymptomatic, but they can also promote 
plant growth by producing growth-promoting substances and plant protection agents 
(Kandpal et al. 2012; Machavariani et al. 2014), protect host plants from biotic or 
abiotic stresses, and produce a diverse range of bioactive compounds (Waqas et al. 
2012). Endophytes, in turn, obtain adequate nutrients from host plants for growth
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and survival (Sim et al. 2019). As a result, endophytic microbes are regarded as 
excellent genetic resources for the development of highly efficient, non-toxic, and 
environmentally friendly natural products for use in medicine, agriculture, industry, 
and environmental remediation. 

13.3 Mechanisms Employed by Microorganisms to Gain 
Entry into the Host Plant and Become Endophytes 

Endophytic bacteria are thought to originate from the rhizosphere when they have 
the chance to interact with the host plant (Ali et al. 2014a, b). Thus, endophytes use 
many mechanisms to gain entry into the host plant, particularly in roots (Santoyo 
et al. 2016). Typically, this process begins with their concentration in the rhizosphere. 
They begin to attach to the root surface after successfully colonizing the rhizosphere. 
This is a critical step in the penetration process. Microorganisms, according to some 
authors, can adhere to the root surface due to cell surface components such as pili, 
lipopolysaccharide, or exopolysaccharide etc. Binding sites are usually root tips, 
where there is a thin cell wall of root apex, or root hairs, or cracks at root emergence 
sites (Sørensen and Sessitsch 2006), except when endophytes were inoculated on the 
seeds from the beginning (Truyens et al. 2015). 

Microorganisms form microcolonies of hundreds of cells at these sites. Endo-
phytic bacteria have a cellulolytic enzyme system that can hydrolyze the exodermal 
cell wall, allowing for active penetration. Bacterial cell-wall degrading enzymes are 
also known to be involved in the elicitation of plant defense pathways, since many 
proteins involved in defense and repair are biosynthesized to prevent pathogen spread 
within the plant and are associated with plant cell walls. Endophytic microbes must 
be able to dodge or dramatically diminish the plant’s immune response, which they 
can achieve by entering from cracks at root emergence sites. This is the case that has 
been proposed for Azoacus and Burkholderia vietnamiensis (Malfanova et al. 2013). 

Endophytes that pass the exodermal barrier can either remain at the site of entry 
or move deeper within to colonize the cortex’s intercellular space (apoplast). Endo-
phytic microorganisms differ from legume root-nodule bacteria in that they do not 
generally enter plant cells and cause formation of specific morphological structures. 
Endophytic microorganisms, on the other hand, can trigger nodule development in 
some circumstances. 

Only a few microbes are able to get through the endodermal barrier and invade the 
plant’s xylem vessels. They may feed on nutrients delivered by the xylem, such as 
water, ions, and low molecular weight organic compounds including sugars, amino 
acids, and organic acids. Although the concentration of these nutrients in the xylem is 
relatively low, it is adequate to support endophyte development. Endophytic microbes 
may metabolize carbon sources that rhizobacteria do not ordinarily use, such as D-
sorbitol, D-galacturonic acid, and L-arabinose, which is one of the most readily
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accessible sugars in plant xylem fluid. Thus, the capacity to utilize certain plant 
metabolites may be required for successful endophytic colonization (Malfanova et al. 
2013). 

Normally, the concentration of accessible nutrients in the xylem declines along 
the plant axis. This explains why endophyte variety and population density diminish 
with distance from the base, and why only few numbers of them reach the plant’s 
upper parts, such as leaves and reproductive organs like flowers, fruits, and seeds. 
Some microorganisms can enter plants via different pathways, such as stomata on 
leaves, and become endophytic. They can also invade plants through flowers, fruits, 
and seeds, but this is more common with pathogens (Malfanova et al. 2013). 

Endophytic microbes may have genetic differences from rhizosphere microorgan-
isms in order to colonize interior plant tissues, however no specific group of genes 
responsible for the endophytic lifestyle has been identified so far (Santoyo et al. 
2016). Many authors have recently conducted research on endophytic microbes on 
various host plants using 16S rDNA sequences to determine their relationships (Glick 
2015; Romero et al. 2014; Shi et al. 2014). Ali et al. discovered an array of genes that 
may play a role in endophytic lifestyle by comparing the genomes of 9 endophytic 
Proteobacteria species, some of which have been experimentally confirmed to be 
involved in the colonization of internal plant tissues (Ali et al. 2012). 

13.4 The Role of Endophytes in Host Plants 

13.4.1 Production of Plant Growth Promoting Substance 

Endophytic bacteria acquire nutrients from the host plant for survival in a mutualistic 
relationship (Shimizu 2011), and endophytes can be advantageous to plant develop-
ment directly (by increasing growth) or indirectly (by inhibiting growth) through 
disease control. Endophytic microorganisms directly promote growth through 
supplying nutrients such as dissolved Fe or Mo in the soil (Tokala et al. 2002), nitrogen 
fixation (Shimizu 2011; Kandpal et al. 2012), either biosynthesis or regulation of 
growth-promoting substances (also known as growth hormones-phytohormones), 
especially indole-3-acetic acid (IAA) (Malfanova et al. 2013). 

IAA’s physiological effects on plants include cell proliferation stimulation, induc-
tion of plant chemotaxis (photodynamic), inhibition of lateral shoot development to 
maintain apical dominance, promotion of fruit growth and seedless fruit production, 
and inhibition of leaf, flower, and fruit shedding. According to Mohamed Et-Otmeni 
et al., IAA increased the percentage of seed germination and the plant’s survival rate 
in following stages in citrus. IAA and naphthalene acetic acid (NAA) are efficient 
rooting aids when propagating citrus through cuttings. Bud-grafting success rates are 
increased by IAA and indolebutyric acid (IBA). To maintain grafted plants in vitro 
and promote lateral root initiation, 6-benzyladenine (BA) and IAA were added to 
the basal media (E1-Otmani et al. 2000).
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Brick et al. identified and characterized the production of IAA by two types of 
bacteria, Pseudomonas and Bacillus, in 1991, and have since expanded their research 
by studying other strains (Bric et al. 1991). According to some authors, similar to 
other microorganisms, the production of plant hormones such as IAA in endophytic 
actinomycetes is one of the mechanisms to promote host plant growth and increase 
leaf and root dry weight and root length and are considered biological agents in 
agriculture (Ghodhbane-Gtari et al. 2010; Shutsrirung et al. 2013). Research has 
found that microorganisms synthesizes IAA from tryptophan (Trp) by deamination, 
decarboxylation and oxidation and the concentration of IAA biosynthesized by them 
is dependent on the amount of Trp in the culture medium (Yadav et al. 2010). 

Research by P.T.H. Thao et al. showed that, out of 47 endophytic actinomycetes 
isolated from citrus, 42 strains (88%) were capable of biosynthesizing IAA, two of 
which (accounting for 4%) produced over 20 µg/ml IAA (Phan et al. 2016). 

Endophytic microorganisms, like rhizosphere microorganisms, produce plant 
growth promoting substances but also have many more complex mechanisms to stim-
ulate plant growth due to their close relationship. Endophytic actinomycetes improve 
root growth and development by absorbing nutrients, resulting in a larger root surface 
area and an increase in the number of lateral roots, and therefore increased nutrient 
uptake for the host plant. Streptomyces strains found in the roots have been proven 
to produce iron-sequestering siderophores and to solubilize inorganic and organic 
phosphates in order to promote plant health (Shimizu 2011). 

Many endophytic microbial strains may produce IAA while also lowering ethylene 
concentration in plants via the (1-aminocyclopropane-1-carboxylate)-deaminase 
enzyme (Jaemsaeng et al. 2018; Tiwari et al.  2018). This is significant because 
high ethylene concentrations can hinder root growth in stressed plants. In addition to 
producing IAA, several endophytic actinobacterial strains isolated from Aloe vera, 
Mentha arvensis, and Ocimum sanctum have been shown to solubilize phosphate 
and produce hydroxamate and catechol (Gangwar et al. 2014) (Fig. 13.1).

Some endophytic bacteria have the ability to promote plant growth through 
increased availability of mineral elements or tolerance to heavy metals under living 
conditions. Therefore, when residing in plant tissue, endophytic microorganisms give 
plants many favorable conditions to help plants grow well (Malfanova et al. 2013). 

The relationship between endophytic microorganisms, host plants and the produc-
tion of bioactive natural products creates an opportunity to find specific preparations 
with potential applications in plant growth stimulation, fungal diseases control and 
increasing plant tolerance to adverse environmental conditions. 

13.4.2 Disease Control 

The primary mechanism of endophytic bacteria in plant disease control is resis-
tance (antibiosis)-the synthesis of antibiotic compounds (Janso and Carter 2010; 
Kumar and SivaKumar 2011; Taechowisan et al. 2014) and fungal cell wall degrading



13 Application of Plant Endophytic Microorganisms (Endophytes) … 205

Fig. 13.1 The role of endophytes in host plants (Malfanova 2013)

enzymes (Shimizu 2011), competing for nutrients and habitat, and enhancing host 
plants’ systemic tolerance (Malfanova et al. 2013). 

Endophytic microbes colonizing host plants can cause a variety of cell wall 
modifications, including the buildup of callose, pectin, cellulose, and phenolic 
compounds, resulting in the creation of a structural barrier at the site of pathogen 
infection (Mengistu 2020). Furthermore, when attacked by pathogens, plants colo-
nized by endophytic microbes generally have increased biosynthesis of defense 
proteins such as peroxidase, chitinase, and −1,3-glucanase, which inhibit pathogen 
spread. Furthermore, because various antipathogenic compounds may activate the 
host plant’s immune response and even the immune system, many endophytic micro-
bial species frequently adopt a combination of resistance strategies (Shimizu 2011; 
Priya 2012; Ongena et al. 2007). 

Many endophytic actinomycetes have been proved to protect host plants from soil-
borne pathogens such as Aspergillus niger, A. flavus, Alternaria brassicicola, Botrytis 
cinerea, Penicillium digitatum, Fusarium oxysporum, P. pinophilum, Phytoph-
thora dresclea and Colletotrichum fulcatum (Gangwar et al. 2011). According 
to Conn et al., seed inoculation of Streptomyces sp EN27 and Micromonospora 
sp. EN43 increased Arabidopsis thaliana resistance to bacterial soft rot (caused 
by Erwinia carotovora) and root rot (caused by F. oxysporum); activated SA- or 
jasmanic acid/ethylene synthesis gene expression (Conn et al. 2008). They synthesize 
secondary metabolites that inhibit some pathogenic fungi such as A. porri, C. musae, 
C. gloeosporioides, Curvularia sp., Drechslera  sp., Exserohilum sp., F. oxysporum, 
Verticillium sp. and Sclerotium rolfsii (Taechowisan et al. 2013), A. brassicicola 
(Phuakjaiphaeo et al. 2016). 

Fungal stem end rot disease of pitaya caused by Alternaria alternata is one of 
the most destructive diseases in Binh Thuan province, Vietnam. The study by Luu
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The Anh et al. aimed to assess the antagonistic effects of some endophytic bacteria 
isolated from the weed plant (Echinochloa colonum) against  A. alternata (Luu et al. 
2021). 

Pitaya confronts several obstacles in Vietnamese agriculture, including stem end 
rot disease caused by A. alternata. Nineteen endophytic bacteria were isolated from 
the weed (E. colonum). Five of them might suppress the mycelial development of 
A. alternata in distinct ways. Strain EC80 exhibited the strongest inhibition, while 
a weak inhibition was observed by EC79, EC83, EC90, and EC97. The results also 
showed that combining EC79 and EC80 significantly improved the reduction of 
biomass pathogenic fungi. The EC79 and EC80 enhanced seedling biomass in green-
house studies. As a result, these bacteria have the potential to be highly valuable for 
agronomic applications and should be investigated further in the near future (Luu 
et al. 2021). 

Streptomyces TQR12-4, isolated from the Ham Yen orange fruits of North-
east Vietnam, had high antibacterial activity against 2g-positive bacteria, and 4 
phytopathogenic fungi. This strain’s crude antibacterial component was rather stable 
throughout a wide range of pH (3–9) and temperatures (40–100 °C). Separation on 
silica gel gave five fractions, two of which (X4 and X5) inhibited the growth of fungi 
at MIC (minimum inhibitory concentration) of 100 and 400 µg/mL, respectively 
(Hong-Thao et al. 2016). 

In the research of Gangwar et al., three medicinal plants, Aloe vera, Mentha 
arvensis and Ocimum sanctum were explored for endophytic actinomycetes diver-
sity, plant growth promoting and antimicrobial activity (Gangwar et al. 2014). Endo-
phytic actinomycetes were most commonly recovered from roots (70% of all isolates) 
followed by stems (17.5%) and leaves (12.5%), respectively. Streptomyces was the 
most common genus (60% of all isolates) followed by Micromonospora (25%), 
Actinopolyspora (7.5%), and Saccharopolyspora (7.5%). The highest numbers of 
endophytic actinomycetes were isolated from Ocimum sanctum (45%). 12 of the 
22 isolates tested were able to solubilize phosphate at concentrations ranging from 
5.4 to 16.5 mg/100 ml, whereas 16 isolates generated indole-3 acetic acid (IAA) at 
concentrations ranging from 8.3 to 38.8 g/ml. Nine isolates produced the amount of 
hydroxamate-type of siderophore ranging between 5.9 and 64.9 µg/ml and only 
four isolates were able to produce catechol-type of siderophore in the range of 
11.2–23.1 µg/ml. Of the nine, interestingly, eight endophytic actinomycetes (88.9%) 
showed a significant antagonistic activity against one or more phytopathogenic fungi 
indicating their potential role as plant biocontrol agents. 

The roles of endophytes in host plants could be summarized as in Table 13.1:

13.5 Endophytes in Heavy Metal Bioremediation 

Endophytes have recently been discovered to have an important role in pollu-
tion removal (Gai et al. 2009; Ho et al.  2012; Kim et al. 2012). Endophytes’ 
bioremediation potential was inspired by the use of plants in phytoremediation.
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Table 13.1 Plant growth-promoting traits 

Plant growth-promoting traits References 

Supplying nutrients such as dissolved Fe or Mo in 
the soil 

Tokala et al. (2002) 

Nitrogen fixation Shimizu (2011), Kandpal et al. (2012) 

Biosynthesis or regulation of growth-promoting 
substances, especially indole-3-acetic acid (IAA) 

Malfanova et al. (2013), Bric et al. (1991), 
Ghodhbane-Gtari et al. (2010), Shutsrirung 
et al. (2013), Phan et al. (2016) 

Produce iron-sequestering siderophores Shimizu (2011) 

Solubilize inorganic and organic phosphates Shimizu (2011), Gangwar et al. (2014) 

Lower ethylene concentration in plants via 
(1-aminocyclopropane-1-carboxylate)-deaminase 

Jaemsaeng et al. (2018), Tiwari et al. (2018) 

Produce hydroxamate and catechol Gangwar et al. (2014) 

Disease control References 

Synthesize antibiotic compounds Janso and Carter (2010), Kumar and 
SivaKumar (2011), Taechowisan et al. 
(2014) 

Synthesize fungal cell wall degrading enzymes Shimizu (2011) 

Compete for nutrients and habitat with 
phytopathogens 

Malfanova et al. (2013) 

Enhance host plants’ systemic tolerance Malfanova et al. (2013) 

Cause a variety of cell wall modifications, 
including the build-up of callose, pectin, cellulose, 
and phenolic compounds, resulting in the creation 
of a structural barrier at the site of pathogen 
infection 

Mengistu (2020)

Phytoremediation is a type of biological treatment that uses plants to remove or 
degrade pollutants. It can be used to clean up soil, sediment, mud as well as surface 
and groundwater. To absorb nutrients for development, plants employ a variety of 
absorptive capacities, transport mechanisms, and metabolic reactions. As a result, 
phytoremediation entails growing plants in polluted environment for the duration of 
the growing period. The plant roots absorb pollutants from the soil and retain them in 
the rhizosphere, rendering them harmless by preventing leaching (Gupta et al. 2016). 

The term “hyperaccumulator” refers to a group of plants that are distantly related 
but share the ability to grow on metalliferous soils and accumulate extraordinarily 
high levels of heavy metals in the aerial organs, far exceeding the levels found in 
the majority of species, without suffering phytotoxic effects. Hyperaccumulators are 
distinguished from comparable non-hyperaccumulating taxa by three basic charac-
teristics: a significantly increased rate of heavy metal absorption, a quicker root-to-
shoot translocation, and a greater ability to detoxify and sequester heavy metals in 
leaves. So far, around 450 angiosperm species have been discovered as heavy metal 
(As, Cd, Co, Cu, Mn, Ni, Pb, Sb, Se, Tl, Zn) hyperaccumulators, accounting for 
fewer than 0.2% of all known species. However, new reports of this type of plant
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continue to emerge, suggesting that numerous unidentified hyperaccumulators may 
exist in nature (Rascio and Navari-Izzo 2011). 

Endophytes are naturally found in plants, and it has been proposed that endophytes 
in these plants have inherent tolerance and adaptability to contaminants (Fabiana 
et al. 2020). This “habitat-adapted symbiosis” is thought to provide adaptation 
and improved tolerance to contaminants on endophytes (Sim et al. 2019). Through 
overexpression of glutamylcysteine synthetase-glutathione synthetase derived from 
Streptococcus thermophiles, three transgenic lines of sugar beet (Beta vulgaris L.) 
with increased tolerance to different concentrations of cadmium, zinc, and copper 
were discovered (Chaudhary et al. 2016). 

Thus, the development of plants and endophytic microorganisms carrying heavy 
metal assimilation or absorption genes can be a way to enhance heavy metal tolerance 
and absorption of hyperaccumulators. 

Phytoremediation is seen as a potential strategy for the remediation of heavy metal 
polluted soils, and the harvested heavy metal-enriched hyperaccumulator biomass 
should be disposed of properly. Various thermal treatments of hyperaccumulators 
have recently gotten a lot of interest. Following thermal treatment, the hyperaccumu-
lator was processed to bio-oil, biogas, charcoal, or ash according to the circumstances, 
and the heavy metals were separated, immobilized, or trapped. Metal ion migration 
and transformation during thermochemical conversion processes are crucial for the 
safe disposal and subsequent use of metal ion hyperaccumulators (Cui et al. 2021). 

The use of endophytic microorganisms for heavy metals removal has been discov-
ered from a variety plant species. They include cultivated plants such as Brassica 
napus (rapeseed), Nicotiana tabacum (cultivated tobacco), Solanum nigrum (black 
nightshade), ornamentals (Rosa longicuspis, Commelina communis), shrubs (Acacia 
decurrens), and hyperaccumulators (Phragmites sp.) (Sheng et al. 2008; Mastretta 
et al. 2009; Luo et al. 2011; Sim et al. 2016). 

Endophytes isolated from these plants are similarly varied, including bacteria 
(Pseudomonas fluorescens, Stenotrophomonas sp., Clostridium aminovalericum, 
Microbacterium sp., Flavobacterium sp., Bacillus sp., Acinetobacter sp…), actino-
mycetes and fungi (Trichoderma asperellum, Phomopsis sp., Saccharicola bicolor, 
Phoma sp., Aspergillus sp., Mucor sp.) (Sim et al. 2019, 2016). Endophytic organ-
isms from both hyperaccumulators and non-hyperaccumulators have been proven in 
studies to have metal removal capacity. 

Various studies have isolated and reported various species of strict aerobic 
As(III) and anaerobic As(V) detoxin-reducing bacteria from As contaminated sites 
(Suhadolnik et al. 2017). Bacteria such as Thermus thermophiles, Thermus aquaticus, 
P. arsenitoxidans, Crysiogenes arsenates, Bacillus arsenic oselenatis, Desulfutomac-
ulum auripigmentu, Geospirillum barnesi and Geospirillum arsenophilus have the 
ability to synthesize arsenite oxidase and oxidize As(III) (Pongratz and Heumann 
1999). Microorganisms can also decrease As(V) to As(III) via solubilization. 
Endophytes utilize As(V) as a final electron acceptor for anaerobic respiration in 
this process. Bacteria that can reduce As(V) include: Bacillus arsenic, Geospir-
illum arsenophilus, Geospirillum barnesi, Crysiogenes arsenatis, Sulfurospirillum
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barnesii, Sulfurospirillum arsenophilum, Oselenatis and Desulfutomaculum aurip-
igmentu (Vaxevanidou et al. 2012). 

Thus, it can be seen that endophytes which belong to groups of fungi, bacteria or 
actinomycetes are very diverse, present in both cultivated and wild plants, and can 
be either aerobic or anaerobic… In other words, these are potential objects which are 
readily available and easy to find in nature, so that they can be applied in combination 
with plants to clean up soil contaminated with heavy metal. 

Endophytes remove heavy metals by two mechanisms: biosorption or bioaccumu-
lation. Biosorption is a chemical and physical interaction that occurs between adsor-
bents (biosorbents) and pollutants (metal). Metal cations efficiently bind to functional 
groups of cell walls and membranes to promote efficient biosorption (Khalil et al. 
2016). Some microbial strains have been reported to have potential for application 
in heavy metal absorption. For example, Trichoderma asperellum (removes 18 mg/g 
Zn2+, 17.26 mg/g Cu2+, 19.24 mg/g Pb2+, 19.78 mg/g Cd2+, and 16.75 mg/g Cr3+ 

(Sim et al. 2016), Microsphaeropsis sp. LSE10 adsorbed a maximum of 247.5 mg/g 
Cd2+ (Chen et al. 2010); and P. lilacinum removed Cu2+ and Cd2+ at 85.4% and 
31.43% (El-Gendy et al. 2011). 

Bioaccumulation (accumulation) is a process in which metal cations are trans-
ported through cell membranes. This is an energy-dependent process that occurs 
via precipitation, covalent bonding, redox reactions, and crystallization (Wilde and 
Benemann 1993; Malekzadeh et al. 2002). Metal cations are transported across the 
cell membrane and further compartmentalized or detoxified during bioaccumulation. 
Because surviving cells require a period of adaptation to metal stress, bioaccumu-
lation in living cells is substantially slower than biosorption. The amount of metal 
removed by the former, however, was more than that of the latter (Sim et al. 2016). 
Deng et al. isolated the endophytic fungal strain Lasiodiplodia sp. MXSF31 from the 
hyperaccumulator Portulaca olercea capable of efficiently bioaccumulating Pb2+ up 
to 5.6 × 105 mg kg−1, Cd2+ (4.6 × 104 mg kg−1) and Zn2+ (7.0 × 104 mg kg−1) 
(Deng et al. 2014). 

The functional groups in the cell walls are primarily responsible for metal removal 
by endophytes. The peptidoglycan of bacterial endophytes’ cell wall is rich in N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), which assist in metal 
binding (Das et al. 2008). Furthermore, metal binding is supported by capsules or 
slime layers created by certain bacteria, since several functional groups such as 
sulfate and phosphate are present to chelate and bind metals (Sim et al. 2019). Metal 
complexation has also been found in fungal endophytes (Dursun et al. 2003). 

Endophytes’ metal removal efficiency may be increased by providing optimal 
growth circumstances such as pH, temperature, and metal concentration. The most 
significant of them is pH, which influences precipitation, the existence of functional 
groups, and the competition between metal cations and hydroxyl groups (Bayramoglu 
et al. 2002). The optimal pH for metal removal is between 4 and 8. Because there 
are more hydrogen ions in acidic environments, hydrogen and metal cations are 
more competitive in low pH conditions. As a consequence, hydrogen ions attach to 
functional groups and repel metal ions, resulting in decreased metal bioabsorption. 
Other factors, such as starting metal concentration, adsorbent dose, and temperature,
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are also essential, although their importance is dependent on the kind of endophytic 
microbes and heavy metals (Sim et al. 2019). 

The aforementioned experimental studies have clearly shown the mechanism, 
conditions and efficiency of removing heavy metals by endophytes, based on which 
we can grasp a deeper understanding of their optimal conditions for heavy metal 
remediation as well as opt for those suitable to the characteristics of each type of 
polluted environment for more efficient bioremediation. 

Endophytic plant microorganisms’ biological features are also known to influence 
bioavailability and bio-characteristics that help or facilitate the metabolism of various 
kinds of inorganic and organic metals by the host plant environment in soil-plant 
systems (Ahmad et al. 2016; Pantsar-Kallio and Jørgensen 2002). In fact, not only 
soil microorganisms but endophytic microorganisms are involved in many important 
biochemical-biological processes that govern the behavior and fate of a metal in the 
soil-plant system objects (Abbas et al. 2018). 

Ma et al. isolated a consortium of endophytes from a grass species growing in 
lead-contaminated soil at an abandoned mine site in Ballycorus, Co. Dublin, Ireland, 
and used it in a laboratory experiment with a plant to confirm their role in supporting 
and stimulating plant growth in heavy metal-contaminated soil (Ma et al. 2016). 
Overall, plants treated with endophytes germinated and tillered faster and produced 
more foliar biomass than control plants, demonstrating the importance of endo-
phytes in boosting growth and minimizing the detrimental effects of heavy metals 
in plants. Furthermore, statistically significant improvements in germination and 
tillering rate were reported in plant endophytic treated at the highest lead concen-
trations (800 ppm). This shows that endophytes are especially critical for plant 
development in the most polluted soils. Although it is uncertain how endophytes 
enhance growth and toxin tolerance, past research suggests some probable mecha-
nisms. Endophytes appear to limit lead bioavailability, preventing it from entering 
the plant. Indeed, identical findings were reported in the research by Bibi et al. (Bibi 
et al. 2018). They cultivated lettuce on cadmium-contaminated soil after inoculating 
it with a consortium of endophytes. The lettuce’s biomass output increased, which 
was connected with a decrease in accumulated metal in the edible section (the leaf). 
They claimed that the bacteria might absorb the metal in their membrane and then 
localize it at the root level. 

Many endophytic fungi have been discovered to be resistant to heavy metals and/or 
capable of decomposing organic contaminants, and endophyte-assisted phytoremedi-
ation has been identified as a viable approach for in-situ remediation of polluted soils. 
Fungi have the biochemical and ecological potential to reduce the risk associated with 
metals, metalloids, and radionuclides, either by chemical alteration or by affecting 
chemical bioavailability. Furthermore, fungi with broad mycelial networks are partic-
ularly suited for bioremediation processes. The use of filamentous fungus can be an 
useful approach or a beneficial supplement in situations when bacterial cells fail to 
develop the mycelia network needed to react with pollutants (Venkateswarlu 2014). 
According to Deng et al., the Cd, Pb, Zn resistant endophytic fungi Lasiodiplodia sp. 
MXSF31 was isolated from metal accumulating Portulaca oleracea and re-isolated 
from the shoots and roots of inoculated rape (Deng et al. 2014). The endophytic
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fungus demonstrated great biosorption and bioaccumulation capabilities of Cd, Pb, 
and Zn from metal-contaminated solutions and improved rape metal extraction effec-
tiveness in soils polluted with several metals. Endophytic fungi from plants accumu-
lating various metals could be useful microorganism resources for bioremediation of 
multiple heavy metal polluted water and soils due to their vast host range, endophytic 
nature, and resistance to multiple metals. 

Mesa et al. discovered the potential of indigenous arsenic-tolerant bacteria to 
enhance arsenic phytoremediation by the autochthonous pseudometallophyte Betula 
celtiberica, the results have showed that: a total of 54 cultivable rhizobacteria and 
41 root endophytes, mainly affiliated with the phyla Proteobacteria, Bacteroidetes, 
Firmicutes, and Actinobacteria, were isolated and characterized with respect to 
several potentially useful features for metal plant accumulation, such as the ability 
to promote plant growth, metal chelation, and/or mitigation of heavy-metal stress 
(Mesa et al. 2017). 

In the contaminated field, the siderophore and indole-3-acetic acid (IAA) 
producers of the endophytic bacterial consortium enhanced arsenic accumulation 
in the leaves and roots of Betula celtiberica, whereas the rhizosphere isolate Ensifer 
adhaerens strain 91R mainly promoted plant growth. 

Microorganisms and plants have developed a variety of strategies for coping with 
arsenic, allowing them to resist and metabolize it. These features serve as the foun-
dation for phytoremediation treatments, as well as the understanding that plant-
soil bacterial interactions are critical for optimizing arsenic absorption. Endosphere 
and rhizosphere bacterial populations of the autochthonous Betula celtiberica plants 
growing in arsenic-contaminated soils were studied. Inoculating plants with indige-
nous bacteria that are As resistant, produce growth factors, and have the ability to 
convert As(V) to As(III), hence facilitating As detoxification, can increase the effec-
tiveness of As phytoextraction by pseudometallophyte species like Betula. Further-
more, the usage of autochthonous plants and indigenous microbes relieved both 
partners’ autoecological requirements, guaranteeing effective plant growth (Xu et al. 
2016) (Fig. 13.2).

As(III) has been reported to be 60 times more toxic than As(V) and several hundred 
times more toxic than methylated arsenic to mammals (Neff 1997). As a result, the 
use of endophytes in arsenic metabolism is critical for organisms (Fig. 13.3).

To date, different genera of As(III)-oxidizing bacteria and archaea have been 
reported, including α-, β-, γ -Proteobacteria, Thermus, green sulfur bacteria, fila-
mentous green non-sulfur bacteria, Crenarchaeota and Euryarchaeota. Further-
more, some As(III)-oxidizing bacteria use As(III) oxidation as an energy source. 
Chemolithoautotrophic As(III)-oxidizing bacteria, such as Rhizobium sp. NT-26 
maintain bacterial growth by using As(III) as an electron donor, oxygen as an 
electron acceptor, and carbon dioxide-bicarbonate as a carbon source. Moreover, 
heterotrophic As(III)-oxidizing bacteria, such as Hydrogenophaga sp. N14 and 
Agrobacterium tumefaciens GW4, employ As(III) oxidation as an energy resource 
(Shi et al. 2020).
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Fig. 13.2 Schematic diagram of arsenic uptake, translocation, detoxification, and sequestration in 
fern (Xie et al. 2009)

Fig. 13.3 Overview of bacterial As(III) oxidation and chemotaxis (Shi et al. 2020)
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While IAA promotes plant growth, siderophores solubilize Fe from soils, allowing 
plants to absorb more Fe. Many endophytic bacteria found in hyperaccumulators 
exhibit plant growth promotion (PGP) properties. For example, Luo et al. isolated 30 
endophytes from Cd-hyperaccumulator Solanum nigrum from a mine tailing, with 
70% strains producing IAA at 1.60–122 mg L−1 and 8 strains solubilizing phosphate 
at 22–400 mg L−1 (Luo et al. 2011). Visioli et al. isolated 5 endophytes from Ni-
hyperaccumulator Noccaea caerulescens that were capable of producing siderophore 
(Visioli et al. 2014). Endophytes isolated from Prettis vitata (PV) cultivated in clean 
soils by Zhu et al., on the other hand, demonstrated minimal PGP features (Zhu et al. 
2014). It is probable that a plant’s PGP ability is connected to its metal resistance. 
As a result, As-resistant endophytic bacteria from PV cultivated in As-contaminated 
soils must be isolated and characterized. Aside from PGP features, endophytes have 
strong tolerance to metal stress, which contributes in the reduction of metal phyto-
toxicity and the promotion of plant growth (Sessitsch et al. 2013). Endophytes have 
presumably developed mechanisms to adapt to heavy metal stress since hyperac-
cumulators have high metal concentrations in their biomass (Idris et al. 2004). For 
instance, Long et al. found endophyte from Sedum alfredii tolerated Zn and Cd 
while endophytes from hyperaccumulators Thlaspi goesingense, Alyssum bertolonii, 
and Solanum nigrum exhibited high tolerance to Ni and Cd (Xinxian et al. 2011). 
However, only one study focused on endophytes from PV growing in a clean soil (Zhu 
et al. 2014). Soil As pollution is known to influence microbial composition and diver-
sity. Furthermore, endophytes from hyperaccumulators growing in polluted soils are 
likely to be more metal-tolerant than those from clean soils. Endophytic microbes 
have the ability to convert As to less toxic forms, allowing them to convert or immo-
bilize As in soil-plant systems (Suhadolnik et al. 2017). Endophytes, or microbial 
bio-transformations in the host plant, play an essential part in arsenic biochemistry 
and are critical in risk assessment and remediation research (Anguita et al. 2018). Zhu 
et al. found that the ability of PV endophytes to reduce AsV and oxidize AsIII was 
related to their As tolerance (Zhu et al. 2014). Despite this, the study only included a 
small number of PV endophytes. Furthermore, PV rhizosphere bacteria were studied 
for As resistance and As transformation; certain rhizobacteria demonstrated a dual 
function of AsIII oxidation and AsV reduction (Rathinasabapathi et al. 2012). Endo-
phytes linked with PV and their roles in As tolerance and transformation, on the other 
hand, are poorly understood. The study’s goals were to (1) isolate and characterize 
As-resistant endophytic bacteria from PV cultivated in soil containing 200 mg kg−1 

AsV and (2) investigate the relationship between bacterial capability in As resistance 
and As transformation. The findings of these studies are critical for better under-
standing As tolerance and transformation mechanisms in As-resistant endophytes, 
as well as for improving phytoremediation of As-contaminated soils. According 
to Stazi et al., soil microbes and endophytes in hyperaccumulator plants enhance 
arsenic bioavailability by assisting in arsenic accumulation, release/conversion to 
other forms of As that are more mobile or soluble in water (As III) (Abbas et al. 
2018). Microorganisms convert arsenic in host plants from one form to another via 
several processes/mechanisms such as methylation and demethylation (conversion 
of inorganic form to organic and vice versa) (Pantsar-Kallio and Jørgensen 2002).
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Microorganisms have been shown to transform inorganic arsenic to organic arsenic 
forms (Gadd 1993). Some (demethylated) microorganisms, on the other hand, may 
convert methylated arsenic to inorganic arsenic via biological methylation (Gao and 
Burau 1997). 

In the study carried out by Xu et al., 43 As-resistant endophytic bacteria from the 
roots, stems, and leaflets of As hyperaccumulator PV were isolated and characterized 
(Xu et al. 2016). There was a huge variety, with four phyla and 17 genera, with 
Proteobacteria and Actinobacteria dominating. Among endophytes, Brevundimonas 
sp. was the main species in all three PV tissues. PGP characteristics were present in all 
endophytes. Endophytes from PV roots and stems were more capable of phosphate 
solubilization than leaflets. Furthermore, all endophytes were resistant to As. Six 
endophytes in particular grew faster in the presence of 10 mM AsV than the control, 
most likely due to As-stimulated growth. Endophytes from PV roots were also more 
resistant to AsV, whilst those from leaflets were more tolerant to AsIII. Bacterial 
resistance to AsV was shown to be positively associated to their capacity to reduce 
AsV but not to oxidize AsIII. According to the findings, As-resistant endophytes 
may promote plant growth in PV, increasing its effectiveness in phytoremediation of 
As-contaminated locations. 

Because pollutants such as heavy metals, polycyclic aromatic hydrocarbons 
(PAHs), and halogenated hydrocarbons have phytotoxic effects on plants, phytoreme-
diation may be hindered. However, in addition to their ability to promote plant growth, 
certain endophytes have been demonstrated to produce iron chelators, siderophores, 
organic acids, and other degrading enzymes, which can change the toxicity of pollu-
tants. Plant-associated bacteria may improve phytoextraction by modifying the solu-
bility, availability, and transport of heavy metals and nutrients via the formation of 
organic acids and redox changes. Furthermore, the release of low-molecular-mass 
organic acids by certain endophytes has been demonstrated to promote heavy-metal 
mobilization (Li et al. 2012). 

The efficiency of phytoremediation of metal-contaminated soil is mainly depen-
dent on metal uptake and accumulation in shoots. It has been demonstrated that 
some heavy-metalresistant/plant-growth-promoting endophytes can improve metal 
uptake and accumulation in plants. For example, Ma et al. discovered that inocu-
lating Alyssum serpyllifolium with the plant-growth boosting endophytic bacteria 
Pseudomonas sp. A3R3 dramatically enhanced Ni concentration in plant (Ma et al. 
2011). Chen et al. (2010) found that four heavy-metal-resistant endophytic bacteria 
improved Cd accumulation in root, stem, and leaf tissues of Solanum nigrum L. 
growing in three levels of Cd-contaminated soil; they also found that the accumu-
lation capacity changed with the Cd concentration in the soil (Chen et al. 2010). 
Similarly, Mastretta et al. showed that the inoculation of Nicotiana tabacum with 
Cd-resistant endophyte Sanguibacter sp. increased the concentration of Cd in shoot 
tissues (Mastretta et al. 2009), while Sheng et al. (2008) discovered that the inocu-
lation of Brassica napus with Pb-resistant endophytic bacteria increased Pb uptake 
into the shoot (Sheng et al. 2008). 

In Vietnam, soil contaminated with high concentrations of lead and cadmium 
was investigated and detected in the vicinity of the zinc/lead mining and processing
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factory in Tan Long commune, Dong Hy district, Thai Nguyen province. Lead and 
cadmium concentrations at Tan Long’s old solid waste dump from the zinc-lead 
factory ranged from 1100 to 13,000 mg kg−1 and 11.34 to 61.04 mg kg−1, respec-
tively. Lead and cadmium Soil Pollution Indexes (SPI) were highest in the old solid 
waste dump region, followed by rice soils. The arsenic pollution of the soil in this 
area was caused by tin mining and sorting activities in Ha Thuong. Arsenic concen-
trations in soils were higher than 320 mg kg−1 (dry weight) and up to 3809 mg kg−1 

in all evaluated areas (Chu 2011). In our study, 20 fern samples were collected at 
Nui Phao mine, Thai Nguyen province, Vietnam, where Cd and As concentrations at 
sampling points were about 0.648 mg kg−1 and ranged from 316 to 1606 mg kg−1, 
respectively (Tam et al. 2021). 205 strains of endophytic bacteria were isolated from 
the collected samples, with 73 growing on an LB agar plate containing 5 mM As(III) 
and 132 growing on an LB agar plate containing 5 mM As(V), distributed in all three 
parts: stem, root, and leaf. The percentage of endophytic bacterial colonies isolated 
from the roots was higher than those from branches and leaves (58%, 21% and 21%, 
respectively). Of the 205 endophytic bacterial isolates, 31 had minimal inhibitory 
concentrations in the range of 80–320 mM. Among them, strain Micrococcus luteus 
S3.4.1 can be tolerant to the concentration of As (V) up to 320 mM and synthesize 
high level of IAA (18.72 µg/ml) (Tam et al. 2021). 

The experimental evidence presented above have been demonstrated that endo-
phytes possess diverse biological characteristics such as the producing plant growth 
substances, heavy metal tolerance, reducing toxicity of heavy metals to plants, having 
wide spectrum of host plants, and degrading organic compounds to supply minerals 
for plants… This is an advantage of the host-endophyte mutualistic relationship, 
which can stimulate plant growth, development and tolerance, and thus contribute to 
promoting the efficiency of heavy metal treatment. 

To generalize the content of this section, some of endophytes’ traits in heavy metal 
remediation have been summarized as shown in Table 13.2:

13.6 Conclusions and Future Prospects 

The application of endophytic microorganisms in phytoremediation to enhance heavy 
metal removal efficiency is relatively new but is making rapid progress. Endophytes 
is clearly a novel group of microorganisms, with great potential in heavy metal 
removal, the use of which is an environmentally friendly and sustainable approach 
to bioremediation. Endophytes can be isolated from a variety of hosts, showing 
high heavy metal tolerance and removal capacity. In the future, introducing endo-
phytic microorganisms with high heavy metal tolerance, absorption and assimilation 
capacity into polluted areas and host plants used in heavy metal bioremediation to 
clean the environment might well be possible. 

With the presence of endophytic microorganisms, vitality and heavy metal hyper-
accumulation capacity of host plants can be enhanced due to better growth, increased 
resistance to environmental stress, heavy metal transformation and absorption genes
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Table 13.2 Endophytes’ traits in heavy metal remediation 

Heavy metal bioremediation References 

Have metal removal capacity Sim et al. (2019), Sim et al. (2016) 

Reduce As(V) to As(III) and/or oxidize As(III) Pongratz and Heumann (1999), Vaxevanidou 
et al. (2012), Abbas et al. (2018), Xu et al. 
(2016), Shi et al. (2020), Zhu et al. (2014) 

Heavy metal absorption Sim et al. (2016), Chen et al. (2010), El-Gendy 
et al. (2011), Dursun et al. (2003), Bibi et al. 
(2018), Mesa et al. (2017) 

Bioaccumulating heavy metal Deng et al. (2014) 

Limit heavy metal bioavailability Ahmad et al. (2016), Pantsar-Kallio and 
Jørgensen (2002), Ma et al. (2016), Bibi et al. 
(2018), Venkateswarlu (2014), Li et al. (2012) 

Have strong tolerance to metal stress Venkateswarlu (2014), Sessitsch et al. (2013) 

Transform inorganic arsenic to organic arsenic 
forms and vice versa 

Pantsar-Kallio and Jørgensen (2002), Gadd 
(1993), Gao and Burau (1997) 

Promote plant growth Ma et al. (2016), Mesa et al. (2017), Xu et al. 
(2016), Visioli et al. (2014), Sessitsch et al. 
(2013), Li et al. (2012) 

Modify solubility, and transport of heavy 
metals and nutrients via the formation of 
organic acids and redox changes 
Release of low-molecular-mass organic acids 
to promote heavy-metal mobilization 

Li et al. (2012)

reducing heavy metal toxicity in cells. In Vietnam, studies on endophytes absorbing 
heavy metals and supporting host plants in heavy metal absorption are both few 
in number and small in scale. In the future, the application of endophytes into host 
plants (heavy metal hyperaccumulators) will be rapidly developed and the interaction 
mechanism between endophytes and host plants to enhance heavy metal absorption 
capacity will be further studied, clarified and effectively applied. 
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Chapter 14 
Evaluation of Density Characterization 
of Municipal Solid Waste in Southern 
Part of Vietnam 

Hung-T. Vo, Thong-H. Nguyen, Vinh-T. Bui, Ngoc-L. Dang, Phong-T. Le, 
Hau-T. Le, Linh-T. D. Le, and Thong-V. Pham 

Abstract Unit weight of municipal solid waste (MSW) varies notably depending on 
waste composition, operational conditions, and waste decomposition process. The 
unit weight of MSW is an essential key parameter in determining acting loadings 
and construction costs for landfills, specifically evaluating a safety factor and total 
capacity volume. The improper unit weight could lead to the incorrect conversion 
between the weight and the volume, thus causing issues in the management and 
treatment of MSW. This study presents an experimental evaluation of density char-
acterization of MSW in the southern part of Vietnam. To achieve the objective, first, 
experimental tests of MSW unit weight for three landfills in southern areas of Vietnam 
are conducted. Then, MSW unit weight for current landfills using measured masses 
and total waste volume is estimated. The predicted unit weight is compared with pre-
published to evidence the correctness of the proposed method. The analyzed result 
shows that the unit weight of MSW is varied from 5.53 to 15.65 kN/m3 depending 
on waste compositions, landfilling time, and locations of waste sampling. 
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14.1 Introduction 

Any residual materials, originating from human activities and industrial works and 
having no residual value, are defined as waste. The increasing population leads to 
urbanization levels and consumption of goods, thus resulting in more waste produced 
(Ding et al. 2021; Alam and Qiao 2020). It is estimated that by 2050 the amount of 
municipal solid waste (MSW) worldwide will be about 3.40 billion tons a year, which 
is 1.7 times larger than that produced in 2016 (Kaza et al. 2050). When untreated 
waste is directly released into the surrounding environment, it could cause risks to 
lands, water, and even air pollution. The proper disposal of residual waste materials 
(non-hazardous waste and hazardous waste) makes a significant concern (Richter 
et al. 2021; Prajapati et al. 2021), especially in megacities. 

In Vietnam, rapid urbanization, and population growth lead to increasingly high 
amounts of waste. The amount of waste in 2015 is estimated to be over 27 million 
tons. As reported (Katelijn et al. 2018), the yearly growth rate of MSW is about 8.4% 
for urban areas and about 5% for rural areas. By 2030, MSW volume in the whole 
country is predicted to be about 54 million tons. 

Among waste treatment methods (Bilgin and Tulun 2015; Lu and Tam 2013; 
Edalatpour et al. 2018), a landfill is commonly used to dispose of MSW (Moberg 
et al. 2005; Gopikumar et al. 2021) since it is a simple and cost-effective method. 
Thousands of landfills are active, closed, and abandoned (Jain et al. 2014) (e.g., 
nearly 100,000 in the U.S or more than 20,000 in China). In Vietnam, about 60– 
70% of collected MSW is treated by landfill methods, while the remaining waste 
is disposed into the surrounding environment or freely transferred to local markets 
(e.g., construction solid waste). Of the 660 landfills, only 30% of them are classified 
as sanitary landfills (Jain et al. 2014). As planned by the Vietnam government, by 
2025, less than 30% of MSW will be dumped. This is extremely challenging for not 
only the government and local authorities but also the society due to a large amount 
of waste. 

Designing and operational landfills can be a challenge for engineering since the 
complex geotechnical properties, and mechanical behavior of MSW causes some 
issues (i.e., stability of the slope, leachate escape, and settlement (Zeccos 2005)). 
Among geotechnical properties of MSW, such as waste composition, unit weight, 
hydraulic conductivity, shear strength, and compressibility, the unit weight is found 
to be the most essential for landfill design and increasing landfill capacity so far 
(Breitmeyer et al. 2020; Raviteja et al. 2021). The unit weight helps to decide the 
layout options in order to ensure the safety factors and environmental safety. The 
unit weight can differ from one area to others depending on variances such as climate 
conditions, operational conditions, waste compositions, and testing methods. It leads 
to the varied values reported in the literature (Raviteja et al. 2021; Zekkos et al. 2006). 
To ensure structural safety, appropriate values of unit weight of municipal solid waste 
should be selected based on the changeability of MSW data at a specific landfill site.
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Experimental investigations on MSW showed that the changes in unit weight 
values were from 8 to 21 kN/m3 (Matasović et al.  1998), which was quite dependent 
on the aging and degradation of MSW. For newly dumped MSW, the unit weight is 
generally influenced by covering soil layers, the compaction techniques, and waste 
compositions with weight values of about 9 kN/m3 for dry waste and 16–20 kN/m3 

for degraded waste (Kavazanjian et al. 1996). Moreover, the height of the landfill 
and confinement can also lead to variations in the MSW unit weight (Raviteja et al. 
2021; Zekkos et al. 2006). 

According to official data from the Ministry of Science, Technology, and Envi-
ronment, Ministry of Construction, Vietnam (No. 01/2001/TTLT-BKHCNMT-BXD 
dated 18/01/2001), the unit weight of MSW was varied from 5.2–8.0 kN/m3. The unit 
waste from Vietnamese guidelines conflicts with examined data from other exper-
imental studies. In addition, the diversity of waste composition for landfills in six 
cities (i.e., Hanoi, Hai-Phong, Hue, Da-Nang, HCM city, and Bac-Ninh) (Nguyen 
et al. 2014) from the North to South of Vietnam shows that there exist differences in 
the receiving process, classification, landfilling, and decomposition. Currently, a rare 
study has been conducted to determine MSW due to no established standard method. 
This study presents an experimental evaluation of density characterization of munic-
ipal solid waste in the southern part of Vietnam. To achieve the objective, first, an 
experimental test of MSW unit weight for three landfills in southern areas of Vietnam 
is conducted. Second, municipal solid waste unit weight for current landfills using 
mass and total waste volume is estimated. Lastly, by comparing with pre-published 
to evidence the correctness of the proposed method, some suggestions for waste 
management in Vietnam are made (Fig. 14.1). 
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Fig. 14.1 Composition of MSW in some Vietnam landfills
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14.2 Materials and Methods 

14.2.1 Experimental Test of MSW Unit Weight for Landfills 

In actual point of fact, there is no Vietnamese standard method for determining 
the unit weight of MSW. This part presents some sampling methods proposed to 
determine the waste unit weight in landfills in the south areas of Vietnam, as shown 
in Fig. 14.2. Three different landfills under different operating conditions in Vinh-
Long city, Nhon-Trach city, and Bau-Can commune were selected to examine unit 
weight. Specifically, Hoa-Phu landfill located in Vinh-Long city consists of fresh 
wastes, and Dong-Mu-Rua landfill located in Nho-Trach city is a residual landfill. 
Meanwhile, a landfill located in Bau-Can commune contains many types of waste 
(e.g., fresh, old waste, and residual waste). Waste samplings of each landfill were 
implemented, according to the conditions of each landfill. 

14.2.1.1 Tube-Based Sampling of MSW for Unit Weight Estimation 

A plastic tube having a diameter of 220 mm and 600 mm in height was used to take 
actual samples at Dong-Mu-Rua landfill in Nhon-Trach city, as seen in Fig. 14.3. The  
waste was collected at four different locations (namely M01-M04) in the landfill at 
the same depth in the landfill (see Fig. 14.3a). The samples were carried out during 
the unloading of waste from the landfill, which was moved to the waste treatment 
areas. At the sampling (April 2017), the waste was dumped for several years, with 
the top layers of the landfill removed. As a result, the waste has been decomposed. 
Figure 14.3b shows a real image of waste sampling using tubes.

The values of unit weight in this landfill varied from 9.9 kN/m3 (at M01) to 
13.5 kN/m3 (at M03). Meanwhile, the ones at M02 and M04 were 13.0 kN/m3 and 
14.5 kN/m3, respectively. The measured value was consistent with the declared MSW 
unit weight (Zekkos et al. 2006).

Fig. 14.2 Locations of examined unit wastes of MSW 
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a) Locations of waste sampling b) Image of tube-based sampling 

Fig. 14.3 Sampling locations of Dong-Mu-Rua landfill

14.2.1.2 Large Waste Volume-Based Sampling of MSW for Unit 
Weight Estimation 

The method can be applied to landfills with various waste components. A large 
amount of waste is excavated using an excavator to put into waste containers. The 
use of waste containers helps to estimate waste volume accurately since it is very had 
to keep a stable excavation pit in-site. Then, the waste was weighed, and its volume 
was measured to compute the unit weight. This method was applied to calculate the 
unit weight for two landfills, including landfill BCL01 (see Fig. 14.4) and landfill 
Hvs1 (see Fig. 14.5) in Bau-Can commune (see Fig. 14.2). 

For Landfill BCL01, the landfill was covered by soil and HDPE membrane to close 
the landfill. The waste includes various waste types (new and old waste) received 
from residual landfills, including from the Dong-Mu-Rua landfill. The samples were

a) Five locations of waste sampling b) Excavator for collecting waste 

Fig. 14.4 Sampling locations for landfill BCL01 in Bau-Can commune
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a) Location of  waste sampling b) Receiving waste 

Fig. 14.5 Sampling locations of Bau Can landfill for landfill Hvs1 in Bau-Can commune

taken at a depth of 4–6 m at random locations in the landfill. Figure 14.4a shows five 
locations (namely M1-M5) for collecting waste in landfill BCL01, and Fig. 14.4b 
shows an image of the excavator used to get waste put into waste containers. The unit 
weight was recorded from 12.89 kN/m3 (at M5) to 15.65 kN/m3 (at M1). Meanwhile, 
the unit weight values at M2, M3, and M4 were 14.24 kN/m3, 13.36 kN/m3, and 
13.21 kN/m3, respectively. The measured values at landfill BCL01 are relatively 
higher than that at Dong-Mu-Rua landfill (9.9 kN/m3 to 13.5 kN/m3) (see Sect. 2.1.1). 
It could come from the process of transforming old waste, compaction, and different 
sampling times. 

For landfill Hvs1, the landfill is in the operational process, as shown in Fig. 14.5. 
The location of BCL01 and Hvs1 was close to each other in Bau-Can commune. 
Waste samples were at one location (see Fig. 14.5a) for different depths from the 
surface. Totally five samples (namely S1-S5) were collected at an interval of 1 m 
from the top surface of the landfill. The unit weight corresponding to 1 m depth of 
waste was 6.04 kN/m3 at S1, 8.87 kN/m3 at S2, 12.17 kN/m3 at S3, 11.34 kN/m3 at 
S4, 12.88 kN/m3 at S5. The average waste unit weight was about 10.26 kN/m3. 

According to Zekkos et al. (2006), the unit weight along with the depth of the 
landfill could be estimated as follows: 

γ = γ + z 

αi + βi z 
(14.1) 

where γi is the near-surface in-place unit weight (kN/m3), z is the depth (m) weight 
γ to be estimated, α (m4/kN) and β (m3/kN) are modeling parameters. 

Table 14.1 shows the comparison of the measured value of the unit weight and 
estimated ones using Eq. (14.1). In the calculation, γ = 20 kN/m3 was applied to 
calculate the coefficient β, and the coefficient α was determined according to the 
actual unit weight at a depth of 1 m and 5 m. In the table, the γreal represents for 
measured unit weight at S1-S5 in landfill Hvs1. The result shows a relatively good 
estimation of unit waste using the empirical equation (Zekkos et al. 2006).
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Table 14.1 Comparison of actual unit weight (landfill Hvs1) and estimated one using an empirical 
equation 

z γreal α β γestimated Difference 

m kN/m3 m4/kN m3/kN kN/m3 (%) 

1 6.04 0.373 0.072 6.04 

2 8.87 0.373 0.072 9.92 − 12% 

3 12.17 0.373 0.072 11.14 8% 

4 11.34 0.373 0.072 12.11 − 7% 

5 12.88 0.373 0.072 12.88 

14.2.1.3 Compressed Waste in Pistons-Based Sampling of MSW 
for Unit Weight Estimation 

Waste collected from households was transported using trucks. The trucks are 
designed with pistons to introduce pressure 4 kN/m2 to compress MSW before 
dumping in the landfills. The method helps to reduce void and minimize wastewater 
in MSW before landfilling. The technique was applied to the Hoa-Phu landfill in 
Vinh Long province, as seen in Fig. 14.6. At first, the waste was sampled on the 
surface of the landfill at six different locations (namely SL1-SL6), and it was put 
into the piston with a pressure of 4 kN/m2. Then, the waste was weighed to determine 
the weight, and the actual volume of the piston was also calculated. 

The average value of unit weight was about 5.53 kN/m3, with the maximum at 
SL3 (8.4 kN/m3) and a minimum at SL5 (3.39 kN/m3). Meanwhile, the values of unit 
weight at other locations were 7.08 kN/m3 for SL1, 6.33 kN/m3 for SL2, 3.73 for 
SL4 kN/m3, and 4.15 kN/m3 for SL6. The unit value is consistent with the official 
data (5.2–8.0 kN/m3) by Vietnamese officials (No. 01/2001/TTLT-BKHCNMT-BXD 
dated 18/01/2001).

Fig. 14.6 Pictures of Hoa Phu landfill in Vinh Long province 
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14.2.2 Estimation of Municipal Solid Waste Unit Weight 
for Current Landfill 

It is necessary to estimate the unit weight of MSW for checking slope stability 
or increasing landfill capacity in some cases. As shown in Fig. 14.7, two land-
fills, namely BCL02 and BCL01A, are located close to each other in the Northwest 
Complex HCM city. The landfill BCL1A is going to close, and it was equipped with 
the instrumentation to obtain the necessary parameters for calculating the weight 
unit. Meanwhile, the landfill BCL2 is planning to increase capacity under rapid 
MSW in HCM city. The unit weight from BCL1A was used to check the stability 
(not presented in this study) and to determine the capacity of the BCL2. As zoomed 
in the figure, the status of the landfill BCL2 before increasing volume capacity (taken 
in 2013). 

To estimate the unit waste, the data for the calculation includes the total amount of 
received waste, amount of soil cover, amount of rainfall, amount of leachate pumped 
to treat, and amount of evaporation. The calculation of the unit weight of the current 
landfill is compared with measured settlement data (bottom ground settlement) and 
measured pressure at the landfill bottom. The unit weight of MSW is determined 
using the formula:

BCL02 

BCL1A 

Location of pressure sensors (at bottom of the landfill) 

E2 

E3 

Fig. 14.7 Picture and layout of BCL1A, BCL02 landfill, Northwest complex 
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γr = M 

V 
(14.2) 

where γr is the unit weight of MSW, M and V are the total weight and total volume 
of the landfill BCL1A. 

The total weight (M) is calculated based on the amount of landfilled waste (M1, 
according to data from weighbridge, decomposition amount (namely M2 due to 
biogas generation), covering soil layers (namely M3), rainfall water weight (namely 
M4), leachate weight (namely M5), and the bottom structure layer weight (namely 
M6, 0.7 m thick and unit weight of 1.8 ton/m3). Total volume (V) is calculated based 
on geometric volume corresponding to the actual height of landfill (namely V1), and 
ground settlement volume due to a load of waste (namely V2). The details of the 
calculation process are shown in the following sections. 

14.2.2.1 Determining Total Landfill Weight of BCL 1A 

Landfill BCL1A received waste 1,186,484 tons in 2007–2008, specifically 
613,904 tons in 2007 and 572,580 tons in 2008. In 2009, based on the measured 
pressure at the bottom of BCL1A (see locations in Fig. 14.7), the remaining waste 
was about 1,083,450 tons. It meant that the volume of decomposed waste was about 
103,034 tons. It was assumed that one-ton waste generated 161.480 m3 CH4 and 
140.631 m3 CO2, equivalent to 385 kg. The amount of waste lost due to decomposition 
into biogas (M2) by 2009 was 39,668 tons. 

The volume of covering soil layers with 2 m height of waste covered by 0.2 m 
covered soil (based on approved project document) was 99,384 m3. For the unit 
weight of 1.8 tons/m3, the total soil weight (M3) was 178,891 tons. Table 14.2 shows 
measured rainfall and evaporation data in 2007, 2008, and 2009 at the landfill. As 
seen in the table, water entering landfills (M4) was about 162,547 tons. 

For the average amount of leachate pumped for treatment of 400 m3 per day, the 
weight of M5 was about 146,000 tons per year. The weight of the bottom layer of the 
landfill (M6) was about 122,850 tons, in which landfill has a size of 650 × 150 m. 

The total weight (M1) of the landfill BCL1A was determined using Eq. (14.3). 
The total weight was estimated at about 1,465,104 tons. The average pressure at the 
bottom of the landfill was 15.03 tons/m2, which was the weight per area of landfill 
(650 × 150 m).

Table 14.2 Measured rainfall and evaporation within BCL1A landfill area 

Year 2007 2008 2009 Sum 

Rainfall (tons) 56,886 176,777 193,040 426,704 

Evaporation (tons) 29,279 117,439 117,439 264,157 

Water entering landfill (tons) 27,607 59,339 75,602 162,547 
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Table 14.3 Measured pressure at the bottom of landfill BCL1A 

Value\date 17/09/2009 11/01/2010 

Point E2 (tons/m2) 11.30 11.15 

Point E3 (tons/m2) 15.96 15.66 

Average (tons/m2) 13.63 13.40 

Different from calculation result (%) 10 12 

M = M1 − M2 + M3 + M4 − M5 + M6 (14.3) 

Table 14.3 shows the real measured data for the pressure at the bottom of the 
landfill BCL1A in two years 2009–2010 at two-point E2 and E3 (see marked in 
Fig. 14.7). The average pressure was about 13.63 tons/m2 for data in 2009 and 
13.40 tons/m2 for data in 2010. Compared with the estimated data (15.03 tons/m2), 
the differences in calculation and measured data are slightly different. There are some 
reasons that could cause the differences. First, the calculated bottom pressure is the 
average waste data in the whole landfill. Second, the measured data represents the 
pressure at the local measuring points. Third, the amount of evaporation, leachate, and 
waste decomposition may not be accurately estimated. Last, the changes in geometric 
parametric parameters of landfills or foundation settlement could also have effects 
on the estimation result. 

14.2.2.2 Determining Total Volume of BCL 1A 

Because the landfill was built on soft clay layers (i.e., organic clay mud and bluish-
grey), the settlement of the landfill could be large. To determine the volume of the 
landfill, it is necessary to determine the settlement of the landfill bottom. Twelve 
locations (namely P1-P12) were picked to measure the settlement of the landfill 
BCL1A. The measured points P1, P3, P9, and P12 were located at the near edge of the 
landfill, and the remaining measured points were placed in the middle of the landfill 
at the bottom. Table 14.4 shows the measured bottom settlement of landfill BCL1A. 
The average settlement at the edge of the landfill was about 1.28 m (calculated from 
data at P1, P3, P9, and P12). Meanwhile, the average settlement in the middle of the 
landfill was about 4.17 m. Overall, the average settlement of the landfill BCL1A was 
about 3.2 m (Average value was from 12 measured data P1-P12). Meanwhile, the 
calculation settlement is 2.0–5.1 m. 

Table 14.4 Measured bottom settlement for the middle and edge locations of landfill BCL1A 

Measured 
points 

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 

Settlement 
(m) 

0.79 3.04 1.28 2.55 5.43 7.98 4.01 3.36 1.65 3.27 3.72 1.4
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With the measured elevation of the top of the landfill being + 14.0 m, the volume 
of the landfill was 964,215 m3 (V1), calculated using the geometric parameters of 
the landfill. The volume induced by settlement was about 312,000 m3 (V2), which 
was calculated from 3.2 m by multiplying by the landfill area. The total volume (V) 
of the landfill, including the settlement, was 1,276,215 m3. 

14.2.2.3 Estimation of Unit Weight of MSW for BCL1A 

The average unit weight of waste was estimated at about 1.148 tons/m3, calculated 
using Eq. (14.1). The calculated unit weight from landfill BCL1A was applied to 
compute the increasing capacity of landfill BCL02. As a result, the capacity of BCL02 
increased 30%, from 4.5 million tons to 6.0 million tons. The increasing capacity 
of landfill BCL02 was conducted from 2013 to 2015. The landfill BCL02 has been 
successfully operated without any problems, thus evidencing the correctness of the 
calculation method. 

14.3 Discussion on Effects of MSW Unit Weight on Waste 
Management 

From experimental results, it is found that the unit weight of different landfills in the 
southern provinces of Vietnam was quite different. The unit weight of MSW varied 
from 6.04 to 15.65 kN/m3 for landfill Hvs1 (Bau-Can commune), 9.9–13.5 kN/m3 for 
Dong-Mu-Rua residual landfill. Additionally, the unit weight of old waste in some 
landfills in An Giang province was recorded with an average value of 9.34 kN/m3 

(according to No. 4902/SXD-KT&QLXD dated December 31, 2021 by the Depart-
ment of Construction of An-Giang province). The experimental results in the study 
were quite consistent with the previous studies (Raviteja et al. 2021; Zekkos et al. 
2006). Generally, the MSW from different sources have different values, but the 
unit weight of compacted waste has a higher value than that of un-compacted one. 
Moreover, the unit weight of the old waste is higher than that of the new one, and 
the near-bottom layer waste yields a higher unit weight. 

The unit weight of MSW is an important parameter in the calculation of the 
structure of landfills as well as related waste treatment construction. The changes in 
unit weight could have an effect on the calculation results. The result of MSW unit 
weight shows that the unit weight of waste from 5.53 to 15.65 kN/m3, thus leading 
to difficulties in the selection of unit weight for other works (e.g., landfill design 
or increasing landfill capacity). On the other hand, the weight and volume of waste 
are converted through the unit weight. The improper unit weight could lead to the 
incorrect conversion between the weight and the volume, thus causing some issues 
in the management and treatment of MSW.
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As presented, the official value of the unit weight of waste used in the design 
landfill (in Vietnam) varied from 5.2 to 8.0 kN/m3. The unit value is only suitable 
for fresh waste (just collected from households). In fact, the unit weight is changed 
depending on the nature of decomposition, waste composition, and structure of the 
waste, as analyzed in Sect. 14.2. Moreover, when a low value of unit weight is applied 
for landfill design, it will lead to inappropriate design, thus causing a reduction in 
the volume of received waste or incorrect construction safety calculations. 

In terms of waste management, environmental management agencies usually set 
a specific volume of the landfill that can be received. When the landfill reaches the 
design volume, it will be closed (according to 02/2022/TT-BTNMT dated January 
10, 2022 of the Ministry of Natural Resources and Environment). As analyzed in 
Sect. 14.2.2, the landfill volume can be influenced by the ground settlement. The 
settlement can increase landfill capacity, a good point in terms of social efficiency. 
However, increasing dumped waste can affect construction safety and environmental 
safety due to damage to the waterproofing layer, the leachate collection system, and 
the biogas collection system. Another point, the same permit volume is not mean the 
same total weight of received waste, because the different of unit weight. 

Currently, waste management has a significant concern in Vietnam since most 
landfills are open-type landfills and unsanitary (Katelijn et al. 2018). These landfills 
are being cleaned up by excavating and transporting to waste treatment companies 
to ensure the environment. It is known that the calculation of weight volume trickily 
depends on the unit weight. The inappropriate selection of unit weight leads to incor-
rect determination of the waste amount, causing disagreements about the amount of 
waste treatment. 

14.4 Concluding Remarks 

In this study, the density characterization of municipal solid waste in the southern 
part of Vietnam was experimentally examined. At first, the experimental test of MSW 
unit weight for three landfills in southern areas of Vietnam was conducted. Then, 
the MSW unit weight of current landfills was estimated using measured masses and 
total waste volume. 

Regarding experimental determination of the unit weight of MSW, three methods 
for waste samplings were implemented, as follows: 

(1) Tube-based sampling can be applied for residual waste partially or fully 
decomposed. 

(2) Large waste volume-based sampling is applicable to landfills with a variety of 
waste types (old waste, fresh waste, and non-hazardous industrial waste). 

(3) Compressed waste in pistons-based sampling can be applied to fresh waste or 
waste on the surface of the landfill.
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The result of the study shows that the empirical formula by Zekkos (Zekkos et al. 
2006) could be applied to determine values at different depths in the Southern part 
of Vietnam. Moreover, it suggests that a combination of waste sampling methods 
should be used to determine on-site unit weight. 

Furthermore, this paper presents the method to determine the waste unit weight 
using real monitoring data from landfill operating progress (e.g., amount of waste 
received, time, weather conditions). In case of no monitoring data, design data of 
landfills would be combined with the actual operation data to enable the calculation 
of weight unit. Depending on the requirement of each project, the distribution of unit 
weight along with the depth of the landfill can be estimated using monitoring waste 
properties in a landfill. 

Regarding the value of unit weight of waste for waste management issues, the 
following remarks can be gained from the study, as follows: 

(1) The value of unit weight of MSW is a value that changes over time and the 
storage space due to changes in the physical and chemical properties of the 
waste, especially for landfills that receive many types of waste (e.g., porosity, 
moisture, waste composition, waste chemical component, temperature, pH, and 
microbial content affecting the decomposition rate of waste). The decomposition 
of waste leads to a change in the composition of the waste structure and vice 
versa, so far. 

(2) The value of the unit weight of MSW varied from 5.53 to 15.65 kN/m3. The  
value is quite different from the reference value announced by the Vietnamese 
authorities (5.2–8.0 kN/m3). The actual data proved that the unit weight value 
is about 5.2–8.0 kN/m3 is suitable for the fresh waste. 

(3) The improper unit weight could lead to the incorrect conversion between the 
weight and the volume. The same permit volume of landfill is not mean the 
same total weight of received waste because of the difference in the unit weight. 

(4) The calculated and surveyed values in this report were also consistent with the 
published values of solid waste landfills. 

(5) It is necessary to update the unit weight of waste in the authority document 
to help the calculation load and landfill design better. Moreover, other MSW 
parameters, such as internal friction angle, and physicochemical properties 
overtimes, need to be further considered. 
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Chapter 15 
Assessment of Lead (Pb) Accumulation 
in Native Plants Growing on Coal Mine 
Site in Northeastern Vietnam 

Bui Xuan Dung , Truong Ngoc Anh , and Nguyen Thi My Linh 

Abstract Heavy metals are environmental contaminants that are hazardous to soil, 
water, animals, and human health. Recently, the problem of heavy metal treatment 
in soil after mining has been studied by many scientists both at laboratory and field. 
The application of native plants in treating heavy metals (Phytoremediation) in the 
soil after mining is interesting, appreciated, and highly applicable because of its 
friendliness to the polluted environment, cost-saving, improving the landscape and 
environment, and favorable for long-term implementation. The primal objective of 
this study was to examine the tolerance of native plants to lead (Pb) accumulation 
in soil. The plant samples and soil samples were taken analyzed for Pb concentra-
tion. Research results showed that, all three species of plants had the ability to grow 
and develop well in the environment with the concentrations of Pb. The average 
Pb accumulated was the highest in Lantana camara at 3.38 mg/kg, followed by 
Eleusine indica and Aglaonema muntifolium at 1.67 mg/kg and1.37 mg/kg, respec-
tively. Based on the enrichment coefficients for stem-leaves and root values, plant 
was separated into two group including hyperaccumulator (Aglaonema muntifolium) 
and phytostabilizer (Lantana camara and Eleusine indica). Our study suggested the 
effectiveness of some native plant species in treating Pb contaminants in soil, this 
result can be applied in mitigating the effect of heavy metals caused by mining on 
environmental and human health. 

Keywords Heavy metal pollution · Lead (Pb) accumulation · Mining · Native 
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15.1 Introduction 

Mine activities have been considered as the main hazardous land uses that lead to 
the serious consequences on terrestrial ecosystems, particularly because of the long-
lasting contamination and risks from heavy metals generated and released into the 
environment (Hye et al. 2008; Mileusnić et al.  2014). Metals are released from mining 
sites via activities including mining-milling, ore concentrating, refining processes, 
and disposal of tailings, and waste rock (Hien et al. 2012). Indeed, the high level of 
heavy metal derived from the weathering processes of minerals, tailings and waste 
rock, then concentrated in soil resources and water resources neighboring to mining 
sites has been reported in many of previous studies (Lee et al. 2001; Israel et al. 2004; 
Aparajita et al. 2006). The impacts of heavy metal on human health are of concern 
as the cause of cytotoxicity, mutagenicity, and carcinogenicity (Lim and Schoenung 
2010). 

In recent decades, the remediation to reduce the concentration of heavy metal in 
soil and their risks to human health has become a worldwide environmental goal 
(Sivarajasekar and Baskar 2014). The treatment of heavy metal contaminated soils is 
complicated and often incomplete because the properties of the soil are changed when 
associated with heavy metals. Many physio-chemical methods have been selected to 
treat soil contaminated with heavy metals such as soil washing, concreting, chemical 
precipitation, thermal desorption, redox, adsorption, incineration, and solidification 
(Traina et al. 2007; Karthik et al. 2016; Muthusaravanan et al. 2018). Conventional 
techniques for pollution control can be very effective in solving the contamina-
tion, however, on the other hand, these methods have certain disadvantages because 
of the high cost, high energy consumption, large quantities of wastes that require 
disposal, and the high potential of contaminants exposure for surrounding residents 
(Moeller 2005; Vidalli 2005). This situation raises the need for a more eco-friendly 
and effective approach to rectify polluted soil. 

Currently, the method of using plants to treat heavy metals in the soil (Phytoreme-
dation) has been emphasized as an effective and potential strategy for cleaning soil 
polluted by heavy metals (Edgar et al. 2982). This remediation is outweighed as it 
provides cheaper, high efficiency, and environmentally acceptable technology for the 
bioremediation of contaminated soil (Glick 2010; Eslamian  2016). One of the mech-
anisms of phytoremediation is phytoaccumulation, which is the process of contami-
nants absorption by plants, the absorbed contaminants then being accumulated in 
shoots, leaves, and other plant parts (Muthusaravanan et al. 2018; Rashid et al. 
2014). This is the best method to be able to remove the pollutant from the soil and 
then sequester it without destroying the structure and fertility of the soil (Ghosh and 
Singh 2005). Indeed, numerous of previous studies have focused on the effectiveness 
of phytoremediation. For instance, (Conesa et al. 2007) reported that Zygophyllum 
fabago can accumulate Pb concentration in soil at 750 mg/kg in the shoots. In another 
study, (Altinozlu et al. 2012) found that in the polluted area where the soil contains 
of 2000–3000 mg Ni per kg soil, Isatis pinnatiloba has the ability to absorb and 
accumulate Ni contaminant up to 1441 mg/kg in the above-ground plant parts. The
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exceptional ability of metal accumulation was also found in Noccaea caerulescens, 
this species can accumulate up to 26,000 mg/kg Zn without any symptom of injuries 
(Brown et al. 1995). 

Despite the current efforts to develop plant base remediation, the selection of suit-
able plants that can show advanced performance in phytoremediation is still critical 
and remains certain difficulties (Pan et al. 2019). The adaptation of plant to the envi-
ronmental conditions of target regions is remaining as the drawback for the success 
of the phytoremediation strategy (Mahar et al. 2016). Native plants therefore should 
be an important aspect in treating heavy metal pollution using phytoremediation. 
Native plant species are often more resistant to changes in their habitat, they perform 
better in terms of survival, growth, and reproduction compared to exotic species, 
behind, they are more tolerant to metal pollution in specified soil conditions (Frérot 
et al. 2006; Yoon et al. 2006; Antosiewicz et al. 2008). Thus, the assessment of native 
plants that grow naturally around mining and mineral processing areas in treating 
heavy metal pollution becomes essential. 

Vietnam is a developing country, located in Southeast Asia. In recent decades, 
the rapid industrialization and development of a market for environmental services 
had led to many issues of environmental protection and sustainable development, 
among them, the mining waste disposal program became one of the Vietnamese 
government’s strategic priorities (Xuan et al. 2013). Indeed, Vietnam has been ranked 
as the third-largest mineral producer among Southeast Asian countries (Khoi 2014). 
The northern part of Vietnam has abundant of Pb and Zinc with a total ore reserve 
of up to 97 million tons and a lot of metalliferous mines have been established 
(Tran et al. 2009). Along with the growth of the Vietnamese economy contributed 
by mining, there are the risks of high contents of heavy metals in waste dumps and 
soil around mining areas (e.g., Chu Ngoc et al. 2009; Anh et al. 2011; Xuan et al. 
2017). Therefore, the monitoring of native plants phytoremediation in soil pollution 
is needed especially in the vicinity of mining areas in Vietnam. The goal of this study 
was to examine the tolerance of native plants to lead (Pb) accumulation in soil in 
northeastern Vietnam. To this end, the concentration of lead in soil at the study site 
was determined and the ability to absorb and accumulate lead of native plants were 
examined. Based on the results of this study, we proposed solutions to apply plants 
in the treatment of lead pollution in soil due to mineral mining. 

15.2 Study Site and Method 

15.2.1 Study Site 

This study was conducted in Vang Danh coal mine, which is located in Uong Bi city, 
Quang Ning province, northeastern Vietnam (20° 58' N, 106° 41' E, Fig. 15.1a–c). 
Vang Danh coal mine is owned by Vang Danh Coal Joint Stock Company-a member 
of Vietnam National Coal-Mineral Industries Holding Corporation Limited. Vang
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Danh is known as the largest underground coal mine in Vietnam’s coal industry, 
the area of the mine site is 2000 ha. The climate is warm and temperate with a 
mean annual temperature of 22.2 °C and an average annual rainfall of 1600 mm 
(Son et al. 2019). The rainy season occurs from June to August, accounting for 
60% of annual rainfall, while the dry season is usually from November to April. The 
coal-bearing strata mostly combine of Conglomerate, sandstone, siltstone, claystone, 
clay-coal, and coal seams (Dung and Quang 2021). The native plant species of the 
study site mainly belong to Fabaceae, Moraceae, Araceae, Verbenaceae, Poaceae, 
Polypodiaceae, and Piperaceae. The mining area has been established since 1964. 
The extent of coal mining has been increased for both open pit and underground 
mines. Coal mining brings back huge economic benefits, however, the heavy metal 
pollution in the soil caused by mining activities poses a big threat to the environment 
and human health (Hai 2007).

15.2.2 Sampling and Analyzing of Soil and Plant Species 

Three different areas in the coal mine site were selected for sampling and analysis 
(Fig. 15.1b). These three areas were located surrounding the mine dump and were 
covered by a large number of native species. The detailed field survey of soil and 
native plants was conducted in August/2021. 

Soil samples were collected by using the stainless-steel sampler (Diameter: three 
cm, Height: 20 cm). The samplings were processed following a mixed sampling 
method (Vietnam Standard 2005). In general, three soil samples including topsoil 
and subsoil within the top 20 cm were taken, the total amount of each sample was 
200 g. The samples then were air-dried, sieved to < two mm, and stored in plastic 
bags. 

The selection of plants for accessing the ability to absorb and accumulate Pb in soil 
was based on plant coverage of the site as well as plant health. The three most common 
distributed plant species that grow directly in the coal field of the study area were 
monitored, including Aglaonema muntifolium, Lantana camara, and Eleusine indica 
(Fig. 15.1d–f). These plant species associated with soil samples were collected in the 
same area (Fig. 15.1b). Each plant was divided into three parts, which are root, stem, 
and leaves. The vegetable samples were stored in plastic bags after being manually 
washed with tap water and rinsed with deionized water three times to remove dust. 

For the chemical analysis, all the soil and plant samples were sent to the Mekong 
Institute of Science and Technology in Hanoi. The concentration of Pb in soil was 
determined by flame atomic absorption spectrometry analysis (TCVN 6496:2009). 
This method is based on atomic absorption spectrometry of elemental concentra-
tions in Aqua Regia sample extracts prepared in accordance with ISO 11466. Used 
217.0 nm wavelength is used and the flame type is oxidizing air. Whereas the Atomic 
absorption spectrometric method was applied to examining Pb concentration in plants 
after dry ashing (AOAC 999.11). The test portion is dried and then ashed at 450 °C 
with increasing temperature. Add six M hydrochloric acid solution and evaporate



15 Assessment of Lead (Pb) Accumulation … 241

20oN 

16oN 

12oN 

104oE 
108oE 

(a) 

Quang Ninh province 

(c) 

(d) (e) (f) 

Sampling area 1 
Sampling area 2 
Sampling area 3 

(b) 

0 300 500 m100 

Paracel Islands 

Spratley Islands 
Phu quoc Island

 
 

Fig. 15.1 a Location of the study site; b Landsat image the of study site; c photo of the study site; 
photo of sampling plant species d Lantana camara; e Aglaonema muntifolium; f Eleusine indica

to dryness. The residue was dissolved in 0.1 M nitric acid solution, the analytical 
samples were determined by flame atomic absorption spectrometry using a graphite 
furnace. 

Bioconcentration factor (BCF), bioaccumulation factor (BAF) and translocation 
factor (TF) were used in data analyzing (Yoon et al. 2006; Caille et al. 2005; Zu  
et al. 2005). BCF is calculated as the ratio between the Pb content in the roots with 
the total Pb content in the original soil, while BAF is calculated by considering 
Pb concentration in stem-leaves with respect to soil Pb concentrations. The BCF 
and BAF accumulation coefficient reflects the ability of plants to accumulate Pb
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from soil to plants and is used to assess the potential for pollution treatment of plant 
species (Ghosh and Singh 2005). TF is the ratio between the Pb content in the stem— 
leaves with the corresponding content in the roots. This index evaluates the ability 
to transport Pb from the roots to the leaves (Zhang et al. 2002). 

Analysis of variance (ANOVA) was performed to determine statistical differences 
between Pb concentration in soil, plant parts, BCF, BAF, and TF values with a 
confidence level of 0.95 (P < 0.05), using SPSS for Windows, version 20. 

15.3 Result and Discussion 

15.3.1 Biomass of Plants 

The result of fresh biomass of sampling plant species was present in Table 15.1. For  
all species in three sampling areas, the biomass of stem-leaves was higher compared 
to that of roots (Table 15.1; Fig.  15.2). The average above-ground biomass of A. 
muntifolium and L. camara was comparable at 11 g, whereas there was a slightly 
different in root biomass of these two species at four and five g, respectively. The 
lowest biomass was found in E. indica, the average biomass of stem-leaves and roots 
in turn were seven g and two g (Fig. 15.2). Among of three sampling areas, area three 
had the highest total plant biomass, which was 70% higher than the biomass of area 
one and 34% higher than the biomass of area two (Table 15.1).

15.3.2 Concentration of Pb in Soil and in Native Plant 
Species 

The mean Pb concentration in soil samples of the study site was 54± 18 mg/kg (Table 
15.1). Soil Pb concentration in this study was within the Vietnamese standard for Pb 
concentration in soil (QCVN 03: 2015). There were significant differences among 
Pb concentrations in three sampling areas with the p-value < 0.05. The contents of 
Pb detected in order of smallest to largest were 34.8 mg/kg in area one, 55.7 mg/kg 
in area two, and 70.8 mg/kg in area three (Table 15.1). 

The results of the Pb concentration in plant species grown in coal mine site were 
presented in Table 15.1. The total concentration of Pb in L. camara ranged from 
1.62 to 5.26 mg/kg, whereas, in A. muntifolium and E. indica these values fluctuated 
from 0.61 to 1.99 mg/kg and 0.86 to 2.84 mg/kg, respectively. In general, the highest 
concentration of Pb was found in L. camara. The concentration of Pb in plants varied 
among sampling areas, all monitored species in area one contained the lowest amount 
of Pb, whereas the concentration of Pb in area three was consistently the highest for 
all sampling plant species (Table 15.1).
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monitored plants

Identifying the tolerance plant that can adapt to local climate and soil condi-
tion is essential for soil remediation, thus native plant species have been selected 
because of their suitability. In this study, none of the visible toxicity symptoms, 
such as whitish-brown chlorosis, or young leaves deformation were observed in the 
monitored species. All the studied plants grew normally and exhibited tolerance to 
Pb contamination. Pb concentrated in the different parts of the plant varied among 
species (Figs. 15.3 and 15.4). The average concentration of Pb in the stem was the 
lowest in all species at 0.62 mg/kg in L. camara, 0.33 mg/kg in A. muntifolium and 
0.13 mg/kg in E. indica (Fig. 15.3). Pb concentrated in roots was higher than that in 
the leaves in L. camara and E. indica. In particular, the average level of Pb in root 
and leaves of L. camara were 1.72 mg/kg and 1.04 mg/kg, respectively. Average root 
and leaves Pb values of E. indica were 1.15 mg/kg and 0.39 mg/kg, respectively. In 
A. muntifolium root and leaves Pb concentrations were similar at 0.51 mg/kg and 
0.53 mg/kg, respectively (Fig. 15.3). In general, the concentration of Pb in plants in 
this study was significantly lower than that in previous studies of (Pan et al. 2019; 
Nguyen et al. 2009; Petelka et al. 2019), however, results from monitored plants were 
higher compared to Petelka et al. (2019), suggesting the influence of plant species, 
the environmental concentrations of heavy metals, and other environmental factors 
to the concentration of heavy metals in plants.

L. camara and E. indica contained the higher amount of Pb in the root parts, which 
account for 50–70% of the total Pb accumulated. Plants with these characteristics 
are highlighted to be the potential plant for phytostabilization purposes (Mendez 
and Maier 2008; Ali et al. 2013). The high concentration of Pb in roots is possibly 
related to the features of the root system. The study by Pinto et al. (2015) has pointed 
out that the dense and tough root system is also important for absorbing metals in 
contaminated soil. L. camara and E. indica have a notably tough root system, this 
characteristic can enhance the ability to absorb and accumulate Pb, thus making 
these species the good candidates for Pb phytostabilization (Pan et al. 2019). In the



15 Assessment of Lead (Pb) Accumulation … 245

0 

2 

1 

3 

Lantana 
camara 

Eleusine 
indica 

Aglaonema 
muntifolium 

Pb
 c

on
ce

nt
ra

tio
n 

(m
g/

kg
) 

Stem 
Leaves 
Root 

Fig. 15.3 Box-plot results of Pb concentration in stems, leaves and roots of the monitored plants. 
The length of the box represents the sample interquartile range, the cross bar in the box the sample 
median, the notch its 95% interval 

Lantana camara Eleusine indicaAglaonema muntifolium 

0.39 mg/kg 

1.15 mg/kg0.62 mg/kg 1.72 mg/kg 

0.53 mg/kg 

0.33 mg/kg 

0.51 mg/kg 
0.13 mg/kg 

1.04 mg/kg 

Pb concentration in soil : 53.76 mg/kg 

Fig. 15.4 Illustration of Pb concentration in stems, leaves and roots of monitored plants

contrary, A. muntifolium exhibited the higher concentration of Pb in the stem-leaves 
than in the root, suggesting a high transportability for metals from the root to the 
above-ground parts. Besides the capacity of metal uptake via the xylems, atmospheric 
deposition of Pb may be another factor that resulted in the high concentrations of 
stem and leaves (Temmerman et al. 2015).
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15.3.3 The Effectives of Native Plants Remediation in Pb 
Treatment 

The BAF, BCF, and TF are the key factors in evaluating and qualifying the heavy 
metal hyperaccumulator (Pan et al. 2019), in this study, these factors were used to 
evaluate the phytoremediation potential of plants. 

The BAF values of plants ranged from 0.005 to 0.042 and the accumulation 
coefficient BCF in the root part varied from 0.007 to 0.036 (Table 15.1; Fig.  15.5). L. 
camara had the highest ability to absorb and accumulate Pb with the average BAF 
and BCF were 0.029 and 0.031, respectively. The average value of BAF and BCF 
in A. muntifolium in turn were 0.015 and 0.001. E. indica had the lowest BAF value 
among species, which was 0.008 and the BCF value was 0.021 for average (Table 
15.1). 

The TF value was found to be the highest in A. muntifolium, with all the measure-
ment values larger than one, the average TF value for this species was 1.606. TF 
value was followed by L. camara at 0.952 and E. indica at 0.410 for average. The 
significant difference in the TF value of A. muntifolium and E. indica with p-value < 
0.05. 

The BAF, BCF, and TF of plant species varied among the sample sites, suggesting 
the diversity in heavy metal tolerance, absorption and translocation varied with geno-
types. These results are possibly explained by the environmental condition and the 
characteristic of the plant itself. The ability to absorb and accumulate heavy metals in 
plants depends on many factors, for example, the bioavailability of metal within the 
rhizosphere (Petelka et al. 2019), the characteristic of the root systems that determine 
how heavy metals are absorbed and fixed within the root cells (Muthusaravanan et al. 
2018), xylem loading capacity and cellular tolerance to toxic metals of the plant (Pan 
et al. 2019). Plant species that had a BAF, BCF, or TF smaller than one are unsuit-
able for phytoextraction, which is the withdrawal of heavy metals by the harvestable
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parts of roots, stems, and leaves (Kumar et al. 1995; Fitz and Wenzel 2002). Based 
on the result, none of the studied species is recommended for phytoextraction. TF 
indicates the efficiency of a plant in translocating heavy metals from roots to aerial 
parts (Zhang et al. 2002). TF larger than one also indicates that a large portion of Pb 
was transported from root to stem and leaves then accumulated in the above-ground 
parts of plants. The low TF value from the plant might relate to the metal toxicity that 
can damage photosynthetic activity, chlorophyll synthesis, and antioxidant enzymes 
(Chaabani et al. 2017). When the value of TF is larger than one, the plant is a hyper-
accumulator, and if TF is smaller than one, the plant is a phytostabilizer (Yoon et al. 
2006). The result of the study indicated that A. muntifolium was the hyperaccumu-
lator with a higher concentration of Pb in stem-leaves than in the root part, whereas 
L. camara and E. indica were phytostabilizer. 

The summary of Pb concentration and translocation of various plant species from 
other studies was presented in Table 15.2. The amount of Pb content in different plant 
parts of the three studied species was significantly lower compared to that from some 
of the previous studies (Pan et al. 2019; Chang et al. 2018), this result was attributable 
to the 50–1000 times lower in Pb concentration in soil from our study site (Table 
15.2). Whereas, the values of bioaccumulation factor, bioconcentration factor, and 
translocation factor of this study were within the range of previous studies. Most of the 
plant species contained more metals in their roots than in the above-ground parts and 
can be classified as phytostabilizer. The ability of the plant to absorb and translocate 
heavy metals into the plant system is strongly determined by their solubility and 
complexity (Chaabani et al. 2017; Rungwaa et al. 2013). Pb contaminated in soil 
being absorbed and uptaken by plants occurs either passively with the water flow 
taken by roots or actively through the plasma membrane of root epidermal cells 
(Nouri et al.  2011).

In screening the suitable and effective plant for phytoremediation, besides the 
characteristics of accumulation or fixation of metals by plants, there are some other 
botanical features, such as abundance, a high growth rate, and good biomass yields 
(Ali et al. 2013) that should be considered. In general, L. camara and A. muntifolium 
are two species of plants with relatively large biomass, fast growth, and easy cultiva-
tion. Especially, A. muntifolium is hyperaccumulators, this plant can live well in soils 
contaminated with heavy metals and accumulate unusually high concentrations of 
metals in their leaves. Therefore, L. camara and A. muntifolium might be selected for 
Pb treatment in coal mine soil. E. indica is not a super-accumulator of Pb, however, 
this species can grow and develop in the mine site and can accumulate Pb, suggesting 
that it is a potential Pb-processing species in the soil. Behind, with the high amount 
of Pb content in the root, E. indica is an effective material for phytostabilization with 
a high potential to minimize the concentration of Pb in the soil while reducing the 
risk of entry into the food chain.
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15.4 Conclusion 

The concentration of Pb in soil and dominant native plant species was investi-
gated from Vang Danh coal mine to determine the potential capacity of these plants 
for phytoremediation. The concentration of Pb in soil samples varied from 35 to 
71 mg/kg, and these values were within the Vietnamese standard for Pb concentra-
tion in soil. The results indicated that plant native species in the study site could 
grow intolerance to Pb contaminants. L. camara was found to have the highest Pb 
accumulated at 3.38 mg/kg for average. The concentrations of Pb were lower for E. 
indica and A. muntifolium at 1.67 mg/kg and1.37 mg/kg, respectively. None of the 
studied species appeared to be suitable for phytoextraction. Based on the monitoring, 
the plants with high enrichment coefficients but translocation factor smaller than one 
like L. camara and E. indica could be appropriate for phytostabilization, while A. 
muntifolium, characterized by the translocation factor larger than one and the small 
biological absorption coefficient can be considered for the potential application to 
hyperaccumulation. The phytoremediation potential of native plant species should 
be investigated further for building better heavy metal remediation practices in the 
mine site in Vietnam to mitigate the negative impacts of mining on the environment 
and human health. 
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Chapter 16 
Assessment and Risk Management 
of Malicious Acts Aimed at Potentially 
Hazrdous Hydrotechnical Constructions 

Valery Mitkov 

Abstract The following paper presents a methodology developed for risk assess-
ment of terrorist attach with explosive devices, carried out at potentially hazardous 
Hydrotechnical constructions and water facilities. Included are scales for determining 
different parameters such as risk, hazard, likelihood and etc. Examined is a procedure 
for the study of potentially hazardous constructions and assessment of the damages 
caused by malicious acts (terrorist attacks) at them. 

Keywords Hydrotechnical constructions · Risk management · Hazard · Terrorist 
attacks · Blast 

16.1 Introduction 

Currently, Bulgaria is an equal member of EU and NATO and on its territory’ are 
built and in function USA military bases. As a result of that, potentially hazardous 
sites, including Hydrotechnical constructions may become target of terrorist actions 
from international Islamic groups, like Al Kaida (Mollova 2019b). Similar attacks, 
at such sites, have already been done in Iraq and Afghanistan and have left disastrous 
effects on the country’s economy (Mollova 2019a). 

Taking into consideration that such constructions are very expensive and compli-
cated to build, it can be concluded that in case of terrorist attack with blasting device, 
the event will cause not only multimillion damages but also human casualties. 

To prevent terrorist attacks on Hydrotechnical constructions, it is necessary’ to 
have knowledge on the issues of action of blasting devices, locations and methods 
of their eventual placement, as well as the effects of airblast wave.
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16.2 Risk Assessment of Hydrotechnical Facilities 

Risk can be defined as “possibility of something adverse to happen”, or more precisely 
this is likelihood, a specific (adverse) event to occur in a specific period of time, 
under certain conditions (Stoycheva and Shishkov 2019). In other words, risk is 
a combination of likelihood of certain hazard to emerge and the severity of the 
consequences of its conduct. In this way risk always consists of two components: 
likelihood and consequences. 

It is necessary to distinguish between some basic concepts that are relevant to 
risk assessment. While hazard is associated with the potential specifications and 
characteristics of a phenomenon or process, then risk is related to their likelihood 
and frequency of conduct and may include many hazards and consequences of their 
occurrence. 

The following approaches can be used for risk assessment:

● Qualitative, i.e. high, medium, low, acceptable, unacceptable, reasonable;
● Semi-quantitative, in this one the basic components of risk - likelihood and 

consequences are qualitatively defined and combination of them gives pseudo-
quantitative risk assessment, which allows comparison of results;

● Quantitative, it is performed by calculation of likelihood (its frequency) of 
occurrence and its potential consequences. 

The summary risk assessment in this paper is based on the so called “Method of 
the three factors” (Belin and Mollova 2021), and in this case the selected factors, 
which determine risk of the surveyed construction, are presented in formulae 1: 

R = H. V. L (16.1) 

where 
R (Risk)—gives a summary risk assessment that a certain construction has to 

population, environment, buildings and/ or equipments, nearby sites. It may has 
values from 0.01 to 1000. Depending on the values obtained as a result of these 
calculations risk degree can be determined (Shishkov and Stoycheva 2019). 

H (Hazard)—this factor defines the potential hazard that construction possesses to 
population, environment, buildings and/or equipments and nearby sites. The hazard 
identification is carried out mainly on a basis of categorization and classification of the 
construction under the regulations in the area of application. This factor may reflect 
other features of the reviewed site, which should be considered in the examination 
(Penev and Mollova 2020). The accepted values range between 1 and 10. 

V (Vulnerability)—This factor includes “Vulnerability” and “Consequences”. It 
characterizes the influence of the outdoor factors, the interaction between the consid-
ered Hydrotechnical construction and other nearby sites. Vulnerability shows the 
extent to which population, employees, environment, buildings and/or equipments 
are exposed to the influence of adverse event (several unfavorable events). In rela-
tion with the presented data and the possibility for risk assessment, the parameter
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“Consequence” can be entirely replaced with “Vulnerability” (Mollova and Penev 
2020). This parameter is important in risk assessment and it accepts values between 
1 and 100. 

L (Likelihood)—reflects the likelihood of an event to occur and lead to risk. 
Accepted values are from 0.01 to 1. 

16.3 Classification of Dam Walls 

With regard to grading scale, the values of the parameter “Hazard” for Hydrotechnical 
constructions and water facilities, depend on the place of the construction in already 
established national and international classification (Draganov and Pavlov 2012). 

Under current regulations in republic of Bulgaria, in the Standards for design 
of Hydrotechnical constructions from 1985, is regulated the classification of dam 
walls and Hydrotechnical constructions. According to the consequences of possible 
demolition and compromise of such buildings and/or equipment they are given risk 
degrees from I to IV class. 

According to classification of International commission of large dams (ICOLD) 
and depending on summarized parameters of dams and Hydrotechnical constructions, 
large dam walls are those that meet at least one of the following conditions: 

(a) Structures more than 15 m high, or with more than 5 m of height if it has a 
storage volume of over 3 million cubic meters; 

(b) Structures with height between 10 and 15 m and complying at least with one of 
the following conditions:

● the length of crest not less than 500 m;
● the capacity of the reservoir not less than 106 m3;
● the maximum flood discharge not less than 2000 m3/s; 

(c) As large dam walls are classified and these that do not have the above 
characteristics but have the following:

● have unusual design;
● have specifically difficult foundations;
● special methods of construction have been implemented (Balev et al. 2016); 

Small dam walls are all dam walls that do not meet any of the conditions mentioned 
in 2.2. 

According to this article the classification of Hydrotechnical constructions and 
water facilities should be expanded as it follows:

● to the group of Hydrotechnical constructions and water facilities from class I, 
should be added: dikes along river Danube, downstream of Kamchia river, Varbitsa 
river, downstream of Maritsa river, bridges and retaining walls in these rivers and 
Asparouhov’s bridge, port facilities on the Black Sea and river Danube, water
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Table 16.1 Grading scale for the parameter H “Hazard” for Hydrotechnical constructions and other 
water facilities 

Large dam walls (ICOLD) and class 1 Hydrotechnical 
constructions and water facilities 

High potential hazard 10–8 

Class II Hydrotechnical constructions and water 
facilities 

Significant potential hazard 7–5 

Class III Hydrotechnical constructions and water 
facilities and cascades of dams 

Moderate potential hazard 4–3 

Class IV Hydrotechnical constructions and water 
facilities 

Limited potential hazard 2–1

intake and water leading facilities to cooler system of Electricity Generating plant, 
Ovcharitsa river with the piller of mine Trayanovo North;

● to the group of Hydrotechnical constructions and water facilities from class II, 
should be added: dikes along Iskar river, Struma river, Mesta river, Tudja river, 
Arda river, middle stream of Maritsa river, as well as bridges and retaining walls 
in these rivers;

● to the group of Hydrotechnical constructions and water facilities from class III, 
should be added: dikes along the upstream of Maritsa river, above Belovo city, all 
other rivers in Bulgaria, as well as bridges and retaining walls at these rivers, trunk 
pipelines for local agglomerations, single water intakes, water-using facilities and 
water supply equipments in urban agglomerations;

● to the group of Hydrotechnical and water facilities from class IV, should be 
added: derivational canals, major pipelines, water intakes and water-using facili-
ties for individual towns, Hydro power plant facilities and all other Hydrotechnical 
constructions that do not fall within the above three classifications (Loukanov et al. 
2013). 

Mitigation and water-using facilities (for different purposes) are classified in the 
same class of dam walls, whether related to the design of it or not (Pavlov et al. 
2016). 

Recommended values of the parameter H “Hazard” in the grading scale, which 
has been applied to Hydrotechnical and water facilities can be defined according to 
Table 16.1. 

16.3.1 Likelihood (L) 

For each of the analyzed types of hazard should be determined a value of the parameter 
likelihood of a hazardous event to occur (for example: demolition of a building, loss 
of base stability, spill of hazardous chemical substances, explosion, flooding and 
etc.) (Ivanov and Shishkov 2020).
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Table 16.2 Assessment of parameter L—“Likelihood” 

Very likely: high likelihood of occurrence of hazardous event 1 

Possible: it is not unusual malicious act to happen, possibility 50:50 0.6 

Unusual to occur but possible: (1 event from 10) 0.3 

Less possible: possibility of occurrence of hazardous event is 1 from 100 events 0.1 

Less likely: hazardous even hasn’t occurred, but it is possible to happen (1 event from 
1000) 

0.05 

Practically impossible: it is not known to has happened (l event from 10,000) 0.01 

The scale of the parameter L according to likelihood of event to happen is presented 
in Table 16.2. 

16.3.2 Vulnerability and Consequences 

The overall vulnerability assessment of a particular Hydrotechnical construction is 
advised to be obtained by procedure of investigation. The vulnerability parameter is 
an integral characteristic that shows the influence of series of factors reflecting the 
consequences, technical condition, operation system and other specific conditions. 

The normative base for categorization of settlement at the time of this research has 
not been updated and so in view of the accuracy of the urban risk, it is recommended 
that vulnerability assessment of the particular construction should refer to one of the 
risk groups given in Table 16.3 [Engineering—technical rules for civil defense from 
Decree of Council of Ministries of Bulgaria from 30.12.1988 (unpublished)]. 

Possible consequences of malicious acts aimed at Hydrotechical constructions 
and course of certain emergency are assessed in the following sequence:

Table 16.3 Values of the parameter “Vulnerability” 

Risk group for settlement Settlements very close Hydrotechnical 
constructions and other water facilities 

“Vulnerability” 1–100 

1. Essential importance Sofia, Plovdiv, Varna, Ruse and Bourgas 100 

2. First risk group Cities with population over 100 000 
people 

80 

3. Second risk group Cities with population over 30 000 
people 

60 

4. Third risk group Settlements with population over 10 000 
people 

40 

5. Fourth risk group Settlements with population under 10 
000 people 

20 
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● Consequences for people;
● Consequences for environment;
● Property damage. 

For the vulnerability of the investigated construction, in terms of natural 
phenomenon, technogenic factors and terrorist acts, it is necessary to consider the 
following aspects:

● An event that occurs outside the territory of the investigated construction but it 
affects it, as well as nearby sites, population in adjacent to the site territories and 
environment;

● An event that occurs on the territory of a nearby construction and as a result 
affects the investigated one, population in adjacent to the nearby site territories 
and environment;

● An event that occurs on the territory of the investigated construction and it affects 
nearby sites, population in adjacent to the site territories and environment; 

The investigation of Potentially Hazardous Construction Sites leads to vulnera-
bility assessment in these aspects (Totev and Pavlov 2020). 

Essential for the result of the examination is the determination of effects on people, 
environment and property damages. Tables 16.4 and 16.5 give examples of the param-
eter Vulnerability in terms of severity of the consequences for people, environment 
and property damage. The final values of these parameters are obtained following a 
detailed survey of the construction under the relevant risks. 

At the stage of preliminary expertise the risk assessment is separately determined 
for each potential hazard. 

The results are compared in the limits, shown in Table 16.6.
The risk degree characterizes the site regarding its state, level of operation and its 

potential hazard. It is essential in determining the necessity of carrying out a detailed 
assessment and taking appropriate measures for risk reduction (Tondera et al. 2018).

Table 16.4 Consequences for people and environment 

Consequences: people and environment C 

Catastrophe: many victims, long term environmental damage of large areas 100 

Disaster: death, long-term environmental damage of local area 50 

Very serious consequences: long-term disability, long-term environmental damage 25 

Serious consequences: temporary damage or illness, adverse environmental impact 15 

Considerable consequences: needed are medical cares, there are emissions in environment 
outside the site territory 

5 

Noticeably consequences: minor injuries or illness without damages of environment 
outside the facility 

1
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Table 16.5 Consequence for property 

Consequence: property damages C 

Catastrophe: irreversible damage to constructions and equipment, reconstruction or 
completely new equipment is needed 

100 

Disaster: hardly repairable damages to constructions and equipment, it is necessary to 
stop an essential process for an indefinite period 

50 

Very serious consequences: repairable damages to constructions and equipment, it is 
necessary to stop an essential process for definite time 

25 

Serious consequences: damages to constructions and equipment, it is necessary to stop 
essential process for some time 

15 

Considerable consequences: serious damages to construction and equipment, can be 
repaired when an essential process is interrupted for short time 

5 

Noticeably consequences: damages to constructions and equipment, can be repaired 
without interruption of essential process 

1

Table 16.6 Risk degree Risk Risk degree 

> 60 Very high 

30–59 High 

9–29 Moderate 

< 9 Low

16.4 Standard Procedure for Research on Potentially 
Hazardous Hydrotechnical Constructions 

The following paper presents a systematic framework and a standard procedure for 
examination for research, analyses, assessment and prediction of risks for potentially 
hazardous sites, in three main stages as shown in Fig. 16.1. Recommended is: Initial 
stage of identification and two levels of expertise—Preliminary and Detailed. By 
the expertise of potentially hazardous sites is performed the risk assessment. In the 
process should be generated measures to reduce risk.

16.5 Consequences of Terrorist Attacks Aimed 
at Hydrotechnical Constructions and Water Facilities

● In case of destruction of dam wall the consequences for the affected area are: 
endangered population, water supplies, flooded areas, shaken dike stability, 
flooded adjacent shores to the reservoir and water flow, damages to companies 
with continuous manufacturing process, as well as to such with suspended manu-
facturing process, loss of grain in storage, pesticides, herbicides and etc., damaged
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Fig. 16.1 Stages of risk analyses, assessment and prediction
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or destroyed equipment which is part of the engineering infrastructure, contami-
nated water resources, unsuitable to use public buildings and hospitals, sediments 
effecting on the water-conductivity of river beds, damages on hydromelioration, 
losses in the agriculture and cultural values;

● In case of destruction of higher situated dam wall the consequences of the affected 
area are: influence on the stability of lower situated dam wall, spillway facility, 
adjacent shores to the reservoir and water flow, endangered population, water 
resources, flooded territories, shaken dike stability’, flooded adjacent shores to the 
reservoir and water flow, damages to companies with continuous manufacturing 
process, as well as to such with suspended manufacturing process, loss of grain in 
storage, pesticides, herbicides and etc., damaged or destroyed equipment which is 
part of the engineering infrastructure, contaminated water resources, unsuitable to 
use public buildings and hospitals, sediments effecting on the water-conductivity 
of river beds, damages on hydromelioration, losses in the agriculture and cultural 
values;

● In case of high wave, which is higher than the suggested one, the consequences for 
the affected area are: endangered population, water supplies, flooded areas, shaken 
dike stability, flooded adjacent shores to the reservoir and water flow, damages 
to companies with continuous manufacturing process, as well as to such with 
suspended manufacturing process, loss of grain in storage, pesticides, herbicides 
and etc., damaged or destroyed equipment which is part of the engineering infras-
tructure, contaminated water resources, unsuitable to use public buildings and 
hospitals, sediments effecting on the water-conductivity of river beds, damages 
on hydromelioration, losses in the agriculture and cultural values. 

16.6 Correspondence of the Initiatives Against Terrorist 
Attacks

● Presence of emergency alarm system and announcement to employees and 
population;

● Presence of emergency action plan (employees, interaction with other units, emer-
gency storage, mechanization, transport, equipment with the necessary’ clothing, 
appliances, tools, communication equipment);

● Presence of an annual plan for preventive action with dates for training in case of 
emergency event according to the emergency action plan;

● Level of training of operational staff according to the emergency action plan;
● Physical security of Hydrotechnical constructions—this includes security of 

facilities, employees and presence of alarm system;
● Presence of annual plan in the company, unit, municipality for scheduled repairs, 

maintenance of equipment, construction and other activities connected with 
recommendations for increasing the sustainability of Hydrotechnical construc-
tions;
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● Programmes of local press and mass media for education and training of the 
population for adequate action in the event of disasters or emergencies;

● Presence of national programme for development of preliminary risk assessment 
of floods at certain area (prevention, protection, training);

● Presence of national programme for development of map with areas that arc 
considered to be in danger of flooding (prevention, protection, training). 

16.7 General Conclusions and Suggestions 

1. This paper presents various possible terrorist actions against Hydrotechnical 
constructions and water facilities and especially the impact of the blast on soil 
and rocks, demolition of armored concrete, metal constructions and equipments, 
and the action of blast wave in air and water and etc. 

2. This paper can be used as a basis for a preliminary examination and detailed 
assessment of the risk, for base for measures to decrease the risk degree and 
measures for risk management. 

3. To minimize the potential danger of terrorist attacks aimed at potentially 
hazardous Hydrotechnical constructions and water facilities it is necessary to 
make a preliminary detailed expertise for each big Hydrotechnical construction, 
which is potential target of terrorist actions. The purpose is to prevent this from 
happening. 
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Chapter 17 
3D Numerical Modelling for Hydraulic 
Characteristics of a Hollow Triangle 
Breakwater 

Tu Le Xuan, Hung Le Manh, Hoang Tran Ba, Thanh Dang Quang, 
Vo Quoc Thanh, and Duong Tran Anh 

Abstract The Hollow Triangle Breakwaters (HTBs) is widely constructed in the 
Vietnamese Mekong Delta (VMD) due to severe coastal erosion in recent years. 
This study aims at investigating the hydrodynamic performance, wave actions on the 
HTBs. Three-dimensional numerical modelling using modern MIKE 3 wave flexible 
mesh (FM) was successfully built for the optimal porosity cases (P1 = 22.5%; P2 
= 11.8%) to explore the relationships of these hydrodynamic behaviors and wave 
interaction with the HTBs. This study showed results present of flow pattern, velocity 
fields, turbulent kinetic energy, vertical eddy viscosity and non-hydrostatic pressure 
in the HTBs. This can explain the vortex and eddy formations that cause the erosion 
at the front toe of the breakwater and the negative non-hydrostatic pressure inside 
the breakwater due to the effect of the baroclinic in the oscillation. These insights 
highlighted the importance of the numerical model which provided a greater under-
standing of the impact of the waves than the physical model. The HTBs provide an 
effective alternative at reducing the impact of waves while also allowing the exchange 
of sediment and facilitating aquatic species to thrive in the coast side construction in 
the VMD. 
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17.1 Introduction 

The Vietnamese Mekong Delta (VMD) is facingsevere erosion along its coast. In 
fact, this is occurring rapidly in the coastal strip in the last five years, constitutes a 
significant threat to the coastline in the VMD which consequently leads to a range 
of impacts including 300–500 ha of lost land attributed to rising water levels every 
year, infrastructure damage, and mangrove degradation (Anthony et al. 2015). For 
example, severe coastal erosion in 2018 resulted in 268–744 km of coastline with an 
erosion rate of 1–40 m/year (Albers et al. 2013; Besset et al. 2019). Consequently, to 
tackle these issues there have been a range of hard and soft breakwater technologies 
that have been applied in the region. In which, nearshore vertical wall breakwaters 
have been used for Vietnamese coastal protection against varying environmental 
factors (Thorenz 2016) and include semi-circular caisson, perforated-wall caisson, 
T-fence, hollow triangle and multiple wall breakwaters (Nguyen et al. 2018; Albers 
2021; Mai et al. 2019; Xuan et al. 2020a). 

The simulation of physical phenomena and hydraulic characteristics through 
porous and hollow structures is very challenging due to the complex physics of 
non-ideal flows, sophisticated geometries and the complexity of the fluid dynamic 
processes with strongly non stationary flows, free boundaries and turbulence. 
Numerous studies conducted experiments in the laboratory to evaluate wave trans-
mission and hydrodynamic behaviours through the breakwaters without much 
insight understanding of hydraulic characteristics obtained from three-dimensional 
modelling (Reis et al. 2008; Koraim and Rageh 2013; Williams et al. 2019). Recently, 
few studies were focusing primarily on the development of three-dimensional models 
to investigate the interaction of wave and porous coastal structures (Losada et al. 
2008; Jesus et al. 2012; Lara et al.  2012; Gomes et al. 2020). They provide profound 
understanding of hydrodynamic performance and wave interaction with structures. 

The rapid development of numerical and computational capabilities has been 
able to simulate complicated structures and different hydraulic conditions for coastal 
construction designs in last decade. Popular CFD models include Flow3D, REEF3D, 
FLUENT, OpenFOAM® and IH-3VOF using volume-averaged Reynolds-Averaged 
Navier–Stokes and Volume of Fluid method (VOF) to simulate free-surface flows 
(Jesus et al. 2012; Lara et al.  2012; Fang et al. 2010; Flow Science Inc. 2009; Antonini 
et al. 2016; Miquel et al. 2018). However, some obstacles have so far hindered wide 
applications of these models in coastal construction designs. The obtaining robust 
results with high accuracy require very fine resolution of computational grids that 
may lead to extensive simulation time and high computational cost for small domain 
and short computing duration (Dentale et al. 2013; Fitriadhy et al. 2017). Hence, 
this creates the difficulties to calibrate and validate the 3D model as well as the 
time-consuming for the simulations of different scenarios. This is only suitable for 
scientific research and model development while that causes considerable incon-
venience in real applications and projects, which does not require very accurate 
results.
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MIKE 3 wave FM was developed by DHI in 2019 and involved three-dimensional 
incompressible Reynold-averaged Navier–Stokes (RANS) equations using partly 
Volume of Fluid (VOF) method to simulate porous structures (DHI 2019). This 
model simplifies the structures by parameterization of the porous breakwater to define 
different porosity layers that is high suitable for homogeneous or heterogeneous 
materials, porosity and architectures such as pile-rock, rubble-mound, bamboo fences 
breakwaters with different amour layers and porosity zones in horizontal and vertical 
direction and may potentially apply for large domain in coastal area. This software 
package has a friendly user interface and wide applied not only for researches but 
also for applications and real projects in many countries. In turn, the objective of 
this paper is to apply three-dimensional modelling MIKE3 wave FM to analyze the 
hydrodynamic performance of a HTB breakwater under wave action and this work 
continues the last study of Xuan et al. (2020a) which proposed new structure of 
HTB and investigated hydraulic performance and wave transmission by experiment 
laboratory. 

17.2 Laboratory Experiments 

17.2.1 Experiment Equipment Setup 

The scale of the physical model was decided based on the input hydraulic boundary 
conditions (i.e. wave size and water depth) and the size constraint of the laboratory 
channel flume. The laboratory model was set up following Froude’s law to ensure 
that the hydrodynamic conditions and selected scale of the model is NL = 1/7. 

The wave flume was 35 m long (effective length), 1.2 m wide and 1.5 m high (see 
Fig. 17.1a). Additional descriptions of the wave flume set up are detailed in Xuan 
et al. (2020b). The breakwater consists of two sides with circular holes in four rows 
with variable diameters that were arranged depending on the different scenarios being 
tested. The sea and coast sides have a total of 40 holes (i.e. 4 rows × 10 columns) 
which have a diameter d1 (sea side) and diameter d2, (coast side). The structure used 
for the experiment has the following dimensions (see Fig. 17.1b): a height of 47 cm, 
a crest width of 7 cm, foot width of 53.6 cm and length of 116 cm, and a slope of α 
= 66°.

Wave gauging stations are located in front of and behind the breakwater. Five 
gauges (WG 1–5) are installed between the wavemaker and the HTB model, WG1 
near the wave paddle and four (WG 2–5) near the HTB model to separate incident 
from reflected waves. HR Wallingford installed all experimental equipment used for 
the laboratory experiments. Finally, three gauges are placed behind the breakwater 
(i.e. WG6, 7, 8) which are used to measure the transmitted waves. The locations 
of the wave gauges in the experiment are shown in a plain view in Fig. 17.1a. To 
adequately produce the main frequency domain of the desired wave spectra each of 
the experiments lasted approximately 500 Tp (s).
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Fig. 17.1 Plain view and side view of the wave flume (a); isometric and cross-sectional view of 
the HWB  structure (b) with dimension in cm. P1 and P2 are percentage of porosity on sea side and 
coast side, respectively (Xuan et al. 2020a)

17.2.2 Data and Testing Conditions 

The KH2 (P1 = 22.5%; P2 = 11.8%) configurations were selected for wave trans-
mission testing. Four water depths, h = 0.33, 0.40, 0.47 and 0.54 m and 6 sea states 
were generated with Hmo and Tp values given more detail in Xuan et al. (2020a). 

17.3 Numerical Model 

17.3.1 MIKE 3 Wave Model FM 

The MIKE 3 wave model is a computational fluid dynamics numerical solution 
of the three-dimensional incompressible Reynold-averaged Navier–Stokes (RANS) 
equations. The model solves the continuity (1) and momentum Eq. (17.2). The spatial 
discretization is applied using a cell-centered finite volume method. The projection
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method is utilized for the non-hydrostatic pressure. The turbulent model is used k-
ε model (DHI 2019). This is the first time DHI developed new module of porous 
media modelling in 2019 on MIKE 3 wave model FM with advantage of using 
partly Volume of Fluid (VOF). This highlight feature can effectively simulate the 
wave transformation for the hollow triangle breakwater in this study. The critical 
equations governing this model are as follows: 

Continuity equation: 
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where u, v  and w are the velocity components and are all function x, y and  z; t is the 
time, η is the surface elevation; q is the non-hydrostatic pressure; vv 

t is the vertical 
eddy viscosity; g is the gravitational acceleration; ρ0 is the reference density of water. 

Total pressure p is equal to non-hydrostatic plus a hydrostatic component 

pH = pA + p0g(η − z) + g 
η∫

z 

(p + p0)dz (17.5) 

The atmospheric pressure (pA) is assumed to be constant at the free surface. 
The turbulence is modelled using an eddy viscosity concept (Rodi 1980, 1984). 

In the k − ε model, the eddy viscosity (vt ) is derived from turbulence parameters 
k and  ε. 

The non-Darcy flow effects through the porous structure and the porosity are 
involved in the equations of model by introducing the laminar and turbulent friction 
terms to calculate losses. 

Linear and non-linear resistance forces describe the flow resistance inside the 
porous structure. These linear and non-linear resistance forces are expressed as: 

Fi = ρaui + ρb|u|ui (17.6)
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where the a and b terms correspond to laminar and turbulent friction loss resistance 
coefficients. ui corresponds to the velocity components where the magnitude of the 
flow velocity is defined by |u| = ∑

i ui . 
The a and b terms are determined using the empirical formula developed by Van 

Gent (1995) and (Liu et al. 1999): 

a = α 
(1 − n)2 

n3 
υ 
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2 (17.7) 
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where n is the porosity, α and β are non-dimensional coefficients, υ is the kinematic 
viscosity and d50 is the grain diameter of the porous materials. The KC coefficient 
is the is the Keulegan-Carpenter number which is defined as: 

KC  = umT 
nd50 

(17.9) 

where the um term is the maximum oscillating velocity and the T term is the period 
of the oscillation. In general practice the T term is can be approximated using the 
characteristic wave period for the simulation. 

In the aforementioned momentum equations, the time derivative terms are multi-
plied by a factor (1 + Cm). Cm is the added mass coefficient to take into account the 
transient interaction between the grains and the water (Van Gent 1995) proposed Cm 

as: 

Cm = γ 
1 − n 
n 

(17.10) 

where γ = 0.34 is an empirical coefficient. 

17.3.2 Grid Mesh and Boundary Conditions 

The three-dimensional numerical geometry of the flume and the breakwater was 
exactly constructed following the dimensions of the physical model in Sect. 17.2.1 
with flume 35 m long and 1.2 m wide and 1.5 m height. The total number of elements 
to discretize the domain was 38.000 and the numbers of faces are 153.920 with total 
79.842 nodes. The first grid block (flume) is 0.02 m in size, and the second grid block 
size including the breakwater is 0.01 m. The detailed information of the mesh and 
the flume is described in Fig. 17.2. One simulation of the numerical model took 12 h 
with CPU—Intel 6 × Core. Xeon 6142 @ 2.6 GHz to simulate 1000 irregular waves 
with 10 min. Note that the time step interval for the model was 0.001 s and the total 
number of time steps were 3000.
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Fig. 17.2 3D numerical model geometry of flume and mesh information 

The boundary conditions were setup including the incident waves imposed on 
the front of breakwater (i.e. at the wave maker) and a sponge for absorption at the 
rear side of the flume. The irregular incident waves were defined by analysis of 
wave spectrum from the WG2 to WG5 gauges including frequency and energy with 
significant wave height Hm0 = 0.12 m and peak wave period Tp = 1.31 s. 

17.4 Results and Discussion 

17.4.1 Calibration and Validation 

The model was calibrated and validated by testing with regular waves with Hs 

= 0.136 m and wave period Tp = 1.31 s. The porosity was then adjusted while 
changing three parameters: the turbulence resistance coefficient, the laminar resis-
tance coefficient, and the oscillating period. These values are adjusted based on the 
references of Ven Gent (1995) and Liu et al. (1999). The breakwater is divided into 
three zones (i.e. rubble-mound, base and flat-inclined hollow perforations) to define 
porosity of different parts of porous media as described in Fig. 17.3. A trial-and-error 
approach was applied to obtain the proper porosity to ensure that the wave spectrum 
of the incident waves and the waves behind the breakwater were the best-fit for the 
experiments.

We simulated 1000 irregular waves to ensure the stability of model and to cover 
a wide range of generated waves from the JONSWAP spectrum. Figure 17.4 shows 
the calibrated wave spectrum at wave gauge 4 (in front of structure) and wave gauge
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Fig. 17.3 Calibrated porosity distribution of hollow triangle breakwater

6 (behind the structure). The comparison of wave spectrum between experiments 
and numerical model shows that the energy magnitude and frequency of the model 
has a good fit with the experimental values, especially for the peak wave period at 
wave gauge 6 (Fig. 17.4b). The calibrated results with adjustment of porosity are 
described in Table 17.2. 

Figure 17.5 shows the comparison of wave interaction at different stages between 
the results of numerical and physical models. It can be observed that the processes 
of wave attacked on the breakwater were captured at four representative stages 
consisting of (a) wave run-up, (b) onset of overtopping, (c) peak overtopping, and (d)

Fig. 17.4 Wave spectrum before (a) and  after (b) passing through breakwater after calibration 

Table 17.2 The division of the porosity zones and calibrated laminar, turbulent resistance 
coefficients for breakwater 

Zone Porosity Laminar resistance 
coefficient 

Turbulent resistance 
coefficient 

Oscillating period (s) 

1 0.3 1000 2.8 1.31 

2 0.3 1000 2.8 1.31 

3 0.4 2000 4.0 1.31 
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Fig. 17.5 The comparison of wave interaction at different stages between numerical and physical 
models for calibration 

mixing of the overtopped and behind flows which derived from numerical model are 
similar to the results obtained by physical model. This shows that the MIKE 3 wave 
FM model has been successfully calibrated and formulated mathematically followed 
relatively the laws of physics and wave phenomena. 

17.4.2 The Evolution of Wave and Velocity Fields Through 
Structure 

The simulations of the MIKE 3 wave FM model were performed for the case of wave 
height Hm0 = 0.12 m, peak wave period Tp = 1.31 s, and corresponding to the porosity 
of the breakwater of KH2 (P1 = 22.5%; P2 = 11.8%). We ran 1000 irregular waves 
and selected the maximum incident wave attacking the breakwater to present clearly 
the recognizable variations of wave and velocity fields as described in Figs. 17.6 
and 17.7. Due to the large number of time-steps (3000 steps, 0.2 s/step) and the 
long experimental flume (35 m), we only selected a smaller window size around the
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breakwater (i.e. 17.5–22.5 m) to effectively capture the detectable changes in the 
wave states and velocity fields. 

Fig. 17.6 Velocity field in (x, z) direction at t = 1:46.50 to t = 1:46.90 from time steps 1065 to 
1069 with maximum incident wave windows
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Fig. 17.7 Velocity field in (x, z) direction at t = 1:47.10 to t = 1:47.40 from time steps 1074 to 
1074 with maximum incident wave windows
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It can be observed that velocity in front of breakwater has a range of 0.20–0.22 m/s 
and the wave attacks along the perforated flat-inclined face and then overtops the 
crest of the structure. The velocity inside the hollow breakwater fluctuates in a range 
of 0.02–0.12 m/s (Fig. 17.6) and was lower than the velocity in front of breakwater 
because of the obstruction of the perforated flat-inclined face. The velocity after 
overtopping the structure is still high (0.18–0.22 m/s) at time step 1065 and reduces 
rapidly to 0.06–0.12 m/s after an additional 10 time-steps (5 s) due to turbulence 
and formation of eddies. The clockwise vortex appears near behind the structure 
due to the interaction of two flows at time step t = 1:47.2 s, that is the one from 
falling overtopping-flow, and the one from reflected flow behind the structure in 
the flume (Fig. 17.7). It can be seen that the two velocity directions are distinctly 
opposite behind the breakwater. It is also observed that the surface flow moves to the 
downstream of the experimental flume and the reverse flow goes back upstream of 
the experimental flume. 

17.4.3 Turbulent Kinetic Energy and Vertical Eddy Viscosity 

The turbulent kinetic energy (TKE) and vertical eddy viscosity around the breakwater 
are subjected to irregular wave propagation and are analyzed at different time-steps 
in the window of the maximum incident wave. We selected observable windows 
to present four illustrative stages which include the following: (a) wave run-up, (b) 
onset of overtopping, (c) peak overtopping, and (d) mixing of the overtopped and 
behind flows (see Figs. 17.6 and 17.7). In the wave run-up stage, the incident wave 
attacks and rushes up on the perforated flat-inclined face and starts climbing along 
the exposed face to the crest, and partially goes through the breakwater via circular 
holes. The flow reaches on the crest of the breakwater and starts overtopping at stage 
(b), the forward flow associated with the splashes and squirts begins to overtop over 
the crest. It is noted that the maximum overtopping rate occurs when a large volume 
of overtopped water rushes down to the back side of the breakwater at stage (c). 
At stage (d) the overtopped flow falls into the flow behind the breakwater to create 
energetic turbulence and formation of eddies and vortices (see Fig. 17.7). 

TKE is the average kinetic energy per unit mass and is associated with eddies in 
turbulent flow. TKE is proportional to the square of its velocity. Figure 17.8 shows 
the distribution of TKE near the hollow triangle breakwater at four time-steps of 
1064, 1066, 1068, 1070 (t = 1:46.40–1:47.0 s). When the wave propagates at the 
crest of breakwater (t = 1:46.40 s), the TKE is varies slightly in a range of 0.0035– 
0.009 m2/s2 due to insignificant variations of velocity at stage (a). After 10 time-steps, 
a substantial alteration in velocity makes the turbulent kinetic energy increase on the 
top of breakwater from 0.0035 to 0.0124 m2/s2 and considerably expand to a larger 
area resulting in the clockwise vortex appearance at time step t= 1:47.20 s. Moreover, 
it can be observed that the largest TKE occurs at two zones including the crest of 
the breakwater and the rubble-mound in front of the foot of the breakwater. This 
is because these zones are significantly affected by the considerable variations of
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velocity due to the interaction between two different flows and currents. The bed 
flow forward attacks the breakwater and then reverses direction and the overtopped 
flow rushes down and is mixed with the flow behind the breakwater resulting in 
strong turbulence in this area (see Figs. 17.7 and 17.8). Finally, the turbulent kinetic 
energy shifts from in front of breakwater bed (i.e. offshore) to behind the breakwater 
surface (i.e. onshore) and then dissipates rapidly due to turbulent energy losses. 

Fig. 17.8 Turbulent kinetic energy at t = 1:46.40 s to t = 1:47.00 s from time step 1064 to 1070 
during with maximum incident wave windows
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Figure 17.9 shows the vertical eddy viscosity near the hollow triangle breakwater 
under irregular waves. Note that this parameter is a function of the local flow condi-
tions rather than representing physical characteristic of the fluid (Blazek 2015). The 
tendency of vertical eddy viscosity varies similarly to that of turbulent kinetic energy 
because it assumes that the eddy viscosity has a proportional relationship with the 
turbulent kinetic energy. 

Fig. 17.9 Vertical eddy viscosity at t = 1:46.80 to t = 1:47.10 from time step 1068 to 1071 during 
with maximum incident wave windows
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17.4.4 The Non-hydrostatic Pressure on the Structure 

The non-hydrostatic pressure is usually neglected in three-dimensional hydrody-
namic models using the Reynolds Averaged Navier–Stokes equation based on hydro-
static assumption to simulate hydraulic regimes in large water resources systems such 
as river, estuaries and coastal zones (Soulignac et al. 2017; Munar et al. 2018; Cunha 
et al. 2020). However, this assumption is only valid for large shallow water systems 
because horizontal length scales are considerable higher than vertical length scales. 
Moreover, eddy viscosity and acceleration terms in the momentum equations for the 
vertical velocity components are significantly smaller than the gravitational acceler-
ation term (Pedlosky 1979; Chen 2005). In contrast, the ratio of vertical to horizontal 
motion scales is not small in the simulation of hydraulic jumps, dam break flows, 
and storm-surge barriers (Zhou and Stansby 1999). Therefore, to obtain the accuracy 
of flow and velocity fields during the turbulence and oscillation, the non-hydrostatic 
pressure component in the MIKE 3 wave FM model has to be fully considered in 
this case (Cunha et al. 2020; Chen 2005). 

Figure 17.10 shows the non-hydrostatic pressure at different time steps from 
1:46.40 s to t = 1:46.90 s that present clearly the variations of pressure at the afore-
mentioned four stages in Sect. 17.4.2.2. It is an undeniable observation that the 
hydrodynamic regime inside the hollow triangle breakwater is very complicated due 
to both forward flow and backward flow. Consideration of non-hydrostatic pressure 
around the breakwater is critical for design and stability calculations. From Fig. 17.10, 
it is clear that the non-hydrostatic pressure decreases rapidly from positive (i.e. 80– 
240 Pa) to negative magnitudes (i.e. − 240 to − 560 Pa). It can be explained that 
the non-hydrostatic pressure is significantly influenced by the baroclinic effect in 
the oscillation (Chen 2005; Stigebrandt 1999). The baroclinic effect is due to the 
nonalignment of pressure and density gradients, and its result is to induce vorticity 
production (Batley et al. 1996; May and Kelley 1997; Suanda et al. 2018). Moreover, 
the flow separation due to circular holes on both sides of the perforated flat-inclined 
face creates a higher velocity (0.06–0.14 m/s) inside the breakwater (Fig. 17.6a–c), 
explaining the negative pressure in Fig. 17.9b–d (Berntsen et al. 2009). The forces 
from the non-hydrostatic pressure gradients acting against the forward flow is in an 
inverse direction and is represented by the negative magnitudes. From Figs. 17.6 
and 17.7, it is noted that there is substantial vertical acceleration due to the signifi-
cant variations of velocity between the near surface and the lower zones inside the 
breakwater (Fig. 17.6a–c).

The analysis of non-hydrostatic pressure for different incident wave spectrum 
and the percentage of porosity in the hollow triangle breakwater is very important to 
define the weight of the structure and load capacity, and the concrete strength of the 
structure which is not related to the physical model. This has practical implications 
in structural design and ensures stability, and efficient operation of the breakwater 
in the long term.
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Fig. 17.10 The Non-hydrostatic pressure distribution at different time steps from 1:46.40 s to t = 
1:46.90 s

17.5 Conclusion 

The key contribution is to improve the understanding of hydrodynamic behaviors 
and wave action on the HTB including flow patterns, velocity field, turbulent kinetic 
energy, vertical eddy viscosity, non-hydrostatic pressure which unable to observe
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from physical model. This has important implications for design calculation, struc-
tural stability and ensuring the function of transmitting waves through the HTB. This 
study also successfully applied a new numerical model to simulate wave transmission 
through a hollow triangle breakwater. The incident wave spectrum and the percentage 
of porosity (KH2) of the hollow triangle breakwater were selected to test with 1000 
irregular waves with 3000 time-steps (10 min) running. This numerical modelling is 
developed an understanding of the undetected aspects of physical modelling at small 
scale and in very short timeframes. The numerical simulations also provide clear 
explanation of the complicated mechanism of attacking waves on the breakwater 
and energy dissipation through the structure. Future works will be conducted with 
various cases of wave spectrum, different percentages of porosity, and several bed 
slopes with consideration of fine sediment transport. 
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Chapter 18 
The Role of Hydrodynamics 
in the Development of Mangrove Forests 
in Can Gio Mangrove Biosphere Reserve 
(Ho Chi Minh, Vietnam) 

Hoa Tien Le Nguyen, Xuan Dung Tran, Tien Thanh Nguyen, 
and Hong Phuoc Vo Luong 

Abstract The Can Gio area once supported natural mangrove forest, but was almost 
fully destroyed by herbicides during the Second Indochina War. Between 1978 and 
1986, the area was reforested with mangroves. In 2000, Can Gio was designated as 
Vietnam’s first biosphere reserve with a total area of 75,740 ha by UNESCO. The aim 
of research is to study the role of hydrodynamics in the development of mangrove 
forests in Can Gio. By using remote sensing techniques, the temporal changes of 
Can Gio vegetation area since 1973 were done and shown how development of 
Can Gio Mangrove before and after the replantation and up to now. Moreover, the 
hydrodynamics modelings can prove that hydrodynamics have influenced on the 
growth of mangrove trees along the coasts and river. Especially, the field experiment 
for the contribution of river tidal flows to the rehabilitation of mangrove trees after 
the Durian tropical cyclone in 2006 was done. The results show that thanks to tidal 
and river dynamics, the seeds of mangroves can be distributed freely and makes the 
diversity of mangrove species along the coasts and rivers. Wave is the main factor 
for bank erosion and the deaths for coastal mangrove trees. River flows make the 
meandering rivers combining with erosion and accumulation processes. 

Keywords Can Gio · Mangrove forests · Hydrodynamics · Erosion ·
Accumulation 

18.1 Introduction 

Can Gio District (10° 22' 14'' N–10° 40' 09'' N, 106° 46' 12'' E–107° 00' 59'' E) is one 
of 18 districts of Ho Chi Minh City (HCMC) with an area of 73,361 ha. Can Gio has
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Fig. 18.1 Map locating Can Gio Mangrove Biosphere Reserve in Ho Chi Minh city, South Vietnam 
(Tuan et al. 2002) 

a lot of rivers and channels in the delta and the main waterways leading to the port of 
HCMC (Nam et al. 1993; Tuan et al. 2002). On 21 January 2000, Can Gio mangrove 
forest was approved as the Mangrove Biosphere Reserve by MAP/UNESCO and it 
is also the first Biosphere Reserve in Vietnam. Nowadays, Can gio can be considered 
as as a model for forest protection and management in Vietnam. Beside being the 
attractive place for tourists, Can Gio is also an idela place for scientific research on 
geology (Hang and Anh 2003), on biology (Tuan et al. 2002; Hong and San 1993), 
on natural and social conditions (Nam 1993; Nam and Tuan 2004). There were a 
lot of studies on the physical processes in Can Gio mangorve forests such as Mazda 
et al. (2002); Vo Luong and Massel (2006) Horstman et al.  (2012); Pavarthy and 
và Prasad (2017). The aim of research is to study the role of hydrodynamics in the 
development of mangrove forests in Can Gio. By using remote sensing techniques, 
the temporal changes of Can Gio vegetation area since 1973 were done and shown 
how the development of Can Gio Mangrove before and after the replantation and up 
to now (Fig. 18.1). 

18.2 Methodology 

Remote sensing analysis was conducted with the dataset of Landsat images collected 
from 1973 (before the war) to 2021. These images are free to download from the 
website of the United States Geological Survey (http://glovis.usgs.gov/).

http://glovis.usgs.gov/
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The collected results were used based on WAPROMAN (Wave PROpagation in 
MANgrove forests) model (Vo-Luong and Massel 2008), wave refraction (Vo Luong 
et al. 2008) and some data analysis from field measurements in 2012 and 2014 in 
Can Gio mangrove biosphere reserve (HCMC) (Nguyen and Luong 2019). 

18.3 Development of Can Gio Mangrove Forest 

Before the union of Vietnam (April 30th 1975), Can Gio mangrove forest covered 
an area of 40 000 ha with high density, tall and big trees (over 25 m tall and 25-
40 cm in diameter) (Tuan et al. 2002). From 1964 to 1970, over 665,666 gallons of 
Agent Orange, 343,385 gallons of Agent White and 49,200 gallons of Agent Blue 
sprayed in Can Gio mangroves. As a result, most of mangrove trees (over 57%) in 
the district were died (Nam et al. 1993). In some areas, most of trees of Rhizophora, 
Sonneratia and Bruguiera were killed. However, tidal oscillation played an important 
role in restoration of the coastal mangrove areas which were sprayed heavily with 
herbicides. In the coastal areas with flooded twice daily and once daily, it helps 
washing out the herbicided for the mangrove trees especially in the lower land (Nam 
1993). 

In the period of 1978–1987, Ho Chi Minh City Forestry Department has under-
taken a vast programme of reforestation. The Rhizophora aciculate sp. were chosen 
to be planted and raised. The species is fast growing tree native to the forest and it is 
the tree with the highest commercial value (Tuan et al. 2002). However, after some 
year, there were 50% mangrove deaths. The main causes can be due to tidal oscil-
lation, water levels and hydrodynamic waves in Can Gio (Nam 1993). Especially, 
high wave prevent the growth of mangrove trees. Furthermore, in mangrove areas, 
natural succession of mangrove species is determined by various environmental and 
ecological factors, including soil composition, tidal regimes, geographical location 
(Vo-Luong and Massel 2008). In particular, the accretion and erosion progress in the 
coastal areas is influential in determining the distribution of pioneer and successive 
species (Hong and San 1993). Avicenia sp. can be considered the pioneer species 
growing fast in new muddy flat along the river and the coast. Rhizophora grow in 
stable mud flat and higher land. 

Figure 18.2 shows the changes of two mangrove speecies, Avicenia sp. and 
Rhizophora sp. from 1973 to 2021 via remote sensing techniques and field cali-
bration. Obviously, from 1973 to 1978, Can gio almost empty, mainly mud and soil, 
few Avicenia growing along the coast. However, atfer a vast programme of refor-
estation, mangrove areas are growing fast, especially for Rhizophora sp. Up to now 
(2021), the mangrove area is increasing every year, especially for Rhizophora sp. 
and Avicenia sp.
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Fig. 18.2 The changes of Mangrove Species in time. a 1973, b 1975, c 1978, d 1989, e 1992, f 
2001, g 2005, h 2009, i 2014, j 2016, k 2018, l 2021
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Fig. 18.2 (continued)
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18.4 Hydrodynamics Impact on the Development of Can 
Gio Mangrove 

18.4.1 The Role of Mangrove Forest in Sediment Retention 

Mangrove forests play an important role in sediment retention and coastal protection. 
Mangroves not only “occupy” the muddy flats but also “create” new muddy flats, 
especially Avicennia sp. Measured data of Suspended Sediment Concentration (SSC) 
were made in Can Gio in 2012 and 2014 (Le Nguyen and Vo Luong 2019) shows  the  
changes of SSC in station inside of mangroves depends strongly on wave intensity 
and tidal currents. Figure 18.3 and Table 18.1 prove obviously that inside of the 
mangrove, SSC was not only kept but also increased with the wave intensity and 
tidal currents. These results prove the significant role of mangroves in sediment 
retention and coastal protection from wave impact. It also confirms the conclusion 
that mangrove forests are effective barriers to protect coastlines from waves and 
storms. 

Fig. 18.3 SSCs in the mangrove forest site in Can Gio (Le Nguyen and Vo Luong 2019) 

Table 18.1 Calculated suspended sediment rate Q during the flood tides, ebb tides and total Q on 
one tidal day in the mangrove forest (ST2 station) (Le Nguyen and Vo Luong 2019) 

Cases Station ST2—in the mangrove forest 

Q [kg/(m.s)] Qflood Qebb Qtol 

Case I: strong waves (Hs average = 0.24 m) + 22 × 10–3 − 6 × 10–3 + 16 × 10–3 

Case II: weak waves (Hs average = 0.14 m) + 12 × 10–3 − 4 × 10–3 + 8 × 10–3 

Note “+ ”: the seaward of Q, “−”: the landward of Q
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18.4.1.1 The Rehabilitation of Mangroves After the Storm 

During the storm No. 9 Durian on 5th December 2006, Can Gio Mangrove Biosphere 
Reserve in Ho Chi Minh City “sacrificed” itself for habitants in coastal zones. 
Five mangrove ha were destroyed and became the “white” area. However, after a 
short time, it could be recognized that the destroyed area is becoming “green”. The 
young mangroves are growing up and the mangrove forest is being rehabilitated. The 
dispersal of seeds by wind and by tidal oscillations can be considered as the main 
reasons for the rehabilitation. The mangrove seeds by winds could not be scattered 
far from the mother trees due to the limit wind velocity while the seeds could float 
and settle anywhere the water level is high enough. 

The observations prove that the distribution of seeds depends not only mainly on 
wind speed but also on tidal water level (Fig. 18.4). Along the creek, the young trees, 
mainly Avicennia sp., are growing up. The topographical height determines the flood 
possibility of the sites so that it could contribute in the rehabilitation of the mangroves 
(Vo Luong et al. 2008). The field experiments show that tidal hydrodynamics have 
strong influence in the rehabilitation of mangroves. The seed distribution depends 
on the shape of the seeds, the float possibility of seeds, the topographical height and 
water level as well. Avicennia sp. could go through deeper area easier that Rhizophora 
sp. The results also prove that suspended sediment concentration SSC changes to 
tidal water level. 

Fig. 18.4 Predicted water level at the study site for high tide (the green sign symbolizes for 
mangrove seed settlings)
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Based on the topographical height, it shows that at the spring tide, the water level 
is high enough and the observed area is almost flooded, as shown in Fig. 18.4. The  
results could explain how and why the mangrove seeds could grow and develop in 
some specific sites which are often inundated. 

18.4.2 Relationship of Hydrodynamics and the Development 
of Can Gio Mangrove Forest 

Nowadays, along the creeks and rivers in Can Gio, the mangrove banks are being 
eroded seriously. Studies from field measurements (Mazda et al. 2002; Vo Luong 
and Massel 2006) as well as modelling (Vo-Luong and Massel 2008; Vo Luong et al. 
2008) prove that mangrove trees contributes the deposition of sediment and dissipates 
the high wave energy. Furthermore, hydrodynamics of tides and waves are the main 
causes for sediment transport and erosion processes. 

Results from the WAPROMAN model emphasizes that the main reasons of energy 
dissipation are due to the wave-trunk interaction and due to wave breaking (Vo-Luong 
and Massel 2008). Figure 18.5. shows the comparison of wave height changes in 
mangrove forest in different water depths in Can Gio Mangrove Biosphere Reserve, 
HCMC. Though the studied site can be considered as a less dense forest, the result 
shows that wave energy decreased very quickly, about 50% of initial wave height 
in 20 m from mangrove edge. The shallower water gets, the quicker wave energy 
dissipated. Therefore, Can Gio Mangrove Biosphere Reserve with the total area of 
75,740 ha can be considered not only the “green lungs” of HCMC but also the 
“protective barrier” for the habitants in HCMC. The tropical storm Durian landed in 
HCMC on 5th December, 2006 is an obvious proof for the safe “protective barrier” 
for local people.

Figure 18.6 shows that predicted wave field at the Dong Tranh estuary by using 
the wave refraction model (Vo Luong et al. 2008). It can be seen that high wave field 
was focused on Nang Hai site, which has been eroded seriously.

18.5 Conclusions 

Mangrove forests are classified as a unique and very characteristic system but the most 
vulnerable ecosystem in the coastal ecosystems. After more than 20 years of reha-
bilitation and development, Can Gio forest become the largest replanted mangrove 
areas in Vietnam with a beautiful landscape and diversity of both flora and fauna 
(Tuan et al. 2002). 

Hydrodynamics has also been much contributed to rehabilitation and develop-
ment of Can Gio forest. The hydrodynamics have great contribution in spreading 
muddy flat area along the mangrove coastal, reducing the erosion rate, rehabiliting
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Fig. 18.5 Comparisions of numerical wave height with experimental data for water depths 1.9 m 
(a) and 2.1 m (b) (Vo-Luong and Massel 2008)
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Fig. 18.6 Computed wave field at Dong Tranh estuary in Can Gio (Vo Luong et al. 2008)

the mangroves and protecting the coast from waves and storms. It is very necessary 
for the further and in-depth studies on hydrodynamics. 
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Chapter 19 
The Method for Delimiting the Maritime 
Boundary in the Internal Waters 
of Coastal Provinces of Vietnam (From 
Binh Thuan Province to Ca Mau 
Province) 
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Abstract This article presents the results of an analysis of the current management 
situation and current documents on administrative boundary management, thereby 
proposing a plan to determine administrative boundaries at sea (internal waters) for 
the main coastal province of Vietnam (the area from Binh Thuan province to Ca 
Mau province). The VN2000 national topographic map established, revised, and 
supplemented by the Ministry of Natural Resources and Environment was used to 
develop a plan to demarcate maritime boundaries. The research results provide suit-
able technical solutions for maritime boundary determination, taking into account 
the morphological characteristics of the coast, the management status, and according 
to the management documents of the Vietnamese state. 

Keywords Administrative boundaries · Maritime boundaries · General direction

T. N. Q. Phan (B) · N. L. Hoang · V. S. Hoang 
Department of Survey, Mapping and Geographic Information of Vietnam, Ministry of Natural 
Resources and Environment, 2 Dang Thuy Tram, North Tu Liem, Hanoi, Vietnam 
e-mail: phannguyetque@gmail.com 

T. B. H. Dinh 
Faculty of Geography, University of Science, Vietnam National University, 334 Nguyen Trai, 
Thanh Xuan, Hanoi, Vietnam 
e-mail: dinhthibaohoa@hus.edu.vn 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
P. L. Vo et al. (eds.), Advances in Research on Water Resources and Environmental 
Systems, Environmental Science and Engineering, 
https://doi.org/10.1007/978-3-031-17808-5_19 

297

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-17808-5_19&domain=pdf
http://orcid.org/0000-0001-9171-5885
mailto:phannguyetque@gmail.com
mailto:dinhthibaohoa@hus.edu.vn
https://doi.org/10.1007/978-3-031-17808-5_19


298 T. N. Q. Phan et al.

19.1 Introduction 

Administrative boundaries dossiers show information on the establishment and 
adjustment of administrative units. The map of administrative boundaries shows 
administrative boundaries, landmark locations, and characteristics of points on 
administrative boundaries. 

Administrative boundaries, including administrative boundaries on land and at 
sea (Minister P 2012) in the internal water part, are a content element of geographic 
background data in state management to serve the tasks of regional, territorial, and 
other planning tasks. 

Land administrative boundary records between localities were made between 
1991 and 1994 and continue to be supplemented according to decisions on separation 
and merger. 

The competent authorities have not approved the documents of administrative 
boundaries at sea, which makes it difficult to manage the relevant localities. 

Vietnam has 28 coastal provinces and cities out of a total of 63 provincial adminis-
trative units, (https://www.mofa.gov.vn/vi/tt_vietnam/geo/) which are very favorable 
for economic development while also posing difficulties in managing, protecting, and 
exploiting economic advantages from the sea and islands. 

The extent of maritime space is regulated by the International Convention on the 
Law of the Sea (Treves 2008), which is concerned with the legal and technical issues 
of determining maritime boundaries. On November 12, 1982, the Government of the 
Socialist Republic of Vietnam announced the baseline used to calculate the width of 
Vietnam’s territorial waters (Vietnam 1982). Vietnam declared the sea area inside the 
baselines and bordering the coast as the internal waters of Vietnam (Vietnam 1977; 
Assembly 2012). 

This article proposes solutions to define maritime boundaries in the internal waters 
of Vietnam (from Binh Thuan to Ca Mau provinces). 

Because surveying and demarcating marine boundaries in the field is not possible, 
boundary determination will take place at work. 

The equidistance method is used to define maritime boundaries for administrative 
units with opposite or adjacent coastlines. 

19.2 Materials and Methodology 

19.2.1 Study Areas and Materials 

According to the 1982 announcement of the baseline used to calculate the width of 
Vietnam’s territorial sea, provinces ranging from Binh Thuan to Ca Mau are located 
in the internal water area (Treves 2008; Assembly 2012; Bangert 1992).

https://www.mofa.gov.vn/vi/tt_vietnam/geo/
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Fig. 19.1 Study area 

The administrative boundaries on the mainland use the national topographic map 
(the VN2000 system), so the maritime boundary is also shown on the topographic 
map of the VN2000 system (Environment 2014) (Fig. 19.1). 

19.2.2 Methodology 

Land border areas comprised of communes, wards, and townships with administrative 
boundaries that coincide with national land borders. 

Maritime border areas extending from national sea borders into all administrative 
boundaries of communes, wards, and towns bordering the sea, as well as islands and 
archipelagos (Vietnam 2003). 

It is only proposed in this study to define the boundary in the internal waters. 
In Vietnam, the boundaries at all levels include provincial, district, and commune-

level administrative boundaries (Environment 2014). 
Administrative boundary landmarks are signs by objects used to mark adminis-

trative boundaries among administrative units. Administrative boundaries include 
provincial, district, and commune levels.
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The number of landmarks on each administrative boundary line is numbered in 
the order of non-overlapping components: local names stand for so that there are 
hyphenations between administrative unit abbreviations in parentheses. The admin-
istrative milestone level is abbreviated after the name of the administrative unit in 
charge of the landmark. T is the provincial level, H is the district level, and X is the 
commune level. 

The typical point is the location in the field where items are easily identifiable. It 
is chosen for the purpose of identifying and describing administrative borders. 

According to Vietnamese legal documents, maritime administrative boundaries 
continue and are linked to land-based administrative boundaries. The administra-
tive boundary line is determined to respect the current state of local management; 
to ensure fairness and simplicity in accordance with administrative management 
conditions. 

A fair approach is the most basic way to define boundaries at sea (Ball 1993) 
(Fig. 19.5). 

Using the Coast’s General Direction when the coast is replaced by a single general 
direction line, the median line is perpendicular (Nations 2000). For larger areas, 
complex coastline shapes can determine the main direction of the coast or of a 
part of the coastal area. The sea boundary line will be formed by erecting a line 
perpendicular to the main direction of the coast (Fietta and Cleverly 2016). However, 
there is frequently disagreement over which part of the shoreline should be used to 
determine the main direction (Carleton and Schofield 2002). 

The boundary between the sea and the opposite coastline will be determined by 
the median line between the coasts. 

Using a compass, draw circles tangent to the shores centers of circles is an equidis-
tance line. The method of using concentric circles is based on the theory that the 
circle’s center is evenly separated from points on its circumference. The boundary 
line is formed by connecting the points that correspond to the centers of the circles. 

Where the coast is too folded, connecting the centers of the circles will result 
in a boundary line with many segments, which is unsuitable for the description. As 
a result, it can be simplified by reducing the number of points while keeping the 
administrative boundaries’ main diversion point (Antunes 2002; Macaspac 2002; 
Organization 1982, 2014; Authority 2001). In this study, the minimum number of 
points will be proposed to facilitate the description of the demarcation line. 

Another way is to swap areas of equal size that are acceptable to the two sides 
(Carleton and Schofield 2002; Beazley 1994). 

The agreement method is a method where two administrative units negotiate and 
reach an agreement. Old treaties sometimes used meridians (lines of longitude) or 
parallels (lines of latitude) to define a boundary. The agreement method is the method 
that takes into account the characteristics of the coast of each region, the agreement 
related to the current management status of each locality, the habit of living, and the 
conditions of administrative management. The two administrative units negotiate and 
agree with each other to choose the appropriate demarcation plan. The demarcation 
result will be recorded and submitted to the competent authorities for recognition.
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19.2.3 Rules for Naming and Numbering Points 

Score zero: determine the final boundary point on the mainland, according to admin-
istrative boundary records and maps. The symbol of the point is the abbreviation 
of the relevant provincial-level administrative unit or city. For example, the point 
(BRVT-TP.HCM) is understood as the final point on the administrative boundary 
line between the two provinces of Ba Ria–Vung Tau province and Ho Chi Minh City. 

Score 1: Determine the intersection point between the land boundary line and the 
average lowest sea edge over many years. The data is shown on the national topo-
graphic map of the VN2000 coordinate system provided by the Vietnam Adminis-
tration of Seas and Islands; for the estuary or bay section, it will be the dividing 
point between the part of the river mouth and the bay. The symbol of the point 
is the abbreviation of the related province, plus the number 1. For example, the 
point (BRVT-TP.HCM)1 is understood as a point on the administrative boundary 
line between Ba Ria–Vung Tau province and Ho Chi Minh City that intersects with 
the average lowest sea edge in many years. 

Score 2: Determine the intersection point between the maritime administrative 
boundary and the baseline. The symbol of the point is the abbreviation of the related 
province, adding the number 2. For example, the point (BRVT-TP.HCM)2 is under-
stood as a feature point on the administrative boundary line between Ba Ria–Vung 
Tau province and the city. Ho Chi Minh City intersects with the baseline. Connecting 
points (BRVT-TP.HCM), (BRVT-TP.HCM) 1, and (BRVT-TP.HCM) 2 are delineated 
from coast to sea to baseline. 

On each segment connecting the points, there may be other characteristic points on 
the administrative boundary line. The symbols of the points are numbered according 
to Arabic numerals. For example, 1, 2, 3, 4. 

Points identified as river mouth closures or Gulf mouths would be typed in Latin 
letters. For example, A, B, C. 

Points that determine the general direction of the coast are numbered in Roman 
numerals. For example, I, II. 

19.3 Result and Disscusion 

19.3.1 Result 

(a) The study area’s maritime administrative boundaries for provinces and cities 

From the morphological characteristics of the coastline of the study area, it can be 
determined that the general direction of the coast is the line connecting two points, 
I and II. Determine the most protruding position at the point I, located in Sung 
Trau Cape (also known as Ca Na Cape), on the coast of the Phuoc Diem commune,
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Table 19.1 The coordinates of points on the coastal borders of the provinces of Ba Ria–Vung Tau 
and Binh Thuan are listed below 

No Points Latitude N Longitude E 

1 I 11° 18' 31.0413'' 108° 55' 02.6175''

2 II 8° 38' 15.2767'' 105° 06' 15.2912''

3 2 T.9 10° 34' 12.6824'' 107° 34' 06.1433''

4 (BT-BRVT) 10° 34' 11.7141'' 107° 34' 06.2504''

5 (BT-BRVT)1 10° 34' 04.9234'' 107° 34' 11.0810''

6 (BT-BRVT)2 9° 32' 29.2748'' 108° 17' 51.7831''

Thuan Nam district, Ninh Thuan province. Point II is located on the coast of Tan An 
commune, Ngoc Hien district, Ca Mau province. 

The plan for determining administrative boundaries at sea is as follows: 
The maritime administrative boundary between Ba Ria–Vung Tau province and 

Binh Thuan province: The landmark 2 T.9 is the provincial level administrative 
boundary marker in the general direction of the boundary line straight to the shoreline 
at the point (BT-BRVT). It is the final characteristic point of the mainland adminis-
trative boundary line between Binh Thuan province and Ba Ria–Vung Tau province. 
From the characteristic point (BT-BRVT), it constructs a straight line perpendicular 
to the general direction of the coast, intersecting with the multi-year average water 
level at position (BT-BRVT)1; intersecting with the baseline at position (BT-BRVT)2 
(Table 19.1). 

The maritime boundary between Ba Ria–Vung Tau province and Ho Chi Minh 
city: Determining the boundary in Cai Mep river. The final point (BRVT-TP.HCM) 
on the administrative boundary document, point 1 is located at an equidistant distance 
of a = 1052 m from the farthest protruding point of Con Cho mound, Phu Lang islet, 
and unnamed mound. Point 2 is located at an equidistant distance of b = 3641.5 m 
from the farthest protruding point of Phu Loi islet, Can Gio cape, and Mieu Ba islet. 
Point 3 is located at a distance of c = 4791 m from the farthest protruding point 
of Ganh Rai cape, Can Gio cape, and the protruding point of the mainland in Ba 
Ria–Vung Tau province. Point 4 is located equidistant a distance of d = 4665.5 m 
from the farthest protruding point of Da Cai Trang cape, the Ganh Rai cape (Ba 
Ria–Vung Tau), and, the most protruding point (Ho Chi Minh City) and intersects 
the midpoint of the Ganh Rai bay closure at the position marked on the map (BRVT-
TP.HCM)1. Segnment the Ganh Rai bay closure: The segment connects point A 
located on O Cap cape in Ba Ria–Vung Tau province and point B located near Dong 
Tranh cape in Ho Chi Minh City. Delimiting the boundary segment outside Ganh 
Rai bay towards the East Sea: at position (BRVT-TP.HCM)1, it constructs a straight 
line perpendicular to the general direction of the coast and extends to the baseline at 
location (BRVT-TP.HCM)2 (Fig. 19.2; Table 19.2).
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Fig. 19.2 Characteristic points on the provincial administrative demarcation line between Ba Ria– 
Vung Tau province and Ho Chi Minh City 

Table 19.2 The coordinates of points on the coastal borders of Ba Ria–Vung Tau province and Ho 
Chi Minh City are listed below 

No Points Latitude N Longitude E 

9 (BRVT-TP.HCM) 10° 30' 02.2360'' 106° 59' 45.3636''

10 1 10° 29' 19.5872'' 106° 59' 36.1929''

11 2 10° 26' 22.8961'' 106° 59' 58.5451''

12 3 10° 24' 48.7439'' 107° 01' 12.8829''

13 4 10° 21' 23.9274'' 107° 00' 53.0150''

7 A 10° 19' 15.6903'' 107° 04' 54.6466''

8 B 10° 22' 15.1660'' 106° 52' 33.8202''

14 (BRVT-TP.HCM)1 10° 20' 45.4820'' 106° 58' 44.2732''

15 (BRVT-TP.HCM)2 9° 14' 50.7808'' 107° 45' 37.8292''
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Table 19.3 The coordinates of points on the coastal borders of Ho Chi Minh City and Tien Giang 
province are listed below 

No Points Latitude N Longitude E 

16 (TP.HCM-TG) 10° 21' 59.0560'' 106° 48' 43.8746''

8 B 10° 22' 15.1660'' 106° 52' 33.8202''

19 C 10° 16' 34.7285'' 106° 48' 44.6785''

17 1 10° 19' 24.9663'' 106° 50' 39.2095''

20 D 10° 22' 55.8595'' 106° 58' 50.8498''

21 E 10° 12' 31.3328'' 106° 48' 34.1236''

18 (TP.HCM-TG)1 10° 17' 43.6528'' 106° 53' 42.4020''

22 (TP.HCM-TG)2 9° 12' 01.0533'' 107° 40' 28.6331''

Administrative boundary at sea between Ho Chi Minh City and Tien Giang 
province: The section of the provincial administrative boundary between Ho Chi 
Minh City and Tien Giang province lies on the Soai Rap River, which flows into the 
Dong Tranh Bay through the Soai Rap estuary. The final point (TP.HCM-TG) on 
the mainland, next to the boundary line passing through Point No. 1, is the midpoint 
lying on the road closing Dong Tranh Bay. The section closing Dong Tranh Bay 
is the section joining point B, located near Dong Tranh cape in Ho Chi Minh City, 
with point C, located on an Ong Mao dune in Tien Giang province. The boundary 
continues to the numbered point (TP.HCM-TG) which is the midpoint located on the 
outer part of the closure of Dong Tranh Bay. The section that closes off Dong Tranh 
Bay outside is connected at points D and E in Ho Chi Minh City and Tien Giang 
province, respectively. Determine the boundary segment outside the Dong Tranh Bay 
towards the East Sea: at location (TP.HCM-TG)1 construct a line perpendicular to the 
general direction of the coast and extend it to the baseline at location (TP.HCM-TG)2 
(Table 19.3). 

The maritime boundary between Tien Giang province and Ben Tre province: The 
section of the provincial administrative boundary between Tien Giang and Ben Tre 
provinces is located on the Cua Dai River, which flows into the sea through the Cua 
Dai Mouth. Point (TG-BT) is the mainland’s final point. Next, the boundary segment 
goes to point (TG-BT) 1, which is the midpoint lying on the closed section of Cua 
Dai Mouth. The section close to Cua Dai Mouth is the section connecting Point E in 
Tien Giang province and Point F in Ben Tre province. At point (TG-BT)1, construct 
a line perpendicular to the general direction of the coast and extend it to the baseline 
at location (TG-BT)2 (Table 19.4).

The maritime boundary between Ben Tre province and Tra Vinh province: The 
final point (BT-TV) on the provincial administrative boundary line between Ben 
Tre province and Tra Vinh province, is erecting a line perpendicular to the general 
direction of the coast, cutting the section closing the mouth of the Co Chien River 
at the point (BT-TV)1 and extending to the baseline at point (BT-TV)2. The section 
that closes the mouth of the Co Chien River is the section connecting point G at Con 
Dam in Ben Tre province and point H in Tra Vinh province (Table 19.5).



19 The Method for Delimiting the Maritime Boundary … 305

Table 19.4 The coordinates of points on the coastal borders of the provinces of Tien Giang and 
Ben Tre are listed below 

No Points Latitude N Longitude E 

23 (TG-BT) 10° 11' 28.4415'' 106° 45' 26.4803''

21 E 10° 12' 31.3328'' 106° 48' 34.1236''

25 F 10° 07' 44.7114'' 106° 48' 17.3494''

24 (TG-BT)1 10° 09' 16.6070'' 106° 48' 23.6624''

26 (TG-BT)2 9° 12' 01.0533'' 107° 40' 28.6331''

Table 19.5 The coordinates of points on the coastal borders of the provinces of Ben Tre and Tra 
Vinh are listed below 

No Points Latitude N Longitude E 

27 (BT-TV) 9° 49' 44.6649'' 106° 34' 13.7078''

30 G 9° 47' 23.0140'' 106° 36' 54.2755''

31 H 9° 44' 43.6034'' 106° 33' 50.4972''

28 (BT-TV)1 9° 46' 51.1105'' 106° 36' 17.7874''

29 (BT-TV)2 9° 56' 27.9995'' 107° 12' 13.1757''

The maritime boundary between Tra Vinh province and Soc Trang province: The 
point (ST-TV) is located on the border between Tra Vinh and Soc Trang provinces, 
on the Hau River, which flows into the Dinh An Mouth. The administrative boundary 
line passing through Point 1 is the midpoint, lying on the inner Dinh An Mouth. The 
Dinh An closure section connects point K in Tra Vinh province and point L in Soc 
Trang province. The boundary continues to point (ST-TV)1, which is the midpoint of 
the outer Dinh An Mouth. The closure section of Dinh An is the section connecting 
point N in Soc Trang province, located near Con Dung beach, and point M in Tra 
Vinh province. At point (ST-TV)1, the boundary in a direction perpendicular to the 
general direction of the coast intersects the baseline at point (ST-TV)2 (Table 19.6).

The maritime boundary between Soc Trang province and Bac Lieu province: The 
final point (BL-ST) is on the provincial administrative boundary line between Soc 
Trang province and Bac Lieu province. The boundary continues to go to the south, 
which is a direction perpendicular to the general coastline, intersecting the average 
multi-year mean lowest sea level at point (BL-ST)1 and intersecting the baseline at 
location (BL-ST)2 (Table 19.7).

The maritime boundary between Ca Mau and Bac Lieu provinces: The method 
involves the conclusion of agreements based on the consensus of the adjacent admin-
istrative units. The final point is on the mainland, which is a borderline drawn parallel 
to the line of longitude or latitude. The People’s Committees of Ca Mau and Bac Lieu 
provinces had an agreement on August 8, 2009, according to which the administra-
tive boundary line at sea goes to the south, parallel to the longitudinal line. The final 
point (CM-BL) is on the mainland between Bac Lieu province and Ca Mau province. 
The administrative boundary line at sea intersects with Ganh Hao Mouth at a point
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Table 19.6 The coordinates of points on the coastal borders of the provinces of Tra Vinh and Soc 
Trang are listed below 

No Points Latitude N Longitude E 

32 (ST-TV) 9° 34' 57.7326'' 106° 18' 44.9342''

33 1 9° 31' 24.2044'' 106° 20' 59.2875''

34 K 9° 31' 41.1501'' 106° 21' 58.7126''

35 L 9° 31' 07.2556'' 106° 19' 59.8636''

36 (ST-TV)1 9° 28' 50.0215'' 106° 21' 28.0235''

37 N 9° 25' 57.3848'' 106° 17' 07.4064''

38 M 9° 31' 42.5937'' 106° 25' 48.7088''

39 (ST-TV)2 8° 45' 30.9484'' 106° 52' 23.4672''

Table 19.7 The coordinates of points on the coastal borders of the provinces of Soc Trang and Bac 
Lieu are listed below 

No Points Latitude N Longitude E 

40 (BL-ST) 9° 14' 43.6829'' 105° 49' 31.7607''

41 (BL-ST)1 9° 13' 38.0461'' 105° 50' 19.1358''

42 (BL-ST)2 8° 35' 08.2492'' 106° 18' 02.8083''

(CM-BL).1 and meets the baseline at point (CM-BL).2. The section closing Ganh 
Hao Bay is the section connecting Point K in Ca Mau province and Point H in Bac 
Lieu province (Table 19.8). 

(b) The maritime boundary of Con Dao district, Ba Ria–Vung Tau province 

* Case 1: the islands of the island district are considered to be valid as the mainland; 
the furthest locations of the islands in Con Dao district are connected together to 
limit the scope of the district and find the equidistant line of the distance between 
the limit line and the multi-year average water level of the coastal provinces.

Table 19.8 The coordinates of points on the coastal borders of the provinces of Bac Lieu and Ca 
Mau are listed below 

No Points Latitude N Longitude E 

43 (CM-BL) 9° 01' 02.1167'' 105° 24' 58.4996''

46 K 9° 00' 45.4992'' 105° 24' 29.7176''

47 H 9° 01' 08.4896'' 105° 25' 32.1107''

44 (CM-BL)1 9° 00' 56.1121'' 105° 24' 58.4992''

45 (CM-BL)2 8° 27' 34.6937'' 105° 24' 58.4415''
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The points determining the maritime boundary of the Con Dao district, Ba Ria– 
Vung Tau province, include: Points (BRVT-BL), 1, 2, and (ST-BRVT-BL) are on the 
maritime boundary between the provinces of Ba Ria–Vung Tau and Bac Lieu. 

The points (ST-BRVT-BL), 1, 2, and (BRVT-TV-ST) are on the maritime boundary 
between the provinces of Ba Ria–Vung Tau and Soc Trang. 

The points (BRVT-TV-ST), 1, 2, 3, and (BRVT-TV) are on the maritime boundary 
between the provinces of Ba Ria–Vung Tau and Tra Vinh (Table 19.9). 

* Case 2: Con Son Island is assigned 6 nautical miles. Determine the general direction 
of the shoreline, find the limit of 6 nautical miles after having simplified the number 
of characteristic points, the coordinates of the limited area of Con Son Island include 
the points:  (ST-BRVT)2-1, 1, 2, 3, 4, 5, 6, (ST-BRVT)2-2 (Table  19.10). 

Table 19.9 List of coordinates of points in Con Dao district, Ba Ria–Vung Tau province, Case 1 

No Points Latitude N Longitude E 

1 (BRVT-BL) 8° 30' 03.7498'' 105° 42' 19.0427''

2 1 8° 42' 22.8033'' 105° 42' 19.6121''

3 2 8° 48' 29.4184'' 105° 46' 15.2174''

4 (ST-BRVT-BL) 8° 55' 31.8771'' 106° 03' 22.2943''

5 1 8° 57' 12.5667'' 106° 07' 27.4852''

6 2 9° 00' 07.0601'' 106° 19' 19.4402''

7 (BRVT-TV-ST) 9° 09' 22.3699'' 106° 35' 22.5908''

8 1 9° 09' 55.0224'' 106° 36' 19.2935''

9 2 9° 10' 15.2588'' 106° 48' 26.7746''

10 3 9° 04' 13.7634'' 106° 59' 48.9429''

11 (BRVT-TV) 8° 53' 44.5328'' 107° 07' 16.8710''

Table 19.10 List of coordinates of con Dao district, Ba Ria–Vung Tau province, Case 2 

No Points Latitude N Longitude E 

1 (ST-BRVT)2–1 8° 42' 41.4734'' 106° 47' 17.1488''

2 1 8° 48' 29.9936'' 106° 45' 04.8837''

3 2 8° 50' 22.2114'' 106° 42' 20.5639''

4 3 8° 51' 24.6946'' 106° 37' 41.0545''

5 4 8° 45' 39.3911'' 106° 30' 02.7018''

6 5 8° 43' 40.6028'' 106° 28' 15.8641''

7 6 8° 39' 25.8993'' 106° 27' 33.6966''

8 (ST-BRVT)2–2 8° 36' 45.5093'' 106° 28' 51.8336''
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19.3.2 Discussion 

Define maritime boundaries to address maritime security issues such as anti-
smuggling investigations, handling of accidents at sea, investigating vessels that 
violate maritime regulations, or resolving disputes among localities over the 
exploitation of coastal resources. 

Maritime boundaries and limits play an important role in determining the rights 
and responsibilities of sovereign states as well as of local governments. Maritime 
boundaries aid in determining the scope of organizations’ and individuals’ rights in 
the exploitation, use, and management of marine space (Government 2021). 

When determining the administrative boundary in the internal waters of the 
province, the city will be the basis for determining the administrative boundary 
at the district level, followed by the determination of the commune level within the 
locality. 

For Con Son island district, Ba Ria–Vung Tau is an area with many solutions, 
in order to implement it, it will need the exchange and unity of the relevant locali-
ties. After negotiation and agreement are expressed, the dossier shall be submitted 
to the competent authorities for approval as prescribed. In case no agreement has 
been reached, localities will present their local views on the settlement contents as 
prescribed (Government 2008). 

19.4 Conclusion 

The results of the analysis of the status of administrative boundaries management 
and the current documents of the State of Vietnam serve as the basis for determining 
technical and technological solutions. 

The selected boundary determination methods to take into account the general 
direction of the coast combined with the equidistant method evenly depending on the 
relevant administrative units with opposite or adjacent coasts. The technical solution 
is simple, easy to apply, ensuring fairness, easy to convince stakeholders to accept. 

The proposed demarcation plans clearly define the scope of administrative bound-
aries management for provinces and cities in the research area in accordance with 
the management status, have legal grounds for the sections of boundaries approved 
by competent authorities; technical solutions for each area are feasible in practice 
(Figs. 19.3, 19.4 and 19.5).
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Fig. 19.3 Boundary division by case 1
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Fig. 19.4 Boundary division by case 2
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Chapter 20 
Assessment of the Status of Supervision 
and Social Criticism of the Majority 
of People in the Fields of Land at Quy 
Nhon City, Binh Dinh Province 

Hang Thi Pham , Thuy Le Thi Phan , and Hien Dieu Thi Bui 

Abstract The result shows that in practice, social supervision and criticism have not 
mobilized public opinions contributions from the people, mainly through the repre-
sentative mechanism (invitation to meetings, inviting criticism, inviting comments) 
because the people are still unaware of their right to supervise the land. At the same 
time, people do not grasp all information related to land use planning, information on 
compensation, or information on land prices. The current law does not have specific 
guidelines on how and the process to carry out the counter-arrival and supervision. 
Notably, only 5% of the survey respondents said that they had contributed ideas 
about the projects implemented in land use planning. 70.5% of surveyed households 
suppose dialogue the meeting is only held for small citizens. 

Keywords Democracy · Supervision · Social criticism · Quy Nhon 

20.1 Introduction 

In reality, the mechanism for exercising the people’s supervision rights through 
comments, recommendations, reflections, complaints, and denunciations in the land 
sector still depends on the level of reception and feedback information from the 
competent authorities. The reception of people’s suggestions has not attracted the 
attention of officials. 

The right to contribute opinions of residents through a referendum in determining 
compensation land prices; The resettlement support plan; The projects implemented 
in the land use planning still have certain limitations. 

Firstly, Limitations in self-monitoring practice: Many opinions of the people 
through conferences and group meetings have received little attention and recog-
nition; The work of collecting people’s ideas on state management activities on 
land is not regularly; The content to have comments from the people is not clear,
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many people do not understand clearly about the content that needs to review. For 
example, regarding the content or comments on the implementation of the master 
plan, the land use plan, 95% of the survey respondents did not understand this issue 
clearly. Second, there are limitations on the exercise of the right of supervision in the 
management and use of land through the representative mechanism (the Fatherland 
Front and political and social organizations) with no connection between users with 
the Fatherland Front and other political and social organizations. Land users do not 
know that the Fatherland Front and political and social organizations represent them 
to exercise social supervision. 

It is this practice that limits the role of people in monitoring and social criticism 
in the field of land management and use. The study “Assessment of the status of 
supervision and social criticism of the majority of people in the fields of land at 
Quy Nhon city, Binh Dinh province” is necessary to clarify the actual situation of 
implementing the monitoring and feedback mechanism. 

20.2 Methods 

20.2.1 Data Collection 

20.2.1.1 Secondary Data Collection 

Study the current legal regulations on supervision and social criticism of land 
management and use. Collecting planning, acquisition, and compensation data of 
projects implemented in Quy Nhon city from 2014 to 2022. Source from Web, 
Department of Natural Resources and Environment of Binh Dinh province. 

20.2.1.2 Primary Data Collection 

To collect information related to the current status of supervision and social criticism 
in the field of planning, land use planning and compensation, support and resettle-
ment, the authors conducted Interviewing officials and people at five vital projects in 
the area in Quy Nhon city, period 2014–2022. The authors have selected five research 
projects based on different project objectives. The selected project is representative 
of the planning and development of residential areas in inner-city wards (Hung Thinh 
Residential project). The need for urban expansion and meeting the accommodation 
for local people in suburban wards (Quy Nhon Institute of Malaria and Parasitism 
Residential project, Nguyen Trong Tri Street Residential project). The project serves 
the purpose of socio-economic development, completing the city’s infrastructure (the 
project of extending Hoang Van Thu street—one of the central and connecting roads 
of the city); and representative projects about affecting the livelihoods and lives of
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people whose land is acquired (KDC project west of Tran Nhan Tong street—the 
recovered land area is mainly agricultural land, combined with land live). 

Information collected from commune-level People’s Committee officials and 
people helps the authors to make scientific and objective judgments about the level 
of approach and practice of monitoring people’s land-use activities. 

For officials: Interviewing 16 cadastral officers in 16 communes and wards with 
works and projects implemented in the period 2014–2019 in Quy Nhon city, Binh 
Dinh. Including Phuoc My commune and 15 wards (Tran Quang Dieu, Nhon Phu, 
Ngo May, Thi Nai, Bui Thi Xuan, Ghenh Rang, Quang Trung, Tran Phu, Le Hong 
Phong, Tran Hung Dao, Dong Da, Nhon). Binh, Ly Thuong Kiet, Nguyen Van Cu, 
Le Loi). 

For people participating in the survey: The sample size was determined based on 
the Slovin (1984). With an accuracy of e = 0.1, the authors have determined that the 
total number of households to be interviewed is 312, based on the total acquired area 
of 35.09 ha and 1285 affected households. 

n = N/(1 + N . e2); In which: n: Number of samples to be investigated; N: Total 
number of individuals; 
e: Variance (e = 0.05–0.1). 
From the above formula, we have a spreadsheet of survey data sample size (n) 

with 5 specific projects as follows (Table 20.1). 

Table 20.1 Number of households interviewed in the projects 

Name of project Project 
implementation 
time 

Recovered 
area (ha) 

Number of 
affected 
households 

Number of 
survey 
samples (n) 

Hung Thinh Residences 2014 10.3 486 84 

The East Nguyen Trong Tri 
Residences, Nhon Binh ward 

2016 5.53 50 33 

Hoang Van Thu street and 
branch lines (Area of Ngo 
May and Le Hong Phong 
wards) 

2015 2.86 499 83 

Residential area west of Tran 
Nhan Tong street 

2018 9.8 125 56 

Residential Area East of the 
Institute of 
Malaria—Parasites—Insects 
Quy Nhon 

2016 6.60 125 56 

Total 35.09 1285 312
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20.2.2 Methods of Collecting and Analyzing Documents 
and Data 

After collecting survey data, the authors synthesize data using Microsoft Excel and 
analyze the data to serve as a basis for orienting and exploiting the study and scientific 
conclusions about the research problem. 

For secondary data:

. Qualitative data: Classify and arrange information in order of priority on the 
importance of information.

. Quantitative data: Entering into the computer-based on Excel software application 
the data according to the necessary data for the research. 

For primary data: Processing matrix, making information tables, conducting 
synthesis and analysis. Use Excel to enter and standardize data. After the investiga-
tion, the data has checked the accuracy of the information obtained. For qualitative 
data collected from interviews, using Microsoft word to set up a two-dimensional 
matrix of information types and respondents, leading conclusions on the actual status 
of social supervision in the land sector can be determined. 

20.3 Result 

20.3.1 Evaluation of the Practice of Exercising the Right 
of Social Supervision of People in the Land Sector 
in Quy Nhon City, Binh Dinh Province 

The participation of the people is indispensable in the state management of land 
(Anh 2014). Monitoring and social criticism demonstrate the participation of the 
people in state management. In Article 28, Constitution 2013, People have the right 
to participate in state management, to discuss and recommend with state agencies on 
village, local and national issues. The State give citizens opportunities to participate 
in land management; publicity and, transparency in receiving and responding to 
citizen suggestions. 

Supervision activities are implemented by the National Assembly, the National 
Assembly Standing Committee and agencies of the National Assembly, the National 
Assembly deputies, and the National Assembly Delegation’s Delegation. The super-
vision role of the people in law-making and implementation activities has also been 
enacted. Article 199 of the 2013 Land Law stipulates: “Citizens have the right to 
exercise the right by themselves or through representative organizations to monitor 
and report violations in land management and use”. The right to social supervision 
is shown through the right to consult the community on specific contents in the land
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Table 20.2 Contents of people’s exercise of supervision rights 

Contents of people’s exercise of supervision rights Yes (%) No (%) 

Land use planning Making, adjusting land use 
planning 

0 100 

Publication and implementation of 
master plans and plans on land use 

0 100 

Compensation, support and 
resettlement 

Compensation plan 0 100 

Support and resettlement plan 0 100 

Administrative procedures related to 
rights and obligations of land users 

Processing time for administrative 
procedures 

0 100 

Process of handling administrative 
procedures 

0 100 

Responsibility for handling 
administrative procedures 

0 100 

Source Interview survey results 2022 

sector such as land price, planning, land use plan, acquisition, compensation, support, 
resettlement. 

There is a difference between the Right to Supervision and Public Consultation. In 
form, Conferences and seminars are organizational forms in the implementation of 
the right to supervision and community consultation. In addition, to exercise the right 
of overseeing, there are three additional forms of complaint, lawsuit, and petition. In 
the nature, Community consultation to obtain opinions, thoughts, and aspirations of 
land users for state management activities on land. The right to social supervision, in 
addition to expressing the content of public consultation, also shows the assessment of 
land users on state management activities on land through consensus or disagreement 
expressed in the form of complaints and denunciations). 

According to the survey results, people said that they did not know about the right 
to supervise land-related activities (Planning; Compensation, support, resettlement; 
Administrative procedures on land). Meanwhile, complaints and petitions are part of 
social monitoring activities. At the same time, according to the people, the right to 
supervise state management activities on land is only theoretical because the local 
people’s opinions can be marginalized “No one will listen to my reflection because 
I’m a common person, the government doesn’t pay attention”.1 

Table 20.2 shows: 100% of the people who participated in the survey said that 
they did not exercise the right to supervise all contents related to planning and land 
use plans (from planning content to planning adjustment using the land). 100% of 
surveyed households also agreed to write that they did not exercise their right to super-
vise through compensation, support, and resettlement (from the step of compensation 
plans, to support and resettlement).

1 Interviewing households at the land acquisition project of Hoang Van Thu street project, Quy 
Nhon city, Binh Dinh province. 
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Table 20.3 Forms of people’s supervision in land management 

Mode of exercising supervision Participation rate (%) 

Directly (suggestions, recommendations) exercise the right of 
supervision through local meetings 

30.12 

Send petitions, settle complaints, and denunciations to agencies that have 
issued administrative decisions or decisions that do not reach a 
consensus from the people 

50 

Send petitions, settle complaints, and denunciations to agencies where 
officials commit administrative violations in the field of land 

15.1 

Send petitions, settle complaints, and denunciations to legally recognized 
representative organizations for these organizations to carry out 
supervision 

4.78 

Source Interview survey results 2022 

Households participating in the survey do not suppose they have the right to super-
vise activities of land use administration. They believe that supervision is the duty of 
departmental inspectors. Citizens are obliged to comply with the regulations issued 
by the state. In fact, according to law, people can do their right to supervise activities 
of state management of land through the following forms: comments, recommen-
dations, reflections, complaints, and denunciations report through meetings or send 
applications to agencies that have issued administrative decisions, or have actions 
that do not reach a consensus from the people. 

The petition is the main form of implementation in land monitoring, management, 
and use because people are afraid of contacting state agencies and officials, and people 
still have not had a close connection (Table 20.3). 

There are four forms of implementing the citizen’s supervision rights in land 
administration. Directly (suggestions, recommendations) exercise the right of super-
vision through local meetings made up 30.12%. Send petitions, settle complaints, 
and denunciations to legally recognized representative organizations for them to do 
the people right, took a minority, at 4.78%. Send petitions, settling complaints, and 
denunciations to agencies that have issued administrative decisions or decisions that 
do not reach a consensus from the people made the lion’s share, half of 4 forms of 
supervision rights in land management. 

From the research results shown: The law on land stipulates that citizens have 
the right to supervise land use and administrate activities. However, in practice, the 
implementation of the supervisory role of the people is still limited, although the 
propaganda and dissemination of legal education in the locality have been organized 
and implemented (Table 20.4).

Table 20.4 illustrates Firstly, people are still not conscious of their right to super-
vise the land. According to the survey results in 16 communes and wards of Quy 
Nhon city: 100% of communes wards have built and issued documents to organize the 
implementation and hold conferences to propagate, disseminate, and educate about 
the law on the law land law policies related to site clearance, land use planning, and 
plans, civil law 2015. At the same time, listing the list of administrative procedures
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Table 20.4 Propaganda, dissemination and education of the law on land 

Propaganda content Dissemination 
activities of 
commune/ward 
officials 

Local people’s opinions 

Yes (%) No (%) Join frequently 
(%) 

Join less 
(%) 

No Join (%) 

Regulations on master plans and plans on land use 

Rights and 
obligations of people 
in the planning area 

100 0 3.21 8.01 88.78 

The right to access 
information related to 
master plans and 
plans on land use 

100 0 0.96 4.81 94.23 

Publicize works and 
projects implemented 
in the year of the land 
use plan 

100 0 5.77 8.65 85.58 

Propagating about the 
right to participate 
and contribute 
opinions of people in 
master plans and 
plans on land use 

100 0 0.64 3.21 96.15 

Rights and 
obligations of people 
in the planning area 

100 0 3.21 8.01 88.78 

Regulations on recovery, compensation, support and resettlement 

Cases of 
compensation and 
support when the 
State recovers land 

100 0 1.60 3.85 94.55 

Regulations on land 
allocation for 
resettlement 

100 0 2.24 4.49 93.27 

Regulations on 
policies to support 
life stabilization and 
job search when the 
state recovers land 

100 0 2.56 3.21 94.23 

Source Interview with commune-level cadastral officers and land users
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and legal documents Laws related to people’s lives have also been performed in the 
residential group. However, the propaganda, dissemination, and education of the land 
law have not received the attention of the people, leading to the situation that people 
do not understand the basic knowledge about the land legal system band. 

According to the results of interviews with 312 land users in 5 research projects: 
Land users have contributed opinions on land policies and laws, and the ideas of land 
users are not to be taken as a basis for policy change. At the same time, the level 
of participation in legal propaganda activities on planning and compensation was 
only from 3 to 18 people out of 321 interviewees (depending on content), taking a 
minority from 0.96 to 5.77%. The number of people who do not participate in legal 
propaganda sessions accounts top of the list, between 88.78 and 96.15%. 

The authors believe that local authorities need to implement specific plans to 
disseminate and educate the people about the law on land. Helping people grasp and 
better understand the land laws and regulations of the land law. And at the same time, 
supporting people know their supervisory role in the management and use of land. 

Secondly, most people do not grasp all information related to land use planning, 
compensation, or land prices. People only care about these issues when their land plot 
is recovered or registered for a land use right certificate. It is noticeable that groups 
of people living in inner-city wards often learn land law more than in suburban. 

Thirdly, although the people’s right to supervise is enacted in the 2013 Constitution 
and the Land Law 2013, these documents do not have specific instructions on how 
and the process of exercising the supervision rights of the people. 

20.3.2 Assessment of the Current Status of Supervision 
and Social Criticism for Land Use Planning 
and Planning 

Relating to the content of district-level land use planning and plans. According to the 
provisions of Clause 1, Article 6 of the Law amending and supplementing several 
Articles of the 37 Laws related to planning in 2018, the collection of comments 
from agencies, organizations, individuals, and communities on district-level land 
use planning shall be implemented in the form of holding conferences, directly 
collecting opinions and publicizing information about the contents of the land use 
planning on the website of the provincial-level People’s Committees and district-level 
People’s Committees. Or display them in public places, distribute questionnaires and 
interviews, organize conferences, seminars, and other forms following the law on 
the implementation of democracy in communes, wards, and communes. 

Practical implementation of the law in the organization of supervision activities in 
Quy Nhon shown: Implementing Clause 2, Article 28 of the 2013 Constitution, land 
management agencies have created conditions for citizens to participate in the state 
management of land mainly through public announcements of information on land 
management, organize the collection of people’s opinions, receive and respond to
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comments. However, the content and process publicity and transparency in receiving 
and responding to citizens’ opinions and recommendations have not been ensured 
according to regulations. Information deployed at meetings on compensation, support 
and resettlement has not fully responded to the process of determining compensation 
land price. Complaint settlement decisions only disclose those decisions that do not 
recognize the content of the complaint. In cases where the content of complaint 
settlement with adjustment in compensation and resettlement prices is not publicized 
on the website and at the headquarters of the People’s Committees. 

According to the household survey results, 85% of households do not know about 
consultation conferences, do not know information about planning projects and land 
use plans implemented, and 10% of surveyors do not know about the consultation 
meetings. People know but do not participate in consultation conferences. Only 5% 
of households contributed ideas about the projects implemented in the master plan 
and plan on land use. 

According to Land law, the agency that collects opinions on land use planning is 
responsible for compiling a general report, absorbing and explaining people’s stocks, 
and finalizing the land use planning before submitting them to the Council. People 
affected by planning projects are the stakeholders in land use planning. The law 
needs specific provisions to ensure that people’s comments are studied, absorbed, 
explained, and reported to competent authorities for consideration before appraising, 
deciding, or approving the planning. The planning agency needs to be responsible 
for publicizing citizens’ contributions and explaining the stocks, ensuring the rights 
of people affected by the project, and ensuring the principle of fairness, democracy, 
and publicity in land use planning and planning activities. 

Access to information on land use planning has been receiving the attention of the 
land users. To Land law (Assembly 2013), information on land use planning should 
be public and transparent. However, according to the surveyed results, only 15% 
of people know the list of work items that will be done in the year of the land use 
planning, and 85% of land users do not have access to information. Contents of land 
use planning have not been publicly on the web portal of the province or city in the 
study area. 

The research also shows the right to supervise and give social criticism on land 
use planning is not well done since land users do not grasp their rights in land use 
planning (Table 20.5). Specifically, users do not digest their rights to the area with 
planning and land use plan. 100% of surveyors do not know the land use rights will 
not be restricted if issued land use planning without done after three years or there 
is no decision on adjustment or cancellation.2 The updating and adjustment of the

2 According to the provisions of Clause 3, Article 49 of the 2013 Land Law, as amended by Clause 
1, Article 6 of the Law amending and supplementing several Articles of the 37 Laws related to the 
2018 planning, “The land area recorded in the master plan is If the annual land use purpose of the 
district has been announced to be recovered for project implementation or the land use purpose 
must be changed, but after 3 years there has been no decision on land recovery or permission to 
change the land use purpose, then State agencies competent to approve land-use plans must adjust, 
cancel and announce the adjustment, cancellation of acquisition or change of purpose for the land 
area stated in the land use plan. In case the state agency competent to approve the land use plan
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Table 20.5 Contributing comments related to master plans and plans on land use 

Contents of consultation 
on land use planning 
and plans 

Don’t know about 
consultation meetings 

Know there are 
conferences, but do 
not participate (%) 

Participate in 
comments (%) 

Planning targets, land 
use plans 

85 10 5 

Construction projects 
implemented in the 
planning period, land 
use plan 

85 10 5 

Source Interview survey results 2022 

planning have not been carried out on time, leading to the situation that people have 
to live with “suspended projects3 ” from 10 to 20 years.  

According to the survey results (Table 20.6): In the area with an annual district 
land use plan, 100% of the people said that they were not allowed to build a new 
house, not to change the land use purpose, not to plant farming, and only 8% of people 
interviewed said that they have the right to renovate and repair existing houses and 
works with the permission of competent state agencies. When land users do not know 
their rights related to the land plot in the area with land use planning or plan, the 
right to supervise the implementation of land-related activities will not be exercised 
or implemented but to no avail.

Regarding the content of public planning and land use plans, 90.4% of the people 
surveyed said that information about the planning was not made public. This practice 
does not coincide with the regulations on disclosure of information related to planning 
in Clause 1, Article 6 of the Law amending and supplementing several Articles of 37 
Laws related to planning in 2018. “District-level People’s Committees be responsible 
for publicizing the district-level land use planning at the agency’s headquarters and on 
the web portal of the district-level People’s Committee; publicly announce the content 
of district-level land use planning related to communes, wards, and townships at the 
headquarters of the commune-level People’s Committee. The public announcement 
shall be made within 30 days from the date of decision and approval by a competent 
state agency”. According to Land law, publicity must be done during the planning 
period. However, the level of public information in the locality is still very limited. It 
is necessary that the publicity content must be clearly defined in the state management 
of land. According to the provisions at point c, Clause 1, Article 48 of the 2013 Land 
Law, as amended by Clause 1, Article 6 of the Law amending and supplementing 
several articles of 37 Laws related to planning in 2018 “The People’s Committee The 
district level is responsible for compiling a general report, absorbing and explaining

does not adjust or cancel it or has it adjusted or canceled but fails to announce the adjustment or 
cancellation, the land user is not restricted in his/her rights according to the law”.
3 The project has been approved, has been included in the annual district land use plan, and has 
been notified of acquisition. However, the competent state agency has not made any recovery and 
compensation work. 
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Table 20.6 Rights of land users in land use master plans 

Accessed information on land 
use master plans and plans 

Information has been accessed 
(%) 

This is the first time hearing 
about this (%) 

To continue using the land and 
to exercise the rights of land 
users following the law, in case 
the land use planning has been 
announced without the 
district’s annual land-use plan 

6.4 93.6 

To continue to exercise the 
rights of land users, but not to 
build new houses, works, or 
plant perennial crops in case 
there is an annual land-use 
plan at the district level 

50 50 

To renovate and repair existing 
houses and works in the area 
where there is an annual 
land-use plan at the district 
level but must be permitted by 
a competent state agency 
following the law 

8.0 92.0 

If the land area stated in the 
district-level annual land-use 
plan has been announced to be 
recovered for project 
implementation, but after 
3 years, there is no decision on 
land recovery, the competent 
state agency shall approve the 
plan. Land use must be 
adjusted, cancelled and must 
announce the adjustment, 
cancellation of recovery 
recorded in the land use plan 

0 100 

In case the state agency 
competent to approve the land 
use plan does not adjust or 
cancel it or has it adjusted or 
cancelled but fails to announce 
the adjustment or cancellation 
upon the district’s annual 
land-use plan. Has been 
announced to be recovered for 
project implementation, but 
after 03 years, there is no 
decision on land recovery; the 
land user is not restricted in 
terms of land use rights 

0 100

(continued)
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Table 20.6 (continued)

Accessed information on land
use master plans and plans

Information has been accessed
(%)

This is the first time hearing
about this (%)

Publicize information on land 
use master plans and plans 

9.6 90.4 

Source Interview survey results 2022

the people’s opinions and finalizing the district-level land use planning plan before 
submitting it to the District Land Use Planning Appraisal Council”. However, up to 
now, there have been no specific guidelines on how and the implementation process 
to show the participation, comments, and supervision from the people. 

20.3.3 Assessment of the Current Status of Supervision 
and Social Criticism in Compensation, Support, 
and Resettlement 

Regarding people’s right to supervise in compensation, support, and resettlement, the 
authors have the following observations: The implementation of supervision through 
the representative mechanism is no connection between land users and the Fatherland 
Front and political and social organizations in supervision rights. The land users do 
not know that these are the organizations that exercise their supervisory rights on their 
behalf. In addition, the Fatherland Front and other political and social organizations 
have not had activities to propagate, connect and encourage land users to promote 
their role of supervising land management activities. (Quan 2018) The Fatherland 
Front needs to play a central role in carrying out monitoring and criticism activities 
in all areas of society’s life, contributing to the promotion of democracy among the 
people. 

The right to supervise in the content of compensation, support and resettlement is 
done through comments related to the compensation plan. According to the survey 
results, up to 89.7% of people commented on the contents related to compensation 
land prices, resettlement land prices, and training and career change support. Some 
users commented “The price of resettlement land is higher than the price of compen-
sation land. When we moved to the resettlement area, we had no money to pay land 
use fees, no money to build houses, the poor had to sell their land”. According to 
Land law “The organization compensation coordinate with the People’s Committee 
of the commune to hold a dialogue in case there are still disagreements on compen-
sation, support and resettlement plan”. However, surveyed results at five projects in 
Quy Nhon city, 70.5% users said that: “Dialogue sessions are only held for a small 
group, not organized a centralized dialogue, it seems that all opinions of the people 
are ignored”.
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Local authorities holding meetings in small groups for households who disagree 
on the compensation plan is not in accordance with current law. According to the 
provisions at Point a Clause 2, Article 69 of the Land Law 2013: “The organiza-
tion in charge of compensation and site clearance is responsible for making plans 
for compensation, support, and resettlement and coordinate with the Committee 
The commune-level People’s Committees of the places where the recovered land is 
located shall organize consultations on compensation, support and resettlement plans 
in the form of direct meetings with people in the area where the land is recovered”. 
“In charge of compensation and ground clearance are responsible for coordinating 
with the commune-level People’s Committee of the locality where the recovered land 
is located to hold a dialogue in case there are still disagreements about the compensa-
tion and support plan, resettlement”. Thus, in case of disagreement on compensation 
plans, a one-time dialogue should be held to avoid group separation and the small 
settlement of disagreements as the local practice has done. 

The survey results at the resettlement sites of 5 research projects show: In the 
resettlement areas, the project on Tran Nhan Tong street, the project on Le Hong 
Phong, and Hoang Van Thu streets extend people living in poor conditions there is 
no address, house number. It is too hard to trade and sell since they do not know how 
to write a contact address. In the resettlement area of Hoang Van Thu street project, 
in Nhon Binh ward, Quy Nhon city, in front of the resettlement area are mountains, 
electricity and roads have not been lit to the resettlement house. In addition, people 
have to face the situation of snakes crawling into the house. So the resettlement 
area also contains many problems to be solved. Inadequacies also arise when the 
complainant or petitioner receives a higher compensation price than the old one, 
while the executor who relocates first has to pay a low compensation price. 

95.5% of the people participating in the survey said: The plan for compensation, 
support, and resettlement is publicized at the headquarters of the commune-level 
People’s Committee, the popular living place of the resident (Table 20.7). What 
households are interested in is on what basis to determine compensation price, and on 
which basis to determine resettlement land price. The basis for determining compen-
sation, the resettlement plan should be made public to the recoverers before the 
compensation plan is approved. In this way, users identify the inadequacies related 
to compensation land prices and compensation plans, from which they can make 
recommendations and contributions. The authors believe this is the best way to exer-
cise the people’s supervision rights in compensation and resettlement, contributing 
to balancing the interests of the state, people, and investors.

20.4 Discussion 

Although people are consulted in land use planning, acquisition, compensation, 
support, and resettlement, people do not understand that they will carry out social
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Table 20.7 People’s supervision rights in compensation, support and resettlement 

Content showing the right of supervision in compensation work Yes (%) No (%) 

To contribute ideas on compensation, support, and resettlement plans in 
the form of face-to-face meetings 

70.5 29.5 

The people’s comments must be recorded in a record certified by the 
representative of the commune-level People’s Committee, the 
representative of the Vietnam Fatherland Front Committee at the 
commune level, and the representatives of the people whose land is 
recovered 

50 50 

The organization in charge of compensation and ground clearance is 
responsible for summarizing written comments, clearly stating the 
number of agreeing opinions, the number of disagreeing opinions, and 
the number of other opinions for the method. Compensation, support, and 
resettlement projects 

0 100 

The organization in charge of compensation and ground clearance shall 
coordinate with the People’s Committee of the commune where the 
recovered land is located to hold a dialogue in case there are still 
disagreements about the compensation and resettlement assistance plan 

70.2 29.8 

The plan for compensation, support, and resettlement shall be publicized 
at the headquarters of the commune-level People’s Committee, the 
commonplace of the daily life of the residential area where the recovered 
land is located 

4 98.1 

Source Interview survey results 2022

criticism. On the other hand, in some cases, people have contributed to land use plan-
ning, acquisition, compensation, support, and resettlement. Still, they do not know 
that it is exercising their right to protest social argument. 

In the context of Vietnam’s deeper international integration, the requirement to 
promote democracy and expand citizens’ participation in state management activities 
is increasingly important and urgent (Anh 2014). The role of people in monitoring 
land law enforcement activities has been enacted in legal documents. In the state 
management of land, social criticism not only shows the democratic rights but also 
the way the citizens supervise the activities of state agencies. However, practice 
shows that there have not been many studies on social criticism in the contents of state 
management of land. The research development direction of the authors in the coming 
time is to study solutions to improve the effectiveness of social criticism in planning, 
land use planning, land acquisition, compensation, support, and resettlement. 

20.5 Conclusion 

The right to social supervision is shown through the right to consult the community 
in the field, planning, land use plan, acquisition, compensation, support, and resettle-
ment. The organization of conferences to propagate and disseminate legal education
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on land law policies related to site clearance, planning, and land use plans has not 
yet attracted the attention of the community because the propaganda content and the 
form of dissemination are not focused. 

Supervision and social criticism serve as a driving force to promote the people’s 
democracy and improve the quality of land use and management (Marshall and Botto-
more 1992). The more people actively exercise their right to social supervision in 
land management, the more effective social criticism will be. However, the law does 
not have specific regulations on the order and principles of contributing comments to 
supervision and social criticism, opinions are mainly contributed through the repre-
sentation mechanism (invitation to meetings, invitations to critique, the invitation to 
contribute ideas). 

To organize and carry out social monitoring and criticism in the best way, the 
theoretical and legal basis for the role of social supervision and criticism needs to 
be interesting. Implementation methods in monitoring and social criticism activities 
in the field of land need to be enacted clearly in the Land Law and its guiding 
documents. At the same time, the law should specify the roles and responsibilities 
of organizations that receive supervision and criticism from the people. 

The necessary condition for “social criticism” and “social supervision” is to make 
all management information public and transparent. The sufficient condition is that 
the relevant state agencies and state officials must be accountable for the criticism and 
supervision of the people. Thus, the State needs to enact specific laws on publicity and 
transparency of management information, people’s participation, and accountability 
of agencies and managers (Vo 2015). 

Strengthen public and democratic dialogue, and listen to the citizens’ legitimate 
aspirations (Nguyen and Nguyen 2021). At the same time, apply flexibly and appro-
priately policies to ensure a harmonious settlement of interests between the State and 
the people in land use planning and planning, recovery, compensation, support, and 
resettlement. Immigration is a necessity nowadays. 
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Chapter 21 
Assessment of Sustainable Development 
for Ly Son and Phu Quy Islands Using 
Sustainable Development Index 

Pham Viet Hai, Nguyen Thi Diem Thuy, Phan Thi Thanh Hang, 
and Dao Nguyen Khoi 

Abstract The objective of this study is to assess the level of sustainable development 
for the two island districts of Ly Son and Phu Quy using sustainable development 
index (SDI). The SDI includes 53 indicators representing 17 sustainable develop-
ment goals (SDGs) for three categorical pillars of sustainable development (society, 
economy, and environment). The SDI values are estimated based on secondary data 
and primary data collected from 200 households in the study areas. Results showed 
that Phu Quy and Ly Son districts had the same level of sustainable development with 
a standardized value of 0.81. Despite achieving a good level of sustainable develop-
ment, the two island districts still need some improvements in terms of sex ratio at 
birth (SDG5), ratios of employment and product in processing and manufacturing 
industries (SDG12) and forestland area (SDG15). In addition, in order to increase 
the level of sustainable development, the local managers of Ly Son district should 
improve policies for poverty reduction (SDG1), and the local managers of Phu Quy 
district should improve ensuring social security and safety for local people (SDG16). 
In general, the results obtained from this study demonstrate the appropriateness of 
the SDI in estimating the level of sustainable development for island districts in 
Vietnam. 
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21.1 Introduction 

In 1972, the concept of sustainable development (SD) was first recognized at the 
United Nations Conference on the Human Environment held in Stockholm. Over 
time, many definitions of sustainable development have been proposed. However, 
the concept introduced by the United Nations Conference on Environment and Devel-
opment (UNCED) in 1987 is the most widely used. According to UNCED, “Sustain-
able development meets the needs of the present without compromising the ability 
of future generations to meet their own needs” (World Commission on Environment 
and Development 1987). 

Towards sustainable development, monitoring and evaluating the development 
process is very important to adjust policies and make appropriate decisions. There-
fore, in Chapter 40 of Agenda 21, UNCED had called on countries, international 
organizations, governments and non-governmental organizations to develop a set of 
sustainable development indicators (SDI) with the aim of providing a solid basis for 
decision making (United Nations 1992). In 2001, the United Nations Statistics Divi-
sion developed a set of indicators to track progress towards the Millennium Devel-
opment Goals (MDGIs) for all countries by 2015 (United Nations 2000). However, 
this set of indicators had limitations in terms of structure and feasibility. Therefore, 
the MDGIs was replaced with the Sustainable Development Goal Indicators (SDGIs) 
including 232 indicators designed to monitor and evaluate the implementation of 17 
goals and 169 targets by 2030 (United Nations 2015). 

Following that trend, many sets of sustainable development indicators have been 
developed with a variety of content as well as application levels, covering from inter-
national to local levels. However, the actual application (or actualization) of the set 
of indicators after being established still had limitations. As a tool to evaluate SD 
progress for stakeholders to make decisions, the studies only stopped at the stage 
of building a framework without applying it in practice, leading to these indicators 
being invalid, as well as the studies having no practical significance. In the previous 
study on building a set of socio-economic sustainable development indicators for 
island districts in Vietnam (Hai et al. 2021), we developed an SDI consisting of 52 
indicators to assess the level of sustainable development in these localities. In order 
to generalize the set of indicators for island districts with diverse socio-economic 
characteristics, it is necessary to have a study that applies the set of indicators simul-
taneously to different regions. The objective of this study is to evaluate the level of 
sustainable development for two island districts of Ly Son and Phu Quy using the 
SDI was developed in the previous study (Hai et al. 2021), which will demonstrate 
the feasibility of practical application of SDI for other island districts in Vietnam.
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21.2 Study Area 

The Phu Quy island district is approximately 120 km southeast of Binh Thuan 
province with an area of about 18 km2 (Fig. 1a). Currently, Phu Quy has a popula-
tion of more than 28,000 people with approximately 15,000 people of working age. 
Local workers are mainly engaged in fishing and aquaculture. As an island district, 
Phu Quy’s economy is mainly based on fishing, agriculture and tourism. Meanwhile, 
local industries and services have not yet developed. To orient the socio-economic 
development, Binh Thuan province has issued Decision no. 1485/2008/QD-UBND 
on June 3rd, 2008 on the socio-economic planning of Phu Quy district until 2020. 
Accordingly, this island district is oriented to become a centre of offshore fishing, 
fisheries logistics and rescue services of the area (People’s Committee of Binh Thuan 
Province 2008).

Meanwhile, Ly Son is a small island district with an area of about 10.32 km2, and 
approximately 28 km northeast of Quang Ngai province (Fig. 1b). With a population 
of about 22,000 people, Ly Son district is a locality with a population density many 
times higher than the population density of the whole province. In general, Ly Son 
district has an abundant labour force with about 63% of the population in working 
age. Similar to Phu Quy district, Ly Son’s economy is mainly based on fishing, 
agriculture and tourism. Accordingly, the socio-economic development plan of Ly 
Son district (Decision no. 169/2012/QD-UBND on August 31st, 2012) identified the 
fishing industry as the key economic sector of the locality. In recent years, Ly Son’s 
tourism industry has also developed rapidly thanks to the natural strengths of the 
island district (People’s Committee of Quang Ngai Province 2020). 

21.3 Methodology 

21.3.1 Sustainable Development Index (SDI) 

In this study, the set of sustainable development indicators (Hai et al. 2021) was used 
and it was developed based on the United Nations’ 17 Sustainable Development 
Goals (SDGs) to 2030 to measure progress towards achieving these SDGs for island 
districts in Vietnam. The set of 53 indicators is grouped into sub-dimensions based 
on the 17 United Nation SDGs, then these SDGs are categorized according to the 
three dimensions, namely economy, environment, and society (Fig. 21.2). The list of 
53 indicators is shown in Table 21.1.
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Fig. 21.1 Study area: a Phu Quy district. b Ly Son district
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Sustainable Development Index 

EnvironmentEconomy Society 

– SDG6: Clean water and 
sanitation; 

– SDG7: Affordable and 
clean energy; 

– SDG11: Sustainable 
cities and communities; 

– SDG13: Climate action 
– SDG14: Life in water; 
– SDG15: Life on land 

– SDG1: No poverty 
– SDG2: Zero hunger 
– SDG3: Good health 
– SDG4: Quality education 
– SDG5: Gender equality 
– SDG10: Reduce 

inequalities 
– SDG16: Peace, justice 

and strong institutions 

– SDG8: Decent work and 
economic growth; 

– SDG9: Industry, 
innovation and 
infrastructure; 

– SDG12: Eesponsible 
consumption and 
production; 

– SDG17: Partnerships 

Fig. 21.2 Structure of the set of sustainable development indicators for island districts

21.3.2 Standardize the Indicators 

The indicators have a variety of calculation methods, as well as reflect different levels 
of correlation with sustainable development. Therefore, the indicators need to be 
standardized to the same range of values to facilitate SDI calculation. In this research, 
the indicators were standardized by the min–max scaling method. Accordingly, the 
standardized values were calculated as follows: 

I = I − Imin 

Imax − Imin 
(21.1) 

where I is the actual value of the indicators, Imin and Imax are the minimum and 
maximum values reflecting the least and most sustainable levels, respectively. 

After standardizing indicators, the values of the sub-dimensions (SDGs) were 
calculated through the arithmetic average according to formula (21.2). The calcula-
tion did not use weights because the indicators are equally important in the integrated 
sustainability assessment. For dimensions, the values were calculated through aver-
aging the values of the SDGs in each aspect. Similarly, the SDI of the island districts 
was the average of the values of the three dimensions in each locality. 

Sj =
Σ	n 

i=1 Ii 
n 

(21.2) 

where n is the number of indicators of each SDG and Sj is the jth-SDG. 
After being calculated, the values of the SDGs were shown on radar charts. Based 

on the calculation results, the research assessed the level of sustainable development 
and identified the factors that need improvement in the two island districts according 
to the following hierarchy:

• 0.0 to < 0.2: Very unsustainable
• 0.2 to < 0.4: Unsustainable
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Table 21.1 Indicators of the set of sustainable development indicators for island districts 

SDGs Indicators Unit Explanation of 
indicators 
relative to SDIs 

Environment SDG6 6.1 Percentage of 
households supplied 
with clean water 
through a centralized 
water supply system 

% A higher value 
indicates more 
sustainable 

6.2 Percentage of 
households using 
clean water sources 

% A higher value 
indicates more 
sustainable 

6.3 Percentage of 
households using 
hygienic toilets 

% A higher value 
indicates more 
sustainable 

6.4 Percentage of 
wastewater is 
collected and safety 
treated 

% A higher value 
indicates more 
sustainable 

SDG7 7.1 Percentage of 
households with 
access to electricity 

% A higher value 
indicates more 
sustainable 

7.2 Percentage of 
renewable energy in 
gross final electricity 
consumption 

% A higher value 
indicates more 
sustainable 

7.3 Diversification index 
of electricity source 

– Higher value 
indicates more 
sustainable 

7.4 Percentage of 
households using 
clean fuel 

% A higher value 
indicates more 
sustainable 

SDG11 11.1 Percentage of 
population living in 
permanent houses 

% A higher value 
indicates more 
sustainable 

11.2 Percentage of solid 
waste is collected and 
safety treated 

% A higher value 
indicates more 
sustainable 

11.3 Percentage of 
communes meeting 
the criteria for new 
rural standards 

% A higher value 
indicates more 
sustainable 

SDG13 13.1 Percentage of 
households having 
access to 
communication media 
(TV/radio, telephone) 

% A higher value 
indicates more 
sustainable

(continued)
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Table 21.1 (continued)

SDGs Indicators Unit Explanation of
indicators
relative to SDIs

13.2 Percentage of 
population to be 
disseminated of 
knowledge on 
typhoon prevention 
and mitigation 

% A higher value 
indicates more 
sustainable 

13.3 Economic losses due 
to natural disaster 
events 

Mil. VND A lower value 
indicates more 
sustainable 

SDG14 14.1 Rate of capture 
fisheries to regional 
fishery resources 

% Lower value 
indicates more 
sustainable 

14.2 Total area of marine 
protected areas 

ha A higher value 
indicates more 
sustainable 

14.3 Number of illegal 
fishing cases 

– A lower value 
indicates more 
sustainable 

SDG15 15.1 Percent change of 
forest land over the 
years 

% A lower value 
indicates more 
sustainable 

15.2 Percentage of forest 
cover 

% A higher value 
indicates more 
sustainable 

Economy SDG8 8.1 Ratio of revenue 
budget to total budget 

– A higher value 
indicates more 
sustainable 

8.2 Ratio of employment 
to population 

– A higher value 
indicates more 
sustainable 

8.3 Average production 
value per hectare of 
agricultural land 

Mil. 
VND/kg 

A higher value 
indicates more 
sustainable 

8.4 Tourism growth % A higher value 
indicates more 
sustainable 

8.5 Percentage of 
unemployment and 
underemployment 

% A lower value 
indicates more 
sustainable

(continued)
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Table 21.1 (continued)

SDGs Indicators Unit Explanation of
indicators
relative to SDIs

SDG9 9.1 Rate of waterway 
passenger transport to 
total passenger 
transport 

% A higher value 
indicates more 
sustainable 

9.2 Rate of waterway 
cargo transport to 
total cargo transport 

% A higher value 
indicates more 
sustainable 

9.3 Rate of processed and 
manufactured 
industrial products to 
the total products 

% A higher value 
indicates more 
sustainable 

9.4 Rate of employment 
in processing and 
manufacturing 
industries 

% A higher value 
indicates more 
sustainable 

SDG16 16.1 Rate of environmental 
pollution-causing 
establishments 

% A lower value 
indicates more 
sustainable 

16.2 Percentage of 
agricultural planting 
area applying safe 
production processes 

% A higher value 
indicates more 
sustainable 

Society SDG1 1.1 Percentage of poor 
households 

% A lower value 
indicates more 
sustainable 

1.2 Percentage of 
population having 
social insurance 

% A higher value 
indicates more 
sustainable 

1.3 Percentage of 
population living in 
households with 
access to basic living 
conditions 

% A higher value 
indicates more 
sustainable 

SDG2 2.1 Rate of malnutrition 
in under-5-year-old 
children 

% A lower value 
indicates more 
sustainable 

2.2 Percentage of 
agricultural land to be 
applied safety 
regulations or 
standards 

% A higher value 
indicates more 
sustainable

(continued)
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Table 21.1 (continued)

SDGs Indicators Unit Explanation of
indicators
relative to SDIs

2.3 Percentage of 
population struggling 
for foods 

% A lower value 
indicates more 
sustainable 

SDG3 3.1 Annual number of 
new HIV infections 
(per 1000 uninfected 
population) 

– A lower value 
indicates more 
sustainable 

3.2 Percentage of 
vaccinated children 
under 1-year old 

% A higher value 
indicates more 
sustainable 

3.3 Number of hospital 
beds (per 10,000 
population) 

– A higher value 
indicates more 
sustainable 

3.4 Number of health 
workers (per 10,000 
population) 

– A higher value 
indicates more 
sustainable 

3.5 Percentage of 
communes meeting 
the criteria for cultural 
standards 

% A higher value 
indicates more 
sustainable 

SDG4 4.1 Primary school 
completion rate 

% A higher value 
indicates more 
sustainable 

4.2 Percentage of children 
attending primary 
school at the right age 

% A higher value 
indicates more 
sustainable 

4.3 High school 
completion rate 

% A higher value 
indicates more 
sustainable 

4.4 Percentage of schools 
meeting the national 
standards 

% A higher value 
indicates more 
sustainable 

SDG5 5.1 Number of child 
marriage 

– A lower value 
indicates more 
sustainable 

5.2 Sex ratio at birth – A value closer to 
1 indicates more 
sustainable 

5.3 Rate of female 
deputies in the 
People’s Council 

% A higher value 
indicates more 
sustainable

(continued)
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Table 21.1 (continued)

SDGs Indicators Unit Explanation of
indicators
relative to SDIs

SDG10 10.1 Expenditure growth of 
households 

% A higher value 
indicates more 
sustainable 

10.2 Income growth of 
households 

% A higher value 
indicates more 
sustainable 

SDG16 16.1 Percentage of citizen 
satisfaction with 
public services 

% A higher value 
indicates more 
sustainable 

16.2 Number of family 
violence incidents 

– A lower value 
indicates more 
sustainable 

16.3 Number of crime of 
social disorder and 
safety (per 10,000 
population) 

– A lower value 
indicates more 
sustainable

• 0.4 to < 0.6: Relatively sustainable
• 0.6 to < 0.8: Quite sustainable
• 0.8 to < 1.0: Sustainable. 

21.3.3 Data Collection and Processing 

The data for the calculating SDI includes primary data and secondary data. Primary 
data were collected based on questionnaires from 100 households in each island 
district in October 2019. Secondary data were collected from local regulatory author-
ities including statistical data sources as well as annual economic, social and environ-
mental reports. These data sources form an important basis in determining the actual 
value of the indicators. Collected data were analyzed and processed with Microsoft 
Excel 2013 software. 

21.4 Results and Discussion 

From the results of the standardization, the SDI value of the SDGs is calculated 
according to the formula (21.2) and shown in Figs. 21.3, 21.4 and 21.5. The results 
show that the SDI values of the two island districts are similar and equal to 0.81. This 
value shows that the level of sustainable development of the two islands is at a good 
level. However, the difference in the sustainability of the SDGs in the two localities
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Fig. 21.3 Comparison of SDI values in economic sub-dimensions between Phu Quy and Ly Son

led to the difference in the SDI values of the three dimensions. Specifically, the SDI 
values of economic, environmental and social components in Phu Quy are 0.79, 0.85 
and 0.79 respectively. Meanwhile, Ly Son has a good level of sustainability in the 
economic and environmental aspects with values of 0.83 and 0.81 respectively, while 
the social dimension is 0.78. 

Regarding the economic aspect, the two island districts are generally similar in 
level of the sustainability. Accordingly, most of the economic SDGs of Phu Quy and 
Ly Son have achieved a good level of sustainability. However, for indicators 9.3 and 
9.4 on processing and manufacturing industries of SDG9, both island districts have 
limitations due to rural characteristics. Accordingly, Phu Quy and Ly Son both have 
a very low percentage of workers participating in the processing and manufacturing 
industries with 5.5% and 4.6% respectively. The limitations of the workforce and the 
quality of the labour force are the main reasons why manufacturing products make up 
a low proportion of Phu Quy’s economy. However, unlike Phu Quy, the development 
of agriculture, forestry, fishery and tourism-services has contributed to promoting 
the development of food processing industries in Ly Son district, with a proportion 
of about 11% of the gross local product. The difference in the proportion of products 
of the processing and manufacturing industries has led to a clear difference in the
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Fig. 21.4 Comparison of SDI values in social sub-dimensions between Phu Quy and Ly Son

value of SDG9 between the two island districts. While Ly Son achieved a good level 
of SDG9 (0.80), Phu Quy was only at a fairly sustainable level (0.61). Therefore, 
the overall economy of Ly Son can be assessed as more sustainable than that of Phu 
Quy. 

The social aspect of two island districts Phu Quy and Ly Son are quite sustainable 
with values of 0.78 and 0.79, respectively. Although there is no difference in the 
social SDI of the two island districts, the difference in the SDI values of the sub-
dimensions shows that the two island districts are facing different social development 
problems. Specifically, for the goals of hunger eradication and poverty reduction 
(SDG1, SDG2), Phu Quy district achieves a good level of sustainability, while Ly 
Son only achieves a relatively sustainable level with the value of both SDGs being 
0.63. Accordingly, the poverty rate in Ly Son is still high (8.4%) with most of them 
being poor in terms of income, along with the frequent re-poor situation, which has 
caused many difficulties for poverty reduction policies. Besides, hunger eradication 
is still not guaranteed in Ly Son when more than 14% of children under 5 years old 
are malnourished. Poverty is one of the main factors affecting access to food. This
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Fig. 21.5 Comparison of SDI values in environmental sub-dimensions between Phu Quy and Ly 
Son

is shown with the similarity in values of SDG1 and SDG2 of Ly Son district (0.63). 
Therefore, local authorities need to have integrated poverty reduction and hunger 
eradication policies to ensure effective improvement of the sustainability of these two 
SDGs. While Ly Son faces limitations in hunger eradication and poverty reduction, 
Phu Quy district has great limitations in ensuring security and order. From Fig. 21.4, it  
can be seen that Phu Quy’s SDG16 has the lowest value in level of sustainability (0.5). 
The main reason is due to the increasing rate of crime related to security and social 
order in recent years. In addition, domestic violence is also one of the factors that 
make Phu Quy has very low sustainability in SDG16. Besides the specific problems 
of each locality, Phu Quy and Ly Son currently both have limitations on the goal 
of ensuring gender equality, leading to a low level of sustainability in SDG5 of the 
two island districts (0.66). The main reason is due to male preference, especially in 
rural areas such as Phu Quy and Ly Son, which leads to an imbalance in the sex ratio 
at birth as well as less opportunities for women to participate in social activities. 
To improve this SDG, local governments need to have policies to propagate to the
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community about reducing practices of son preference and undervaluing of girls, as 
well as increase the role of women in government agencies and the community. 

Both Phu Quy and Ly Son island districts have achieved a high level of envi-
ronmental sustainability with very high SDI values (0.85 and 0.81). However, the 
biggest environmental issue facing both island districts is the decreasing rate of forest 
cover. According to the results shown in Fig. 21.5, it can be seen that the goal of 
sustainable forest protection and development (SDG15) is the sub-dimension with 
the lowest SDI value in both localities. The cause of forest area decline is mainly due 
to the increase in demand for residential and agricultural land, especially in island 
districts with high population density and limited natural area such as Phu Quy and 
Ly Son. If the local government does not have appropriate solutions to protect and 
develop forests, the forest area of the two districts will be at risk of decline along 
with the increase in population in the future. Also, similar to the social dimension, 
despite having similar levels of sustainability, both island districts have their own 
local limitations in progress towards the sustainable development goals in the envi-
ronmental dimension. For Phu Quy district, in addition to SDG15, SDG7 is just quite 
sustainable due to limitations in the proportion of renewable energy with about 30% 
of wind power in the total local power output. Therefore, the authority of Phu Quy 
needs to pay attention to invest in a variety of renewable energy systems (solar, tidal, 
wind, etc.) besides the existing wind power system to increase the proportion of 
renewable energy in the total energy consumption. Meanwhile, the authority of Ly 
Son district needs solutions to improve disaster response and prevention (SDG13) 
and marine and ocean conservation (SDG14). Accordingly, the percentage of people 
on the island who are provided with knowledge and prevention of natural disas-
ters is also very low, accounting for only about 43.33% of the surveyed people, 
leading to SDG13 not achieving a good sustainability level. Therefore, local author-
ities need to focus on raising people’s awareness about climate change and disaster 
prevention through various forms of communication (i.e., television and newspapers). 
Besides, although Ly Son marine protected area has been established, illegal fishing 
is happening frequently which is the main reason why Ly Son’s SDG14 does not 
have a good level of sustainability. To improve the sustainability of SDG14, Ly Son 
needs to strengthen monitoring of fishing activities in local waters, and coordinate 
with local people to promptly prevent violations. 

21.5 Conclusion 

The result from the application of SDI to assess the sustainable development for the 
island districts of Phu Quy and Ly Son shows that the two island districts currently 
have a good level of sustainability (0.81). Even so, the two island districts are currently 
facing many challenges in their progress towards SDGs. In order to improve the 
level of sustainable development, Phu Quy district needs solutions to increase the 
proportion of the processing and manufacturing industry; as well as attracting labour 
resources to participate in this economic sector (SDG9), effectively protecting and
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developing forests (SDG15), reducing the sex ratio at birth (SDG5) and reducing 
the crime rate (SDG16). Similarly, Ly Son needs policies to protect forests, exploit 
marine resources sustainably (SDG13 and SDG15), reduce the rate of poor house-
holds, avoid falling back into poverty (SDG1), ensure food security (SDG2) and 
increase women’s participation in community activities (SDG5) to ensure compre-
hensive local sustainable development. In addition, the results show the feasibility 
of SDI to assess the sustainable development of island districts when it is used as a 
general scale while still being able to highlight specific issues for different localities. 
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Chapter 22 
Multi Criteria Decision Analysis 
(MCDA) Approach to Evaluate 
the Applicability of Nature Based 
Solutions (NBS) in Tropical Region: 
A Field Note from the Asian Institute 
of Technology (AIT), Thailand 

Fahad Ahmed, Ho Huu Loc , Sangam Shrestha , Sutat Weesakul, 
and Nguyen Hoai Thanh 

Abstract Rapid urbanization and population growth have increased around the 
world’s natural water resources more than ever. The changes in land use due to 
increased urbanization cause impervious surfaces leading to extreme to severe urban 
flooding and deterioration in water quality. The aforementioned issues can be mini-
mized by employing Nature Based Solutions (NBS). In recent decades, NBS have 
been adapted for urban drainage in developed countries, mostly having temperate 
climate while there is a need to develop similar sustainable measures for urban 
drainage in tropical regions as currently there are no guidelines for their imple-
mentation in tropical climate. In this study multi criteria decision analysis (MCDA) 
approach was utilized to identify the best site for NBS in Asian Institute of Tech-
nology (AIT), Thailand. The NBS type used in this study was Bioretention system and 
the number of alternatives is three. To select one alternative among three Analytical 
Hierarchy Process (AHP) method was adapted. Ten criteria were determined as suit-
able, based on different dimensions of sustainability including economic (Design 
and capital costs), environmental (Stormwater quality indicators), technical (Soil 
parameters, catchment size, contributing structures and physical restrictions) and
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Social (Aesthetics). The results strongly suggested that Site-2 is a suitable alter-
native having maximum value of overall priority calculated by AHP process. The 
present study will provide a guideline for deciding the most suitable site for the 
operation of bioretention system for urban water management in tropical climate. 
Moreover, the results obtained in this research will be used for further design and 
execution of NBS project in AIT. 

Keywords Nature based solutions · Urban Stormwater ·Multi criteria decision 
analysis · Analytical hierarchy process 

22.1 Introduction 

There is continuous expansion of urban areas in terms of density and space, as the 
global population is expected to increase by 66% in 2050 (United Nations 2014). 
Because of the population growth and urbanization, the pollution in water bodies has 
risen exponentially (Kabir and Daly 2014). The stormwater runoff has a considerable 
contribution in water pollution and has been recognized as a non-point source of 
water pollution (Shrestha et al. 2018). Hence, rapid urbanization along with climate 
change has caused severe environmental problems as the impervious surfaces allows 
the precipitation to convert into runoff causing numerous problems related to water 
quantity and quality (Nontikansak et al. 2022; Brabec et al. 2002; Loc et al. 2020a, b). 
The conventional measures such as drains, channels, sewers and culverts were utilized 
initially to control urban floods (Loc et al. 2023; Ahmed et al.2022; Ebrahimian et al. 
2015). Though these measures help in the reduction of ponding and flooding, but they 
lack sufficient water quality management, preventing the application of stormwater 
for both non-potable and potable uses (Spahr et al. 2020). 

To mitigate aforementioned problems some alternative measures or approaches 
involving vegetation and soil have been evolved with the aim of improving runoff 
quality, promoting evapotranspiration, and reducing surface runoff amount (Dage-
nais et al. 2018). These approaches have wide–ranging adoption in the world partic-
ularly in the developed countries or regions under different names and terminologies 
including LID (low impact development) and best management practice (BMP) in 
North America (Fletcher et al. 2015), SUDS (sustainable urban drainage system) 
in the United Kingdom (CIRIA 2015), Water Sensitive Urban Designs (WSUD) in 
Australia (Water by Design 2014; Loc et al. 2020a, b), Green and Blue Infrastructure 
in European countries (European Commission 2019), ABC Waters Programme in 
Singapore (PUB 2018) and Sponge Cities in China (Ren et al. 2017). 

Some of the renowned sustainable stormwater management techniques make use 
of bioretention systems, rain gardens, permeable pavements, vegetated open chan-
nels, constructed wetlands and green roofs (Li et al. 2019; Vijayaraghavan 2016; 
Schmitter et al. 2016). Among them, one of the most used and effective stormwater 
management techniques is a bioretention system which is being used increasingly 
around the globe and considered as a useful alternative for treating stormwater runoff
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(Davis et al. 2009). The typical configuration of a bioretention system is composed of 
a storage layer, a planting and packing layer and an aquifer. The bioretention system 
has been reported for removal of pollutants from stormwater by different processes 
including filtration, ion exchange, adsorption, microbial transformation and plant 
absorption (Collins et al. 2010; Falconer et al. 2018). 

Multicriteria decision analysis (MCDA) is a decision support tool which is used to 
systematically evaluate and rank different options according to set of criteria to guide 
the decision makers to select best suitable alternative and has been used in various 
(Adem Esmail and Geneletti 2018; Cinelli et al. 2020). MCDA has been used in 
various fields including selection of appropriate nature-based solution for stormwater 
(Geronimo et al. 2021), flood risk assessment (Shivaprasad Sharma et al. 2018), 
evaluation of the most significant flood risk parameters (Dang et al. 2011), flood 
hazard mapping (Fernández and Lutz 2010) and reduction of flood risk by selecting 
grey infrastructures (Azibi and Vanderpooten 2003). MCDA has been employed 
particularly for stormwater management using nature based solutions (NBS) or LIDs 
by many researchers. 

MCDA was performed by Ahammed et al. (2012) to select best LID among three 
LIDs namely soak-away, leaky-well and infiltration trench under technical, economic 
and social criteria and found that leaky well was best option among other alternatives. 
A decision making framework was developed by Gogate et al. (2017) to choose most 
suitable LID by using economic, environmental, social and technical aspects and 
employed Analytic hierarchy process (AHP) and technique for order of preference 
by similarity to ideal solution (TOPSIS) for evaluation. They found that the combi-
nation of leaky well and rain garden as the most preferred alternative. An evaluation 
was done by Li et al. (2017) by using both single and combined LID scenarios and 
utilized AHP method to determine criteria weights and concluded that the combina-
tion of bioretention system and green roof was the most suitable alternative in terms 
of social and environmental aspects. (Yang and Chui 2018) concluded that bioreten-
tion system was more effective for stormwater management than the green roof as 
the bioretention utilizes lesser area based on different hydro-environmental aspects. 
(Loc et al. 2017) used four methods of MCDA namely, pair-wise voting, Borda count, 
range of value and AHP and found that the urban green space is the most suitable 
type of LID followed by green roof, pervious pavement and rainwater harvesting. 
Furthermore, (Koc et al. 2021) evaluated seven different LID scenarios considering 
social, economic, and environmental aspects using AHP-TOPSIS framework and 
concluded that the combination of bioretention system and green roof was best alter-
native, while combination of other LID such as Green Roof, bioretention system, 
permeable pavements and infiltration trench depicted best performance considering 
economic, social and environmental aspects. 

This study intends to evaluate the applicability of NBS (bioretention system) by 
using MCDA approach particularly the Analytic hierarchy process. The site selection 
for the application of NBS is a critical process as there is a need to consider many 
aspects such as environmental, social and economic. In this study different criterion 
including environmental, technical, economic and social aspects will be considered 
and used to decide the best alternative among the other alternatives. This is the first
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published research using MCDA for site selection of NBS that we are aware of with 
previous studies focused on using MCDA for other applications, as discussed above. 

22.2 Methodology 

22.2.1 Study Area 

The study area was located in Asian Institute of Technology (AIT), Pathumthani, 
Thailand with coordinates of 14.0785° N and 100.6140° E. The elevation is approx-
imately 7 m above sea level and the total catchment area is 1.4 Sq.Km which 
contributes to runoff. The climate is tropical and average high temperature is 35– 
36 °C. The wet period is from May to September, and the dry period is mostly 
from November to February while the average annual rainfall is approximately 
1301 mm. The atmosphere is humid, with humidity of 60–70% approximately. 
The drainage of AIT is composed of pipelines, manholes, open channels (canals 
and ponds) and outlets. The stormwater is drained through the above-mentioned 
conduits and conveyed to perimeter ponds of AIT through outlets. The average area 
and volume of perimeter ponds are 97,647 m2 and 98,034 m3, respectively. Being a 
green campus, the pervious area around the AIT campus are substantially larger than 
impervious areas. The pervious areas are grassy swales, soccer fields whereas the 
impervious areas mostly consist of roads, buildings, surface pavements and parking 
lots (Fig. 22.1).

Three potential sites were proposed in this study for MCDA and the location of 
each site is mentioned below: 

Site-1: In front of the WEM building. 
Site-2: Near Industrial Systems Engineering Department. 
Site-3: Parking near AIT grocery. 

The site-wise runoff contributing structures and drainage area are described in 
Table 22.1.

22.2.2 Data Collection and Site Investigations 

Site investigations were performed at three potential sites to obtain data for Multi 
criteria analysis. Stormwater samples were collected from three sites on three 
different storm events. Maximum concentration of pollutants was selected among 
three trials performed. The pollutants considered for the analysis includes Total 
suspended solids (TSS), Total Nitrogen (TN), Total Phosphorus (TP), Chemical
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Fig. 22.1 Asian Institute of Technology (AIT) campus map (Source: SU Media, 2005)

Table 22.1 Contributing structures 

Site Runoff contributing structures Drainage area (m2) 

1 i. Building roof 
ii. Road 

1442 

2 Parking lot 1300 

3 Parking lot 700

Oxygen demand (COD) and Biochemical Oxygen demand (BOD). For soil prop-
erties, samples were obtained from sites and tested in laboratory for Hydraulic 
conductivity and porosity (Figs. 22.2, 22.3 and 22.4).

The hydraulic conductivity was not included in the analysis because it was 
revealed after testing that the values for each site were very less as compared to 
the recommended values (100–300 mm/h), and it is recommended to use engi-
neered soil for soil filter media, therefore, only porosity was included in the anal-
ysis. The soil available in AIT can store water but cannot transmit it. Field visits 
were done to inspect physical restrictions which included trees, roots and wooded 
areas. The catchment or drainage area was measured by Google Earth and used 
in the analysis. The estimated cost was obtained by using Low Impact Devel-
opment costing tool developed by Sustainable Technologies Evaluation Program
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Fig. 22.2 Site-1 for NBS. Source Google Earth 

Fig. 22.3 Site-2 for NBS. Source Google Earth 

Fig. 22.4 Site-3 for NBS. Source Google Earth

(STEP), Toronto, Canada (https://sustainabletechnologies.ca/home/urban-runoff-
green-infrastructure/low-impact-development/bioretention-and-rain-gardens/). The 
tool is useful from a comparison standpoint as it features a number of stormwater 
management practices that can be compared and there are separate costing sheets for 
bioretention, grass swales, green roof, infiltration chambers, infiltration trench and 
rainwater harvesting. Cost for each component of bioretention system was obtained 
by local vendors and used in the analysis. The cost was estimated based on the

https://sustainabletechnologies.ca/home/urban-runoff-green-infrastructure/low-impact-development/bioretention-and-rain-gardens/
https://sustainabletechnologies.ca/home/urban-runoff-green-infrastructure/low-impact-development/bioretention-and-rain-gardens/
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Table 22.2 Stormwater quality for different sites 

Pollutant Trial Rainfall depth (mm) Site-1 Site-2 Site-3 

TSS (mg/l) 1 9.5 9.5 65.33 134.67 

TN (mg O2/l) 3 4.1 8.96 15.8 11.59 

TP (mg O2/l) 1 9.5 0.15 0.57 0.55 

COD (mgN/l) 2 31.8 7.87 78.69 39.34 

BOD (mgP/l) 1 9.5 N.D 16.5 14.4 

Table 22.3 Data collected by site investigations 

Site Hydraulic 
conductivity 
(mm/h) 

Porosity (%) Catchment size 
(ha) 

Area of 
bioretention 
system (m2) 

Cost (Thai Baht) 

Site-1 0.12 42.3 0.14 100 395,010 

Site-2 0.81 44.63 0.13 50 240,474 

Site-3 2.05 49.95 0.07 60 271,394 

drainage area and area of bioretention system which was calculated according to the 
available space for construction. The data obtained by site investigations is shown in 
Tables 22.2 and 22.3. 

22.2.3 The Analytic Hierarchy Process (AHP) 

The Analytic Hierarchy Process (AHP) (Saaty 2004) has been employed considerably 
in the literature for multi-criteria analysis in numerous fields due to many advantages 
(Darko et al. 2019). It has been observed that the procedure required for AHP is simple 
and can be understood easily as compared to other methods (Zyoud et al. 2016). One 
more aspect of AHP is Hierarchical representation which eases the understating of 
problem (Yang et al. 2013; Loc et al. 2015). AHP organizes and analyzes complex 
decision problems by using mathematics and psychology. AHP consists of three parts 
including ultimate goal, possible solutions called alternatives and the criteria we will 
judge the alternatives on. AHP provides a rational framework for a needed decision 
by quantifying its criteria and alternative options and for relating those elements 
to the overall goal. At first pairwise comparisons were derived for each criterion 
with respect to each other using a numerical scale developed by Saaty as shown in 
Fig. 22.5.

To perform the pairwise comparison a comparison matrix of the criteria involved 
in the decision was developed. Consistency test is performed to check the consistency 
of answer and consistency ratio (CR) is obtained. The relative priorities (preferences) 
were derived for the alternatives with respect to each criterion. Since these priorities 
are valid only with respect to each specific criterion, they are called local priorities to
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Fig. 22.5 Saaty’s pairwise comparison scale

Fig. 22.6 The analytic hierarchy process 

differentiate them from the overall priorities to be calculated later. A pairwise compar-
ison (using the numeric scale) of all the alternatives was performed, with respect to 
each criterion. Overall priority was calculated at the end to rank each alternative 
according to the calculated priority. The AHP process is depicted in Fig. 22.6. 

22.2.4 Criteria for MCDA 

For MCDA, ten criteria were decided considering environmental, technical, 
economic and social aspects. The criteria include Soil properties (Porosity), Physical 
restrictions and contributing structures, Catchment size, Cost, Stormwater pollutants 
(TSS, TN, TP, COD, BOD) and Aesthetics. For each criterion priorities were decided 
according to Table 22.4.
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Table 22.4 Priority decision for each criterion 

S. No. Criteria Priority decision based on 

1 Soil properties Results obtained from field tests 

2 Water quality Water quality tests (Max. values are 
preferred) 

3 Cost Minimum cost 

4 Physical restrictions and contributing 
structures 

Minimum physical restrictions, Max. 
Contributing structures 

5 Catchment size Maximum Catchment size 

6 Aesthetics Site having good aesthetic will be 
preferred 

Criteria Weights 
Weights for each criterion were calculated by using a social survey. A questionnaire 
was developed and sent to the experts including faculty and alumni of Water Engi-
neering and Management (WEM) at AIT. The experts were asked to give priority 
for each criterion according to five level likert scale. The weights were calculated 
from the opinion of 14 experts using a scoring scheme of 5 (Essential) having the 
highest priority and 1 (Not a priority) being the lowest priority. The summary of the 
importance of each criterion is given Table 22.5.

Calculation of Local Priorities 
A pairwise comparison of all the alternatives was performed, with respect to each 
criterion to obtain local priority and consistency test was performed to check its 
consistency. The value of consistency ratio (CR) should not be in excess of 0.1 
otherwise the judgments are untrustworthy because they are too close for comfort to 
randomness and the exercise must be repeated. An example for calculation of local 
priority and consistency test is given in Table 22.6.

Consistency Test 

λmax = 3.05 λmax = Principal eigen value 
CI = (λ max −n)/(n − 1) 
CR = CI/CR 

n = 3 

RI = 0.58 

CI = 0.02 

CR = 0.04 

The value of consistency ratio (CR) is 0.04 < 0.10.
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Table 22.6 Calculation of local priority 

Porosity Site-1 Site-2 Site-3 Priority 

Site-1 1 1/3 1/5 0.106 

Site-2 3 1 1/3 0.260 

Site-3 5 3 1 0.634 

Sum 9 4.33 1.53 

The bold values are calculated local priorities for each criteria

22.3 Results and Discussion 

The results of criteria weights calculations and overall priority are shown in 
Tables 22.7 and 22.8 respectively.

It can be seen that the maximum criteria weight is obtained for soil parameters 
and cost while less importance is given to stormwater quality indicators while equal 
importance is given to aesthetics and catchment area. 

The ranking of each site according to overall priority calculated in Table 22.8 is 
shown in Table 22.9.

As shown in Table 22.9 the rank 1 is given to site-2 as it has maximum overall 
priority, hence site-2 is recommended to be used for bioretention system.

22.4 Conclusions and Recommendations 

The MCDA is a potential technique which can be used for overcoming and inte-
gration of considerable differences between social and technical measurements. Site 
selection for NBS is a critical process as it requires considering many aspects such 
as technical, social, economic and environmental, hence a unique and precise tech-
nique is required for this purpose. This study demonstrated selection of a potential 
site for bioretention system in AIT which is a well-known NBS technique. Three 
sites were considered as potential sites and AHP technique was employed consid-
ering different criteria such as soil properties, stormwater quality, cost, catchment 
size, physical restrictions and aesthetics. It was found that the best possible site for 
implementation of NBS project is site-2 having overall priority of 0.394. The criteria 
weights which have maximum contribution are cost and soil properties according 
to the social survey. Site-2 has minimum cost and good soil properties (porosity) 
while it has maximum values of stormwater quality indicators. The site has medium 
aesthetics and physical restrictions, hence it is recommended for the construction of 
NBS (bioretention system) project. Furthermore, the study provides a guideline for 
site selection and implementation of NBS project in tropical climate. 

Recommendations 
The AHP technique is a recommended technique for selection of potential sites for 
NBS projects and can be used for other types of LIDs such as green roofs etc. It is
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Table 22.9 Ranking of each site 

Rank Priority Site 

Rank-1 0.394 Site-2 

Rank-2 0.344 Site-3 

Rank-3 0.262 Site-1

also recommended that different aspects or criteria can be used for MCDA other than 
used in this study. 
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Chapter 23 
Decision Support Tool for Integrated 
Water Resources Management Based 
on GIS, Remote Sensing and SWAT 
Model: A Case Study in the Upper Part 
of Dong Nai River Basin, Vietnam 

Pham Hung, Le Van Trung, and Phu Le Vo 

Abstract Integrated Water Resources Management (IWRM) has been a promising 
approach to ensure sustainable water resources management. Therein, the manage-
ment tool is one of the key components for successful IWRM implementation. This 
paper introduces the IWRM decision support tool for the upper part of the Dong Nai 
(UPDN) river basin, which plays a pivotal role for the socio-economic development 
in the Southeast region of Vietnam, through the application of an integrated tech-
nology of GIS, remote sensing, and SWAT (Soil and Water Assessment Tool) model. 
The paper also describes how to calculate water balance and map water resource 
vulnerability index (VI) for the UPDN as well as its sub-basins. Landsat satellite 
images and data related to water resources information (quantity and quality) of 
the basin were collected. The results show that the UPDN basin’s water pollution 
and water vulnerability were at a moderate level of which VI was 0.318. However, 
there were relative differences of these between sub-basins. The VIs of the sub-
basins of Dak Nong, Dak R’Keh, and La Nga rose up 0.4–0.7 as highly vulnerable 
areas which should be prioritized for sustainable water management actions. These 
results evidenced that the integrated techniques could be an efficient approach to
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provide useful information on the status of water resources to stakeholders in terms 
of sustainable basin development and management via IWRM. 

Keywords Integrated water resources management (IWRM) · Upper Part of Dong 
Nai river · GIS · Remote sensing · SWAT model · Vulnerability index 

23.1 Introduction 

Integrated Water Resources Management (IWRM) should be widely executed to 
ensure sustainable water resources management (UN 1992; Ako et al. 2010). IWRM 
was defined as “a process which promotes the coordinated development and manage-
ment of water, land and related resources in order to maximize the resultant economic 
and social welfare, paving the way towards sustainable development, in an equitable 
manner without compromising the sustainability of vital ecosystems” (Global Water 
Partnership 2000). On over the world, 172 countries counting for nearly 90 percent 
of the 193 UN member states have carried out IWRM (United Nations Environment 
Programme 2018). However, the status of IWRM implementation between countries 
is quite different ranged via key components of the IWRM, including: (i) enabling 
environment (policy, laws, plans); (ii) institutional frameworks, (iii) management 
instruments; and (iv) financing. Vietnam, a developing nation locates in Southeast 
Asia, has a low rank in IWRM implementation with an overall score of 38/100 (i 
= 47, ii = 35, iii = 36, iv = 34) low (Global Water Partnership 2018). Therefore, 
in order to improve national IWRM, the Government not only needs to upgrade the 
institutional framework related to IWRM as well as invest in finance but also enhance 
management instruments. Therein, management instruments should be prioritized. 

According to the Global Water Partnership (GWP) (Global Water Partnership 
2021), the management instruments of IWRM include eight main components and 
Geographic Information Systems (GIS) as well as Decision Support Systems (DSSs) 
which are the indispensable components of the Modelling and Decision-Making. GIS 
programs help dicision-makers of IWRM visualize the water resources and identify 
the interactions between multiple water resources and human actions. In addition, 
remote sensing (RS) enables observation, mapping, monitoring, and assessment of 
landuse and landcover (LULC) at a large scale of spatial and temporal characteristics 
(Rogon and Chen 2004). Annually updated LULC is useful for developing socio-
economic policies, planning natural resource management, modeling environmental 
variables, implementing environmental management, and assessing environmental 
vulnerability and risk (Gomez et al. 2016). RS and GIS technology is a practical tool 
to estimate spatial and temporal soil erosion in large areas facing land degradation 
as well as environmental deterioration to assess prior areas for conservation. 

On the other hand, understanding the freshwater resource vulnerability and water 
balance of the river basin plays an important role in effective water resource manage-
ment. The water balance assessment is a complicated process (Nugroho et al. 2013), 
this work refers to the balance between incoming water by precipitation and outgoing
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water from evapotranspiration, groundwater recharge, and streamflow (Suryatmojoa 
et al. 2013). The water balance can be easily changed due to climate change, popu-
lation growth, socio-economic development, and urbanization. To evaluate water 
balance and to assess the impacts of LULC and climate change assessments on runoff, 
a great number of hydrological models have been developed and applied, such as 
AGNPS, MIKE-SHE, WEPP, and EUROSEM. At the sub-catchment or river basin 
level, hydrological models can simulate water balance elements (run-off, evapo-
transpiration, and ground water) as well as water quality (sediments, pesticides, and 
other pollutants). Amongst the hydrological models, SWAT (Soil and Water Assess-
ment Tool) is a well-established model and it has been used successfully in a wide 
range of environmental conditions and regions (Shi et al. 2011; Gassman et al. 2007). 
Indeed, SWAT has been a practical model with wide applications (Borah and Bera 
2003), as well as a robust, elastic, interdisciplinary tool for simulation of various 
watershed problems, such as continuous simulations of stream flow, soil erosion, 
and nutrient/sediment transport (Gassman et al. 2007; Huang and Lo 2015), and 
evaluation of the simultaneous impacts of climate land use changes on hydrological 
conditions (Khoury et al. 2015; Mango et al. 2011; Zhu and Li 2014; Schilling et al. 
2008). 

This paper aims to introduce the incorporation of combining remote sensing, GIS, 
and the SWAT model as technical tools for IWRM decision support in the upper 
part of Dong Nai (UPDN) river basin as a case study. This work is to elucidate its 
existing water resources status, and hence, to identify the most vulnerable freshwater 
resources at the sub-basin scale. The estimated information of such an assessment 
will provide managers with adequate options to modify existing policies and to 
implement measures for the management practices of water resources by the IWRM 
approach. 

23.2 Study Areas and Methods 

23.2.1 Study Area 

The Dong Nai river basin located in the southeast of Vietnam is the largest national 
river. The river originates in the Lang Biang plateau with an elevation of over 1500 m 
above sea level and flows through 10 provinces and HCM City. This land is the 
dynamic economic development region with more than 60 industrial parks and export 
processing zones (Ringler and Huy 2004; Vietnam Ministry of Natural Resources and 
Environment (MONRE) 2006). Water from Dong Nai river is used for many purposes 
such as supplying domestic water for 19 million people, irrigating for 22,874 km2 of 
agricultural land, operating for more than 15 hydropower plants with a total installed 
capacity of 2380 MW, and mitigating sea water intrusion the for the estuary delta 
(Truong et al. 2018). Therefore, this study focuses on the UPDN river basin with an 
area of 11,036 km2 belongs to Lam Dong province accounting for 70% of the entire
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Fig. 23.1 Location of the study area and its digital elevation model (DEM) 

basin compared to 18%, 7%, 4%, and 2% of Dak Nong, Dong Nai, Binh Phuoc, 
and Binh Thuan provinces, respectively. The location of the UPDN river basin is 
presented in Fig. 23.1. 

The UPDN river basin consists of two tributaries and is divided into 18 sub-
basins (Jolk et al. 2010). The main tributary, which involves 17 sub-basins from 
DN1 to DN17, originates in the northern area of Lam Dong province and ends at 
the Tri An hydropower reservoir. Another tributary that covers only one sub-basin 
(LN1) sits on the Di Linh plateau and ends at the Da Mi hydropower reservoir. The 
region has a tropical monsoon climate regime, which is hot and humid throughout 
the year. There is the rainy season from May to November, and the dry season from 
December to April of the following year. The average annual rainfall was nearly 
2500 mm. The average annual temperature was approximately 22 °C. The annual 
humidity was about 83% (Lam Dong Statistical Department 2015). Agriculture is the 
main economic activity providing nearly 50% of the economic value of the region. 
Coffee is mainly a cropping tree of area counting for 61.3% compared to 15.2% 
of vegetables, 11.9% of paddies, 9.5% of green tea, and 3.9% of the others (Lam 
Dong Statistical Department 2019). Overview of the 18 sub-basins of the UPDN 
river shows as Table 23.1.

23.2.2 Remote Sensing and GIS for Monitoring Land Use 
Changes 

According to the report of Lam Dong Province (People’s Committee of Lam Dong 
Province 2014), the forest area of Lam Dong was 513,529 ha in 2014 and accounted 
for 52.5% of the provincial area. The report also implies that the area of forest-cover 
in the UPDN river basin has decreased with the average cover rate falling nearly 8%
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Table 23.1 Characteristics of sub-basins of the UPDN river basin 

No. ID Sub-basin/reservoir Land use (the 
largest area % 
first) 

Overall 
topology 

Mean 
elevation 
(m) 

Area 
(km2) 

1 DN1 Da Nhim Forest, 
perennial 
crops 

Highlands 1500 729 

2 DN2 Da Tam Forest, annual 
crops 

Highlands 1321 227 

3 DN3 Don Duong Forest, annual 
crops 

Highlands 1141 372 

4 DN4 Da Quyen Forest, annual 
crops 

Highlands 978 562 

5 DN5 Suoi Vang Forest, 
perennial 
crops 

Highlands 1550 314 

6 DN6 Da Dang Forest, 
industrial 
crops 

Highlands 987 1283 

7 DN7 Dong Nai 2 Ferennial 
crops, forest 

Highlands 907 332 

8 DN8 Dong Nai 3 Forest, 
perennial 
crops 

Highlands 847 495 

9 DN9 Dong Nai 4 Forest, 
perennial 
crops 

Highlands 714 159 

10 DN10 Dak Nong Ferennial 
crops, forest 

Highlands 757 1120 

11 DN11 Dong Nai 5 Forest, 
perennial 
crops 

Highlands 637 592 

12 DN12 Dak R’Keh Perennial 
crops, forest 

Highlands 567 321 

13 DN13 Dong Nai 6 Forest, 
perennial 
crops 

Hill country 372 483 

14 DN14 Cat Tien Forest, 
perennial 
crops 

Hill country 285 773 

15 DN15 Da Teh Forest, 
perennial 
crops 

Low 
mountain 

414 630

(continued)
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Table 23.1 (continued)

No. ID Sub-basin/reservoir Land use (the
largest area %
first)

Overall
topology

Mean
elevation
(m)

Area
(km2)

16 DN16 Da Huoai Forest, 
perennial 
crops 

Low 
mountain 

592 909 

17 DN17 Ta Lai Perennial 
crops, forest, 
rice 

Hill country 140 431 

18 LN1 La Nga Perennial 
crops, forest 

High plateau 811 1304

in 10 years. Landsat images of 1994 and 2020 were collected for assessing land use 
changes in the river basin as well as establish GIS database to create input data in 
the SWAT model, which is used in order to analyze the impacts on water resources 
in many manners. Figure 23.2 illustrates the proposed method for monitoring land 
use changes in the UPDN river basin. 

Geometric correction 

Radiation correctionBasin delineation 

Yes 

No 

Land use maps 
(1994 & 2020) 

Images classification 

Combine bands and resize 
images based on basin 

Training sample data for 
classification 

Accuracy 

Topographic 
map 

Landsat 
images (1994 

& 2020) 

ALOS 
PALSAR 

DEM 

Land use 
map and 

field studies 

Fig. 23.2 Methodology flowchart for monitoring land use changes
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Table 23.2 Land use classes of the study area 

Type of land use Description 

(1) Water bodies Natural (rivers, lakes, etc.) or man-made water bodies (e.g. 
reservoirs) 

Forest 
(2) Broadleaf evergreen forest 
(3) Mixed forest 
(4) Coniferous forest 

All forests: evergreen broadleaf forest, coniferous forest 
(pine), mixed forest (bamboo and broadleaf forests, pine, and 
broadleaf forest, etc.) 

(5) Built-up residential areas 
(6) Perennial agriculture 
(7) Annual agriculture and others 

Residential areas, roads and built-up areas 
Rubber, coffee, tea, etc. 
Rice fields, soybean, potatoes, etc. 

ENVI 4.5 software is used in geometric correction of Landsat-5 TM image (01-
07-1994) and Landsat-8 OLI/TIRS image (15-01-2020) based on the topographic 
map of Lam Dong province in 2010 (scale 1: 100,000). The corrected geometric 
images were then clipped (subset) to the UPDN watershed. The maximum likelihood 
classification (MLC) method was applied for Landsat images with the same training 
sample data, whose regions of interest (ROIs) were categorized into the seven classes 
(as in Table 23.2) based on field studies and the knowledge about the land use map 
of the study area. All datasets of the UPDN basin (topographic and thematic maps; 
training sample; ground truth and statistics data, etc.) were carried out on the basis 
of GIS data for the purposes of assessing forest land changes by using ArcGIS 10.2 
software. 

23.2.3 GIS and Remote Sensing for Soil Erosion Risk 
Mapping 

The solution for integrating RUSLE, GIS, and RS technology was applied in order 
to quantitatively assess the risk of spatial and temporal soil erosion in the UPDN 
river basin. This is a possible potential solution for sustainable management of the 
basin in the context of climate change. The annual average soil loss map (A) per unit 
area was computerized using RUSLE (Eq. 23.1 and Fig. 23.3) (Belasri and Lakhouili 
2016; Renard et al. 1997; Farhan and Nawaiseh 2016). 

A = R × K × LS × C × P (23.1)

where, A is the average soil loss (t ha−1 year−1); R is the rainfall-runoff erosivity factor 
(MJ mm ha−1 h−1 year−1); K is the soil erodibility factor (t ha h ha−1 MJ−1 mm−1); 
LS is the slope length–steepness factor; C is the cover-management practice factor; 
P is the erosion control (conservation support) practices factor.
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Rainfall erosivity 
factor (R) 

Soil erodibility 
factor (K) 

Slope length and 
steepness factor (LS) 

Climate data/ 
Interpolation in GIS 

Soil map 
and soil properties 

Digital Elevation Model 
(DEM) map 

Landsat images 
(1994 & 2020) 

Land use/Land 
cover 

Digital Elevation 
Model (DEM) 

Soil erosion risk classification map 
(Stability, slight, moderate, high, very high, extremely high) 

Erosion map of 1994 & 2020 

Cover factor (C) Potential soil 
erosion map 

Conservation 
practice factor (P) 

Fig. 23.3 Methodology flowchart for mapping soil erosion

Rainfall erodibility factor (R): this study used the Roose (1975) formula applied 
for tropical climate countries to calculate the R factor (Roose 1975). The value of R 
was calculated based on the total of amount annual precipitation. 

R = (0.5 + 0.05) × H (23.2) 

where, H (mm) is the average annual rainfall. 
Rainfall datasets of 30 years (1984–2014) collected from Lam Dong Meteoro-

logical Department (LMD) were used to calculate the average R-factor. After the 
calculation of the R-factor (MJ mm ha−1 h−1 year−1) for the specific 4 rain-gauge 
stations (as in Table 23.3), the spatial interpolation techniques available (ordinary 
Kriging method) in the ArcGIS software were applied to interpolate the rainfall 
erosivity to generate a raster map for the R-factor.
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Soil erodibility factor (K): this study used the formula proposed by Williams (1995) 
to determine K based on the grain composition and mean aberrations (Neitsch et al. 
2011). 

K = fcsand × fcl-si × forgc × fhisand (23.3) 

where fcsand is a factor that gives low soil erodibility factors for soils with high 
coarse-sand contents and high values for soils with little sand. fcl-si is a factor that 
gives low soil erodibility factors for soils with high clay to silt ratios. forgc is a factor 
that reduces soil erodibility for soils with high organic carbon content. fhisand is a 
factor that reduces soil erodibility for soils with extremely high sand contents. 

Topographic factor (LS): the topographic map (1:100,000 scale) in the river basin 
was used to determine the slope, direction, and flow direction by using analysis tools 
in GIS. The Bernei mathematical formula was used to generate the slope length 
(L) and steepness (S) factors in GIS (Demirci and Karaburun 2012; Lu et al.  2004; 
Wischmeier and Smith 1978). 

LS = ([Flow accumulation] × cellsize/22, 13)n × (sin slope/0.0896)1.3 (23.4) 

where Flow Accumulation is the grid layer of flow accumulation expressed as the 
number of grid cells. Cellsize is the length of a cell side. Slope is the angle of slope 
in degrees and n is a constant dependent on the value of the slope gradient (S): n = 
0.2 if S < 1%; n = 0.3 if 1% < S < 3.5%; n = 0.4 if 3.5  < S < 4.5%;  n  = 0.5 if S > 
5%. 

Cover factor (C): this factor (C) has significantly influence the runoff and erosion 
rates. The factor also plays a important role in reducing water erosion, but it usually 
changes because of the harvest and the crop (Belasri and Lakhouili 2016). In this 
study, the C factor and their spatial distribution in the study area were evaluated 
based on Normalized Difference Vegetation Index (NDVI) from Landsat TM images 
mentioned above (Demirci and Karaburun 2012; Lu et al.  2004). 

C = −  exp 
[ 
α 
(

NDV  I  

(β − NDV  I  ) 

)] 
(23.5) 

where, α and β are unitless parameters that determine the shape of the curve relating 
to NDVI and C factor. The values of 2 and 1 were selected for the parameters α and 
β, respectively (Belasri and Lakhouili 2016; Prasannakumar et al. 2013; Alexakis 
et al. 2013). The NDVI was calculated by using Landsat images with the spectral 
band of the near-infrared (NIR) and Red band such as Eq. (23.6). 

NDV  I  = 
N I  R  − Red 
N I  R  + Red 

(23.6)
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Table 23.4 P-factor based on LULC and slope 

Land use/land cover (LULC) Farm planning 

Land slope (%) Strip crop P factor 

Agriculture 1–2 0.30 

3–8 0.25 

9–12 0.30 

13–16 0.35 

17–20 0.40 

21–25 0.45 

>25 0.60 

Bare land, forest and other land – 1.0 

Support practice factor ( P): this factor is defined as the ratio of soil loss with a 
specific support practice to the corresponding loss with natural slope culture. The 
highest value of P is 1 if there weren’t erosion control practices, and the P factor 
is less than 1 if there were erosion control practices. Table 23.4. shows that each 
value of P was derived from the LULC and slope maps. Therein, ArcGIS was used 
to reclassify the LULC and slope length maps according to their P values. 

23.2.4 GIS Database for Water Quality in the UPDN River 
Basin 

The GIS database allows managers to use the functions of GIS in managing, storing, 
and analyzing all types of spatial and attribute data of the UPDN river basin. The data 
on 8 physical and chemical parameters of surface water quality at 49 monitoring sites 
in the UPDN river basin during the period of 2012–2020 were collected from Depart-
ment of Natural Resources and Environment (DONRE) of Lam Dong province and 
Dak Nong province. The physico-chemical parameters include DO (mg/L), BOD5 

(mg/L), COD (mg/L), NH4 
+–N (mg/L), PO4 

3−–P (mg/L), TSS (mg/L), and pH. 
Then, the datasets were structured in the ArcGIS 10.2 software program for statistical 
analysis and database management. 

The monitoring program requires the measurement and analysis of a large number 
of the water quality parameters that performed as Water Quality Index (WQI). The 
Decision No. 879/QD-TCMT on WQI is used to determine the level of water quality 
based on 9 parameters, including: DO, BOD5, COD, NH4 

+–N, PO4 
3−–P; TSS, pH, 

temperature, and total coliforms. In this study, 8 parameters retrieved from the local 
monitoring program were applied to calculate the WQI, whereas the indicator of 
coliforms was not included due to inadequate data. Accordingly, WQI is calculated 
as Eq. (23.7) (Pham 2017; Vietnam Ministry of Natural Resources and Environment 
2011; Linh et al. 2016)



372 P. Hung et al.

WQ  I  = 
WQ  IpH  

100 

[
1 

5 

5∑ 

a=1 

WQ  Ia × 
1 

2 

2∑ 

b=1 

WQ  Ib 

]1/2 

(23.7) 

where WQIa (denotation of the sub-index values for the ‘organics’) is calculated 
through six parameters: DO, BOD5, COD, NH4 

+–N, and PO4 
3−–P; WQIb (repre-

sentation of the sub-index values for the ‘particulates’) is calculated with the TSS 
parameter; WQIpH is calculated with the pH parameter and temperature. 

The WQI number ranges from 0 to 100 (as shown in Table 23.10), its values range 
corresponding to color signifies with higher values indicating better water quality. 

23.2.5 SWAT Model for Hydrological Assessment and Water 
Balance Calculation 

SWAT is a physical hydrological model developed by Jeff Arnold for the USDA-
Agricultural Research Service (USDA-ARS) that is used to estimate the amount of 
water in the UPDN river basin under the conditions of climate change coupled with 
land cover change in 1994, and 2020. SWAT divides a watershed into sub-basins 
or sub-basins connected by a network of streams and further delineates them into 
Hydrological Response Units (HRUs). The SWAT model simulates the hydrology 
of a watershed in two phases. Firstly, the terrestrial phase of the hydrological cycle 
calculate the quantity of water, nutrients, pesticides, and sediment loads from each 
HRU and sums up them to the level of sub-basins. Secondly, the routing phase of 
the hydrological cycle defines the movement of water, sediment, and other non-point 
sources of pollution through the channel network to an outlet of the watershed (Huang 
and Lo 2015; Neitsch et al. 2011). The hydrological cycle is simulated in the SWAT 
model based on the water balance equation (Neitsch et al. 2011): 

SWt = SW0 + 
t∑ 

i=1 

(Rday − Qsur f  − Ea − wseep − Qgw) (23.8) 

where SWt is the final soil water content. SW0 is the initial soil water content on day 
i. t is the time (days). Rday is the amount of precipitation on day i. Qsurf is the amount 
of surface runoff on day i (mm H2O). Ea is the amount of evapotranspiration on day 
i. wseep is the amount of water entering the vadose zone from the soil profile on day 
i. Qgw is the amount of return flow on day i (all water units are in mm H2O). 

In addition, SWAT model is also used to determine the water balance changes 
based on climate variations and LULC changes as well as to calculate water 
resources and water demand in the UPDN river basin. The water demand within 
a river basin consists of the following components: population demand, agricultural 
demand, industrial demand, service sector demand, and the minimum flow require-
ment (ecological water) (Stolpe 2011). Population water demand (domestic water
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consumption) mainly includes water use for all residential needs and is usually esti-
mated based on population numbers (urban and rural areas combined), per capita 
water consumption, and water use efficiency (Xiao-jun et al. 2013). The general-
ization of the calculation diagram of the water balance components is shown in 
Fig. 23.4. 

In this study, per capita water consumption is estimated according to the Vietnam 
Construction Standard TCXDVN 33:2006 (Vietnam Ministry of Constructrion 
(MOC) 2006). Agricultural water demand includes crop and livestock water demands 
(FAO 1998; Stolpe 2011; Allen et al. 1998). Industrial water demand is estimated 
based on the average amount of water needed to produce a given product. Water 
use for the service sector is defined as the amount of water needed per tourist per 
day (based on the provincial statistical yearbook). The ecological water requirement
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Fig. 23.4 Calculation diagram for the water balance components 
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is the minimum flow needed to sustain the basic ecological properties of a river. 
The ecological water requirement in a river basin is defined as the runoff at the Q95 

percentile (Vietnam Ministry of Natural Resources and Environment 2017). 

23.2.6 GIS, Remote Sensing and SWAT Model for Mapping 
Freshwater Vulnerability 

The implementation method as well as the calculation of all categories and parameters 
of the VI, which is based on the guideline of UNEP (UNEP 2009), is shown in 
Fig. 23.5. 

The freshwater resources vulnerability index (VI), a guideline developed by 
United Nations Environment Program (UNEP) and Peking University (UNEP 2009), 
enables decision makers to make rational and informed selections for sustainable 
water resources use and management. Therein, the vulnerability index (VI) of the 
water resources is measured via four elements including resource stresses (RS), 
development pressure (DP), ecological health (EH), and management capacity (MC). 
Thus, the VI of water resources is often expressed as:
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Fig. 23.5 Freshwater resources vulnerability components and indicators 
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VI = f (RS, DP, EH, MC) (23.9) 

The VI value ranges from zero to one. The sum of the weights for all categories is 
one, and the sum of the weights for all the parameters for each category is also one 
(Babel and Wahid 2009). The process of determining the relative weights and how to 
calculate of all categories and parameters of VI can be applied by some equations in 
the guideline of UNEP (UNEP 2009; Al-Kalbani et al. 2014). According to UNEP 
(2009) (UNEP 2009), the vulnerability index is categorized into 4 levels, including 
low (0.0–0.2), moderate (0.2–0.4), high (0.4–0.7) and severe (0.7–1.0). Each level 
draws on the state of vulnerability of water resources and respectively suitable policy 
recommendations. 

23.2.7 Dataset 

DEM map, soil map, LULC map, weather information, stream-flow, water quality 
monitoring, and socio-economic statistics were used for the study. The description 
of the main datasets is shown in Table 23.5.

The SWAT model requires key data including DEM map, soil map, LULC map, 
weather data, and stream-flow. The DEM map with a 12.5-m resolution could be 
downloaded from the NASA website: https://urs.earthdata.nasa.gov/users/new. The  
main weather datasets using for the SWAT model consist of rainfall, temperature, 
wind speed, humidity, and solar radiation. Daily maximum and minimum tempera-
tures and daily rainfall from 1984 to 2014 were collected from 4 weather stations (Da 
Lat, Lien Khuong, Bao Loc, and Dak Nong). The spatial location of these stations 
can be seen in Fig. 23.1. The missing data in daily solar radiation, wind speed, and 
relative humidity were generated automatically by SWAT (Mango et al. 2011; Jha  
et al. 2007). The SWAT model needs soil property data like the physical properties, 
available moisture content, texture, hydraulic conductivity, bulk density, chemical 
composition, and organic carbon content for the different layers of each soil type 
(Setegn et al. 2010). Soil information was obtained from the 1:100,000 soil map of 
DONRE Lam Dong province. The LULC maps applying for SWAT were derived 
from LULC classification results of Landsat images which downloaded from the 
USGS website: http://earthexplorer.usgs.gov. Field survey data, thematic land use 
map, and Google Earth images were used to create the polygons of training sample 
data for classification and assess classification accuracy. In which, based on the char-
acteristics of the basin, the study selected 30 sample points/image for each of 7 
LULC types distributed in the entire areas. Also, the main datasets to estimate water 
demand and VIs were mostly based on the Statistical Yearbook of Lam Dong and 
Dak Nong provinces.

https://urs.earthdata.nasa.gov/users/new
http://earthexplorer.usgs.gov
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Table 23.5 Properties, sources and purpose of used data 

Data Properties Sources Used for 

DEM map Resolution of 12.5 m Downloaded from the 
NASA website: https:// 
urs.earthdata.nasa.gov/ 
users/new 

SWAT model; 
RUSLE 

Soil map Resolution of 30 m Obtained from DONRE 
of Lam Dong province 

SWAT model; 
RUSLE 

LULC map Resolution of 30 m Landsat TM/ETM/ 
OLI-TIRS images (1994 
and 2020), downloaded 
from the website: http:// 
earthexplorer.usgs.gov) 

SWAT model; 
RUSLE 

Weather 4 stations Obtained from 4 weather 
stations (Da Lat, Lien 
Khuong, Bao Loc, and 
Dak Nong) 

SWAT model; 
RUSLE 

Stream-flow 3 gauges Derived from 3 gauges 
(Thanh Binh, Dai Nga, 
and Ta Lai) 

SWAT model; 

Water quality 
monitoring 

49 sites Obtained from DONRE 
of Lam Dong and Dak 
Nong province 

Assessing water 
quality 

Field surveys 30 sample regions 30 sample points/image 
for each of 7 LULC 
types from the field 
surveys 

Classification of 
Landsat images 

Socio-economic 
statistics 

Provincial data Obtained from the 
Statistical Department 
(Lam Dong, Dak Nong) 

Calculating water 
balance, VIs

23.3 Results and Discussion 

23.3.1 Land Use and Land Cover Change 

The accuracy assessment is derived from the error matrices in which overall accuracy, 
user’s and producer’s accuracy and Kappa coefficient were used to analyze in 2 cases 
of the classified images. The overall accuracy of all seven LULC classifications in 
1994 and 2020 was very good with 77.7% and 85.5%, as shown in Table 23.6. In  
cases, the Kappa coefficients were also quite high with values of 0.74 and 0.83. The 
results show that the highest accuracy was for water bodies (User (%) = 98.26 and 
98.64 for 1994 and 2020, respectively). Therefore, the thematic map was used to 
analyze LULC change trends and use for SWAT model input data.

For the purposes of assessing forest land changes, three natural forest classes 
were combined (evergreen broadleaf forest, mixed forest, and coniferous forest),

https://urs.earthdata.nasa.gov/users/new
https://urs.earthdata.nasa.gov/users/new
https://urs.earthdata.nasa.gov/users/new
http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov
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Table 23.6 Summary of classification accuracy for the LULC map in 1994 and 2020 

Class name 1994 2020 

User (%) Prod. (%) User (%) Prod. (%) 

Water bodies 98.26 98.64 87.40 90.12 

Broadleaf evergreen forest 90.38 57.02 85.94 78.26 

Mixed forest 65.54 87.19 89.51 86.71 

Coniferous forest 91.42 92.52 89.27 81.85 

Built-up residential areas 70.51 81.55 81.17 82.11 

Perennial agricultural land 69.03 90.51 77.56 88.44 

Annual agricultural land 89.69 79.35 77.78 77.78 

Overall accuracy (OA) 77.7% 85.5% 

Kappa 0.74 0.83

and thematic maps containing five main classes were created. The maps of two 
periods between 1994 and 2020 were overlaid in order to identify the regions where 
major changes have occurred in the five LC classes. The area for each type of LULC 
in the river basin and the cover percentages are summarized in Table 23.7. 

The results show that the forest area covered 768,625 ha (69.6%) and 444,039 ha 
(40.2%) in 1994 and 2020. This means that the area of forest coverage has changed 
significantly over the last 26 years. In contrast, there was a significant increase in 
seasonal agricultural land and perennial agricultural land, as shown in Fig. 23.6.

The area of water bodies also increased over the study period measuring 9,110 ha 
(0.80%) in 1994 compared to 19,299 ha (1.7%) in 2020. This rising fluctuation can 
be explained by the recent construction of large hydropower plants in the river basin

Table 23.7 LULC changes between 1994 and 2020 in the UPDN river basin 

LULC type 1994 2020 Changes (26 years) 

Area (ha) (%) Area (ha) (%) Area (ha) (%) 

WATR1* 9,110 0.8 19,299 1.7 +10,189 +0.9 

FOREST 768,625 69.6 444,039 40.2 −324,586 −29.4 

• FRSE2 306,417 27.8 160,504 14.5 −145,913 −13.3 

• FRST3 311,670 28.2 166,884 15.1 −144,786 −13.1 

• PINE4 150,537 13.6 116,651 10.6 −33,886 −3.0 

URML5 9,423 0.9 36,700 3.3 +27,277 +2.4 

AGRR6 236,588 21.4 467,734 42.4 +231,146 +21.0 

AGRC7 79,820 7.2 135,794 12.3 +55,974 +5.1 

Total 1,103,566 100 1,103,566 100 

*The symbols were the abbreviation of SWAT land use codes encrypted from 7 land cover types 
(1) water bodies, (2) broadleaf evergreen forest, (3) mixed forest, (4) coniferous forest, (5) built-up 
residential areas, (6) perennial agriculture land, and (7) annual agriculture land, respectively 
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                    Legend (SWATLandUse) 

Water bodies (WATR) 

Forest (FRSE, FRST, PINE) 

Built-up (URML) 

Perennial agriculture (AGRR) 

Annual agriculture (AGRC) 

Fig. 23.6 LULC map of 1994 (a), and 2020 (b)

such as: Dai Ninh (300 MW), Da Dang 2 (34 MW), Dong Nai 3 (180 MW), Dong 
Nai 4 (340 MW), Dong Nai 2 (70 MW) and Dong Nai 5 (150 MW), which came into 
operation from 2008 to 2014, respectively (Lam Dong Statistical Department 2015; 
Lam Dong Department of Natural Resources and Environment 2013). Residential 
coverage was 9423 ha (0.9%) in 1994 and 36,700 ha (3.3%) in 2020. In terms of 
sub-basins, the Dak Nong (DN10) had the highest deforestation rate with 63.5% (an 
approximate loss of 71,015 ha), and the Ta Lai (ND17) had the lowest deforestation 
rate with 7.6% (nearby loss of 3270 ha). 

23.3.2 Soil Erosion Risk 

The results show that the potential erosion in the basin is very high, whereas the 
areas of potential erosion greater than 100 tons/ha/year account for 50.48% of the 
basin’s area. The hillside and mountainous areas with an average slope greater than 
150 have potential erosion greater than 500 tons/ha/year and these regions should be 
prioritized for sustainable soil management actions, as presented in Fig. 23.7.

Figure 23.8 depicts an evaluation of the yearly erosion rate between 1994 and 2020 
in the UPDN river basin. Statistical calculations of soil erosion were summarized in 
Table 23.8. The results showed that the level of erosion status in 2020 was higher than 
in 1994. Therein, the soil erosion rate greater than 10 tons/ha/year in 2020 occupied 
509,034 ha (46.12%) compared to in 1994 with 461,077 ha (41.78%) that can be 
explained by the deforestation in the period 1994–2020, as mentioned above.
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Fig. 23.7 Spatial distribution of slope zones (1) and potential soil loss (2)

Fig. 23.8 Spatial distribution of soil loss of 1994 (a) and 2020 (b) 

Table 23.8 Potential soil erosion and erosion in 1994 and 2020 

Erosion 
risk class 

Range 
(ton ha−1 year−1) 

Potential soil loss 
(×10) 

1994 2020 

Area (ha) Per. 
(%) 

Area (ha) Per. 
(%) 

Area (ha) Per. 
(%) 

Stability 0–1 480,206 43.51 492,243 44.60 499,361 45.25 

Slight 1–5 33,184 3.01 74,666 6.77 41,656 3.77 

Moderate 5.0–10 33,081 3.00 75,580 6.85 53,516 4.85 

High 10–50 213,205 19.32 242,681 21.99 245,772 22.27 

Very high 50–200 253,015 22.93 155,181 14.06 185,432 16.80 

Extremely 
high 

>200 90,875 8.23 63,215 5.73 77,830 7.05 

Total 1,103,566 100 1,103,566 100 1,103,566 100



380 P. Hung et al.

23.3.3 Surface Water Quality Status 

In general, the surface water of the river system in the study area was contaminated 
moderately with total suspended solids (TSS), organic matters (BOD5, COD), nutri-
ents (NH4 

+–N, PO4 
3−–P) by runoff from agricultural fields and untreated wastew-

ater discharged from domestic and industrial activities. In Vietnam, the QCVN 08-
MT:2015/BTNMT is currently being used as the national technical regulation on 
surface water quality (Pham 2017). In the dry season, the numbers of 11.7% of TSS, 
23.5% of COD, 19.1% of BOD, 20.1% of NH4 

+–N, 10.7% of PO4 
3−–P did not meet 

the permissible levels. The TSS concentrations in the rainy season were significantly 
higher than in the dry season. This matches with the capacity of highly potential soil 
erosion in the river basin, as mentioned above. In a similar way, the value of NH4 

+–N 
concentration has highly increased in the rainy seasons compared to the dry seasons. 
This result is similar to previous studies (Hanh et al. 2010; Canada 2004), which 
found that the use of fertilizer releasing NH4 

+–N into the watershed during the rainy 
season is insignificant (Table 23.9). 

The spatial distribution of the WQI water quality index at monitoring sites in 
the rainy and dry season is shown in Fig. 23.9. Hierarchical cluster analysis (HCA) 
categorized WQI into 2 main clusters (1-relatively contaminated sites; 2-relatively 
clean sites). Then, the main clusters were divided into 5 sub-clusters (1a, 1b, 2a, 2b1, 
2b2), which were relatively represented for 5 water quality groups (very bad, poor, 
medium, excellent, and good) in accordance with the ratings of WQI, as in Table 
23.10.

Cluster 1a, the so-called excellent water quality sites, most of them in the upstream 
(H1, H2, H3, H4, L7, L8, N2, N9). Cluster 1b is not as clean as cluster 1a, the so-
called good water quality sites (L2, L3, L4, L5, Dk2, Dk4, Dk7, N1, N5, D12, T4). 
Cluster 2a, the so-called medium water quality sites, is formed by 11 sites (D2, D11, 
D13, D15, Dk1, Dk3, Dk6, N3, N6, N8, T1, T3, L6). Cluster 2b1, the so-called very 
bad water quality sites, is formed by 4 sites (D1, D3, D7, L1). Cluster 2b2 is not 
as polluted as cluster 2b1, the so-called poor water quality sites, formed by 13 sites 
(D4, D5, D6, D8, D9, D10, D14, N4, N7, N10, N11, Dk5, T2).

Table 23.9 Percentage of samples that did not meet the permissible level 

Parameter pH 
(mg/L) 

DO 
(mg/L) 

TSS 
(mg/L) 

COD 
(mg/L) 

BOD5 (mg/L) NH4 
+–N 

(mg/L) 
PO4 

3−–P 
(mg/L) 

T 
(oC) 

Dry (%) 2.6 4.4 11.7 23.5 19.1 20.1 10.7 – 

Rain (%) 1.6 3.8 29.5 12.8 16.2 22.2 5.7 – 

QCVN* 5.5–9 ≥4 <50 <30 <15 <0.9 <0.3 °C 

QCVN* National technical regulation on surface water quality, QCVN 08-MT 2015/BTNMT (B1). 
B1 is the surface water source for irrigation or other purposes. Dry dry season; Rain rainy season 
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Fig. 23.9 WQI at monitoring sites n the dry (a) and  rainy (b) season
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Table 23.10 Surface water quality classification based on WQI (2012–2020) 

WQI 
Value/Color 

Rating Water 
Quality 

Suitability for water use Cluster/ 
No. of sites 

Name of sites 

91 – 100 
(Blue) 

Excellent 
water quality 

Used for domestic water 
supply purposes 1a/8 H1, H2, H3, H4, L7, 

L8, N2, N9 

76 – 90 
(Green) 

Good water 
quality 

Used for domestic water 
supply purposes but need 
appropriate treatment. 

1b/11 
L2, L3, L4, L5, Dk2, 
Dk4, Dk7, N1, N5, 
D12, T4 

51 – 75 
(Yellow) 

Medium 
water quality 

Use for irrigation and 
other similar purposes. 2a/11 

D2, D11, D13, D15, 
Dk1, Dk3, Dk6, N3, 
N6, N8, T1, T3, L6 

26 – 50 
(Orange) 

Poor water 
quality 

Use for waterways and 
other similar purposes. 2b1/13 

D4, D5, D6, D8, D9, 
D10, D14, N4, N7, 
N10, N11, Dk5, T2 

0 – 25  
(Red) 

Very bad 
water quality 

Water is heavily polluted 
and needs to recovery 2b2/4 D1, D3, D7, L1

23.3.4 Fresh Water Resources Vulnerability 

The calibration and validation of the SWAT model were conducted based on hydro-
logical observation data at three local stream-flow gauge stations, two in the upper 
stream (Thanh Binh and Dai Nga) and the other in the lower stream (Ta Lai). The 
graphs of observed and simulated monthly flow are shown in Fig. 23.10. The  simu-
lated and observed stream-flow during the calibration period achieved relatively good 
results with all R2, and ENS values were greater than 0.70, so the simulated results of 
the SWAT model were predicated to be good (Can et al. 2015; Moriasi et al. 2007).

The estimation of the water balance was based on climate and land use variations. 
In view of the LULC 2020 over the entire basin, total annual water resources were 
based on simulation results from the SWAT model of DN1 to DN17 and LN1. The 
spatial distribution of changes in VI of the sub-basins of the UPDN river in 1994 and 
2020 is shown in Fig. 23.11.

The water resources vulnerability indices of 1994 and 2020 were evaluated based 
on using the same data of water resources stress (RS) and management capacity 
(MC) parameters of 2020. This is to highlight the effects of LULC, climate condi-
tions, and economic status on the basin’s water resource vulnerability. The water 
development pressure (DP) parameter was estimated from total water resources, total 
water requirements, total population, and water supply coverage. Therein, the total 
water resources were determined by the SWAT model at the sub-basin level. Total 
water demand was calculated based on the LULC classification results of Landsat 
images in collaboration with socio-economic statistics data. The ecological health 
(EH) parameter, which is affected by natural phenomena and human activities, was 
measured by water pollution and the ecosystem deterioration indicators. The level of 
pollution was estimated by the ratio of total wastewater, which is calculated based on 
the total water demand and total water resources in each sub-basin. The ecosystem
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Fig. 23.10 Comparison between simulated and observed monthly streamflow in the calibration 
and validation period of SWAT model: a Thanh Binh; b Dai Nga; and c Ta Lai gauge
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Fig. 23.11 Changes in VI of the sub-basins of the UPDN river in 1994 and 2020

deterioration (EHe) was determined based on the LULC classification results from 
the Landsat image. Each VI of each sub-basin in 2020 is presented in Table 23.11. 

In the year 2020, the calculated overall vulnerability index (VI) for the entire 
UPDN basin was 0.318 compared to 0.276 of 1994. This value was the same as the 
VI of Mekong river in Southeast Asia (VI = 0.31) (Babel and Wahid 2009). The level

Table 23.11 Water resources vulnerability index (VI) with various parameters of the sub-basins 
and the entire UPDN basin in 2020 

Sub-basin/ 
Reservoir name ID Resource 

Stress 
Development 

Pressure 
Ecological 

Health 
Management 

Capacity 
Overall 

Score (VI) 
RSt DP EH MC VI 

Da Nhim DN1 0.227 0.374 0.076 0.539 0.304 
Da Tam DN2 0.21 0.185 0.283 0.534 0.303 
Don Duong DN3 0.243 0.146 0.337 0.539 0.316 
Da Quyen DN4 0.258 0.344 0.351 0.539 0.373 
Suoi Vang DN5 0.192 0.11 0.112 0.534 0.237 
Da Dang DN6 0.273 0.166 0.427 0.534 0.350 
Dong Nai 2 DN7 0.29 0.141 0.431 0.539 0.350 
Dong Nai 3 DN8 0.305 0.118 0.171 0.539 0.283 
Dong Nai 4 DN9 0.277 0.111 0.125 0.539 0.263 
Dak Nong DN10 0.32 0.331 0.449 0.639 0.435 
Dong Nai 5 DN11 0.305 0.089 0.258 0.639 0.323 
Dak R‘Keh DN12 0.305 0.31 0.434 0.639 0.422 
Dong Nai 6 DN13 0.307 0.154 0.294 0.539 0.324 
Cat Tien DN14 0.307 0.161 0.215 0.539 0.306 
Da Teh DN15 0.305 0.163 0.207 0.521 0.299 
Da Huoai DN16 0.29 0.177 0.267 0.521 0.314 
Ta Lai DN17 0.29 0.118 0.334 0.539 0.320 
La Nga LN1 0.34 0.332 0.411 0.534 0.404 

UPDN - 0.263 0.159 0.296 0.553 0.318 
* Notes: Water Stress (RSs); Water Variation (RSv); Water Exploitation (DPs); Safe Drinking Water 

Inaccessibility (DPd); Water Pollution (EHp); Ecosystem Deterioration (EHe); Water Use Inefficiency 
(MCe); Improved Sanitation Inaccessibility (MCs); Conflict Management Capacity (MCg); Vulnerability 
Index (VI). 
* Color guide: (0-0.2) Low (0.2-0.4) Moderate (04-0.7) High (0.7-1) Severe 
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of vulnerability of water resources in the UPDN basin was moderate and implied 
that the basin was generally in good condition for the realization of sustainable water 
resources management. However, the calculated VI indicators of DN10, DN12, and 
LN1 were 0.435, 0.422, and 0.404 (in the range of 0.4–0.7), which indicate that the 
water resources of these sub-basins are highly vulnerable and should be prioritized 
for sustainable water management actions. 

The management capacity (MC) of the UPDN basin was 0.553, and it was approx-
imately equal to the MC of Mekong basin (MC = 0.60) (Babel and Wahid 2009). 
The vulnerability of water resources in the UPDN basin was mostly contributed by 
weak management capacity. The reasons for the weaknesses were first due to the 
wide gap between water use efficiency in the basin and the defined world average, 
secondly the restrictive capacity of the Dong Nai River Basin Environmental Protec-
tion Commission (RBEPC) to solve trans-boundary conflicts, and lastly the lack of 
access to improved sanitation facilities (especially DN10, DN11, and DN12 of Dak 
Nong province). 

23.4 Conclusion 

GIS and remote sensing integration were successfully used to establish LULC maps 
and assess changes in LULC of the UPDN river basin. Over the 26 years, the forest 
area was approximately reduced to 324,586 ha (29.4%). In terms of sub-basins, 
the Dak Nong (DN10) and Dak R’Keh (DN12) had the highest deforestation rates. 
Further, the distribution of soil erosion risks in terms of spatial and temporal scale 
was also established. Therein, the highly potential erosion regions with greater than 
100 tons/ha/year account for 50.48% of the basin’s area, and these regions should be 
prioritized for sustainable soil management actions. For items of water quality, the 
technology of GIS and WQI effectively supported assessing water quality as well 
as understanding the spatial and temporal variations in water quality which plays an 
effective and useful role in communicating information on water quality to citizens 
and policymakers. According to the results, the surface water of the Dong Nai river 
was moderately polluted, and the water quality greatly fluctuated between seasonally 
and spatially (monitoring sites). 

The integrating solution of GIS, remote sensing, and SWAT model has been 
feasibly applied to calculate water balance and computerize the water vulnerability 
at the basin and sub-basin level based on guidelines prepared by UNEP and Peking 
University. The VIs for the UPDN river basin were 0.318 and 0.276 in 2020 and 
1994, respectively. These values imply that the basin is generally in good condition 
for the realization of sustainable water resources management. However, calculated 
VI indicators of the sub-basins DN10, DN12, and LN1 were in the range of 0.4–0.7, 
which classified as highly vulnerable regions should be prioritized for sustainable 
water management actions. 

Overall, this study demonstrated an effective solution in creating decision support 
tools for IWRM in the UPDN river basin based on GIS, remote sensing, and SWAT
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model. Therein, GIS database is established to develop spatial analysis tools and 
visualize the information to make decisions on different scales as river basin level or 
river sub-basin level in implementing IWRM. Remote sensing was used to monitor 
and assess changes in LULC. The SWAT model was used to assess hydrology, calcu-
late water balance, and map the water resources vulnerability index, which not only 
provides early warning signals for authorities to mitigate negative impacts, but also 
assists them in identifying information gaps to increase public awareness about water-
related potential threats. Clearly, the study has created a scientific basis to replicate 
solutions for the similar regions that have lacked the IWRM decision support tools. 
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Chapter 24 
Spatial–Temporal Changes in Land 
Surface Temperature Pattern 
in the Western Edge of the Inner Hanoi 
City, Vietnam During the 2005–2019 
Period 

Duc-Loc Nguyen , Tien-Yin Chou , Thanh-Van Hoang , Mei-Hsin Chen, 
Chun-Tse Wang , and Van-Khue Phan 

Abstract Urbanization is a primary driver that leads to the increase of urban heat, 
including air temperature and surface temperature. Recently, Hanoi city has been 
experienced a high urbanization rate, especially at the edge of the inner city. In 
this study, the surface temperature bands of Landsat-5 and Landsat-8 Collection 2 
Level-2 were directly utilized to calculate LST for the study area at the two selected 
years 2005 and 2019. Furthermore, the spatial–temporal changes in Land Surface 
Temperature (LST) in the period 2005–2019 were analyzed and the relationships 
between Normalized Land Surface Temperature (NLST) and the two indices NDVI 
(Normalized Difference Vegetation Index) and NDBI (Normalized Difference Built-
up Index) were clarified. The study results indicated a significant increase in the mean 
LST and the mean NLST between 2005 and 2019. In fact, the mean LST rose from 
33.18 to 38.06 °C and the mean NLST rose from 0.38 to 0.43. Additionally, a negative 
correlations between NLST and NDVI were explored at correlation coefficients (R) of
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−0.69 and −0.77 in 2005 and 2019, respectively. In contrast, a positive relationships 
between NLST and NDBI were shown at R-value of 0.74 and 0.85. The outcomes 
revealed the importance of vegetation in urban cooling and forces authorities to 
implement urban green space planning seriously. 

Keywords Land surface temperature (LST) · Normalized land surface temperature 
(NLST) · Normalized difference vegetation index (NDVI) · Normalized difference 
built-up index (NDBI) · Spatial–temporal change 

24.1 Introduction 

The increase in land surface temperature (LST) is one of the consequences of urban-
ization. Urban expansion due to rapid population growth leads to the conversion of 
earth covers, mainly from vegetation to impervious surfaces (Daramola et al. 2018; 
Wu and Murray 2003). Previous studies showed that land surface temperature on 
water bodies and vegetation is always lower on built-up land (Madanian et al. 2018; 
Soydan 2020). Hence, urban areas with a high rate of built-up land have higher LST 
than rural areas (Hua et al. 2020). Higher LST typically much more presence in an 
urban area than a rural area. 

There were numerous researches using satellite images in LST estimation (John 
et al. 2020; Mustafa et al. 2021; Wu et al.  2019). Retrieval LST from satellite 
data is more advantageous than that by point-based measurements on the field. 
Because satellite image-based technique can provide LST information for a contin-
uous large scale. Whereas point-based measurements only provide LST at some 
points of interest. Owned the vast and continuous data collection from 1982 (Landsat-
4) till now (Landsat-8), Landsat satellite images have been the most frequently 
used for analyzing the spatial–temporal change of LST. Some algorithms that have 
been utilized for extracting LST from the thermal band of Landsat level-1 data, 
including Mono Window Algorithm (MWA), Radiative Transfer Equation (RTE) 
method, Single Channel Algorithm (SCA), and Split Window (Majumder et al. 2021; 
Sekertekin and Bonafoni 2020). In these methods, land surface emissivity (LSE) is 
a crucial factor that needs to be carefully considered. The two models that are often 
used to determine LSE are classification-based emissivity method and NDVI-based 
emissivity method. 

In December 2020, Landsat Collection 2 Level-2 data collection was released 
by the Department of United States Geological Survey (USGS) (Hemati et al. 2021; 
Esad et al. 2021). Compared to collection 1, this collection has a lot of improvements, 
such as the enhancement in the accuracy of GPCs and DEM enhancements, or radio-
metric calibration improvements (Hemati et al. 2021). Furthermore, it also provides 
surface reflectance and surface temperature level-2 product that can be directly used 
for applications. Hence, scientists and researchers nowadays have selected level-2 
product to derive LST for their studies (Ferral et al. 2021; Jung et al. 2021; Park and 
Kim 2021).
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Hanoi capital is the second largest and the fastest-growing city in Vietnam. It has 
over 3300 km2 of the area and 47.55% of urbanization rate (Hoang and Fogarassy 
2020). Under the rapid urbanization, Hanoi’s meteorological factors must have had 
significant changes, especially in LST. Therefore, the purposes of this study was: 
(i) to analyze the spatial–temporal change in LST from 2005 to 2019 in the western 
edge of Hanoi center where the urbanization has occurred quickly in recent years, (ii) 
to clarify the relationships between LST and the two indices extracted from Landsat 
images, including Normalized Difference Vegetation Index (NDVI) and Normalized 
Difference Built-up Index (NDBI). The study results can be a good reference for 
planners to release reasonable urban land-use structures. 

24.2 Study Site 

The study area contains five western districts of Hanoi center, including Ha Dong, Bac 
Tu Liem, Nam Tu Liem, Hoai Duc, and Dan Phuong (Fig. 24.1). These districts have 
been experienced rapid population growth. According to Hanoi statistical yearbooks 
1999, 2009 and 2019, the total population of the five selected districts in these years 
is 643,278 people, 959,280 people, and 1,455,200 people respectively (HNSO 2000, 
2010, 2020). Thus, the population growth rate in 2009–2019 was 1.7 higher than that 
in 1999–2009. Along with the population explosion, the process of urbanization has 
occurred strongly. 

Fig. 24.1 Study area
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Table 24.1 Satellite data 

Satellite sensor Path/row Cloud cover 
(%) 

Date of 
acquisition 

Time of 
acquisition 

Used bands (R, 
NIR, SWIR, 
TIR) 

LS5 127/045 15 09/10/2005 03:11:27 3, 4, 5, 6 

LS8 127/045 0.12 30/09/2019 03:23:46 4, 5, 6, 10 

24.3 Data and Methods 

24.3.1 Data 

In this study, the two level-2 images, Landsat-5 acquired on 09 October 2005 and 
Landsat-8 acquired on 30 September 2019, were directly downloaded from USGS’s 
website (https://earthexplorer.usgs.gov/). The small difference in acquisition time in 
a day (12 min) and in a year (9 days) is a good condition for comparing of the LSTs 
between the two selected years. The characteristics of data is presented in Table 24.1. 

The products of Landsat-5 and Landsat-8 collection-2 level-2 are distributed on 
USGS’s website after 25–27 days and 15–17 days, respectively (USGS 2021a, b). 

24.3.2 Method 

Land Surface Temperature (LST) 
Land surface temperature retrieved from Landsat Collection 2 Level-2 is calculated 
by Eq. (24.1). 

LST  (◦C) = M.BST + A − 273.15 (24.1) 

where, M is the multiplicative rescaling factor and A is the additive rescaling factor. 
The value of this two factors can be found in meta data file. In fact, these values are 
0.00341802 and 149.0, respectively (USGS 2021a, b). BST is pixel value of surface 
temperature. 

Normalized Land Surface Temperature (NLST) 
Although the two chosen images have a slight difference in acquisition time in a day 
and a year, the comparison of LSTs extracted from them directly is inadequate. Thus, 
the LSTs should be normalized to the range of 0–1 to eliminate the time imaging 
effects. Furthermore, it is useful for revealing the difference in the spatial distribution 
of LSTs in the two times. NLST is determined by Eq. (24.2). 

NL  STi = 
LSTi − LSTmin 

LSTmax − LSTmin 
(24.2)

https://earthexplorer.usgs.gov/
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In which, NLSTi and LSTi are normalized land surface temperature and land 
surface temperature of pixel i. LSTmax and LSTmin are maximum value and minimum 
value of LST. 

Normalized Difference Vegetation Index (NDVI) 
Normalization Difference Vegetation Index (NDVI) is one of the biophysical param-
eters that has been frequently used in environmental studies (Wani et al. 2021; Dong 
et al. 2021). It reflects the presence of vegetation on the Earth’s surface. This index 
is extracted based on the different interactions of the sunlight energy in the red band 
of the near-infrared band. Healthy vegetation almost absorbs red light, whereas near-
infrared light is strongly reflected. The lowest NDVI value is −1 and the highest 
NDVI value is +1. The negative value indicates water or snow while the positive 
value reveals the different vegetation situations. Impervious surfaces and bare soil 
have an NDVI value of approximately 0 (Chien et al. 2016). NDVI is calculated by 
Eq. (24.3). 

NDV  I  = 
N I  R  − R 
N I  R  + R 

(24.3) 

With NIR is Near-Infrared band and R is Red band. 

Normalized Difference Built-Up Index (NDBI) 
Normalization Difference Built-up Index (NDBI) is an indicator that has been 
frequently used in urbanization studies through remote sensing techniques 
(Abulibdeh 2021; Zheng et al. 2021). It provides information on impervious surfaces, 
a major cause of the urban heat island effect. This index is calculated through two 
bands, Near-Infrared and Short-wave Infrared, by Eq. (24.4). Its value ranges from 
−1 to  +1. 

ND  B  I  = 
SW I  R  − N I  R  

SW I  R  + N I  R  
(24.4) 

In which, SWIR stands for Short-wave Infrared band. 

Correlation Analysis 
The relationship between NLST and the two indices, NDVI and NDBI, was deter-
mined using linear regression. The input data for this model was randomly gener-
ated using ArcGIS’s tool, including 100 random points with the minimum allowed 
distance of 100 m. In order to avoid the negative effects of water pixels on the NLST-
NDVI and NLST-NDBI relationship determination, sample points located on water 
bodies were eliminated. Thus, the random sample dataset was only 92 samples. The 
results were represented by 2D scatter plot with the support of R software.
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24.4 Results and Discussion 

24.4.1 Spatial–Temporal Changes in Land Surface 
Temperature 

Under the influence of urbanization, there has been a significant rise in impervious 
surfaces (Wu et al. 2020), especially in urban areas and rural residential zones. Along 
with this, the presence of vegetation and water bodies has been decreased consid-
erably (Tania et al. 2021; Wen et al. 2021). Consequently, the LST in residential, 
industrial, and urban areas has also risen. 

The resulting LST maps of 2005 and 2019 are shown in Fig. 24.2a, b. From 
the overall perspective, this period experienced an increase in LST. The values of 
maximum LST, minimum LST, and mean LST in 2019 are around 2.5–5 °C higher 
than those in 2005. In more detail, the mean LST increased 4.88 °C, from 33.18 to 
38.06 °C. The maximum LST and minimum LST of the year 2005 were also lower 
than those of 2019. In fact, these pair values were (45.94 °C, 26.32 °C) and (49.73 °C, 
29.08 °C), respectively. 

Fig. 24.2 LST maps in 2005 and 2019
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Fig. 24.3 NLST maps in 2005 and 2019 

In order to remove the influence of different time imaging and compare more accu-
rately, it is necessary to compare the LSTs in the same range [0, 1] through normaliza-
tion. In this scale, the mean Normalized Land Surface Temperature increased 0.08, 
from 0.35 in 2005 to 0.43 in 2019. The NLST maps is represented in Fig. 24.3a, b. 

Figure 24.4a represents the percentage area by LST ranges. It reveals a significant 
change of percentage area between low LST and high LST in this period. The total 
land area covered by low LST, from 26.3 to 34 °C, declined dramatically from 64% 
in 2005 to 5.4% in 2019, a massive decline of over ten times. Whereas the total land 
area covered by higher LST rose from 35.8% in 2005 to 87.8% in 2019, an increasing 
of over two times. The total land area covered by LST greater than 42 °C in 2005 
was approximate 0 while the figure for 2019 was 6.8%. Some points covered by LST 
greater than 38 °C in 2005 were My Dinh stadium, surrounding area of Ha Dong Post 
Office, residential areas in Duong Lieu commune (Hoai Duc district), and residential 
areas in La Phu commune (Hoai Duc district). In 2019, these points were expanded 
and LST also increased to over 42 °C. At the same year, the land covered by LST 
greater than 38 was also spread out to other points, for example, residential areas 
in Co Nhue 1 ward and Co Nhue 2 ward (Bac Tu Liem district), My Dinh 1 ward 
and My Dinh 2 ward (Nam Tu Liem district), Me Tri ward (Nam Tu Liem district), 
residential areas along the national highway 32 to Hanoi Industrial University.

Figure 24.4b reveals information on the percentage area by 5 NLST groups (0– 
0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, 0.8–1) of the years 2005–2019. It shows the opposite
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Fig. 24.4 Percentage area of LST and NLST in 2005 and 2019

rate between the two years. In 2005, the percentage area of the low NLST group 
(0–0.4) was about two times higher than that of the higher NLST group (0.4–0.8). 
Actually, these figures were 66.1% and 33.8%, respectively. Conversely, these figures 
for 2019 were 40.2% and 59.6% correspondingly. It means the percentage area of 
the higher NLST group (0.4–0.8) was almost 1.5 times of the low NLST (0–0.4). In 
the very high NLST group (0.8–1), the percentage area for both selected years was 
approximate 0. 

24.4.2 Correlation Between NLST-NDVI and NLST-NDBI 

NDVI maps are shown in Fig. 24.5a, b. They were extracted based on the Red band 
and Near-Infrared band of Landsat satellite images. Statistical information of these 
maps is stored in Table 24.2. The mean NDVI of the year 2005 was found to be 
0.21 and it decreased slightly to 0.20 in the year 2019. The minimum NDVI and 
maximum NDVI were (−0.12, 0.4) for 2005 and (−0.09, 0.5) for 2019. By reading 
these maps, it is easy to observe that the NDVI value of water bodies, for example 
the Red River in the north of maps, was less than 0. On the 2019 NDVI map, the 
number of pixels with low NDVI (0–0.15) is more than that on the 2005 NDVI map. 
Whereas the number of pixels with higher NDVI (0.15–0.3) on the 2005 NDVI map 
is more than that on the 2019 NDVI map. Hence, there was a slight decline in the 
NDVI value between the two years.

NDBI maps are shown in Fig. 24.6a, b. They were extracted from the two bands 
SWIR and NIR supplied by Landsat images. Statistical information of NDBI maps 
is portrayed in Table 24.2. Contrary to mean NDVI, mean NDBI was an upward 
trend in this period, from −0.08 in 2005 to −0.07 in 2019. The number of pixels
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Fig. 24.5 NDVI maps 

Table 24.2 Statistical information 

Index Year Max Min Mean Std. Dev 

LST 2005 45.94 26.32 33.18 2.35 

2019 49.73 29.08 38.06 2.81 

NLST 2005 1 0 0.35 0.13 

2019 1 0 0.43 0.14 

NDVI 2005 0.48 −0.12 0.21 0.09 

2019 0.5 −0.09 0.20 0.09 

NDBI 2005 0.61 −0.31 −0.08 0.06 

2019 0.32 −0.33 −0.07 0.07

in the highest NDBI group (>0.05) on the NDBI 2019 map was more than that on 
the NDBI 2005 map. They were diffusely distributed in the center and the southeast 
of the study site where currently is rural residential areas or urban residential areas. 
While the whole center of the 2005 NDBI map was essentially the lowest NDBI 
group (<−0.15). Therefore, NDBI had increased in this period.

NDVI, the index extracted from remote sensing data, is an indicator that represents 
the vegetation cover status on the earth’s surface (Yang et al. 1982; Rani et al. 2018). 
The areas that have high NDVI values mean covered by high vegetation density. To
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Fig. 24.6 NDBI maps in 2005 and 2019

clarify the importance of vegetation in cooling land surface temperature, this part 
will analyze the correlations between NLST and NDVI. The relationships between 
the NLST index and the NDVI index of the years 2005 and 2019 are revealed through 
scatter plots in Fig. 24.7a, c. One of the most outstanding features is that both regres-
sion lines were going down. The coefficient of correlation (R) between NLST and 
NDVI of the two years 2005 and 2019 were −0.69 and −0.77. Thus, the regression 
models (NLST = −1.36942 * NDVI + 0.68532) and (NLST = −1.20825 * NDVI + 
0.71315) were strong fit. These also revealed the inverse relationship between LST 
and vegetation. High vegetation density areas had low LST, and vice versa. Hence, 
this finding one more time defines the role of vegetation in cooling the land surface 
temperature.

NDBI is frequently used in urban studies or surface temperature studies. It helps 
to highlight urban regions where temperatures are normally higher than rural areas 
and are usually affected by urban heat island phenomena. The relationships between 
NLST and NDBI are shown in Fig. 24.7b, d. Inversing NDVI, the correlation between 
NLST and NDBI was found to be positive with the R = 0.74 in 2005 and R = 0.85 
in 2019. In fact, the regression models were (NLST = 1.63300 * NDBI + 0.51068) 
and (NLST = 1.44487 * NDBI + 0.54574) for the year 2005 and 2019, respectively. 
The strong correlation between NLST and NDBI reveals the strong influence of 
urbanization on land surface temperature. Land-use planners should particularly 
consider this issue in new urban planning.
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Fig. 24.7 Linear regression models between NLST-NDVI and NLST-NDBI

24.5 Conclusion 

In this study, spatial–temporal changes of LST at the western edge of the Hanoi 
capital were investigated on several indices extracted from remote sensing data, such 
as LST, NDVI, and NDBI. The period 2005–2019 was experienced an increase in 
mean LST, from 33.18 °C in 2005 to 38.06 °C in 2019. The percentage of total land 
area covered by LST less than 34 °C and LST from 34 to 42 °C were significant 
changes between two years. These figures are 64.0 and 35.8% for 2005, 5.4 and 
87.8% for 2019. Several points at the center and the southeast of the study site that 
their LST greater than 38 in 2005 were expanded in 2019. It is due to the expansion 
of residential areas in the urbanization at these points. 

Statistical analysis indicates strong correlations between NLST and the two 
biophysical indices NDVI and NDBI with converse trends. The correlations between 
NLST and NDBI in the two selected years were negative with R = −0.69 and R = 
−0.77. Whereas, the correlations between NLST and NDBI in 2005 and 2019 were 
positive with R = 0.74 and R = 0.85, respectively. These findings are useful for 
authorities in land-use orientation in the future.
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Chapter 25 
Salinity Prediction in Coastal Aquifers 
of the Vietnamese Mekong River Delta 
Using Innovative Machine Learning 
Algorithms 

Dang An Tran , Ha Nam Thang , Dieu Tien Bui , 
and Vuong Trong Kha 

Abstract Groundwater salinization is a severe issue, causing various problems to 
human health, agriculture, ecosystems, and infrastructure in many coastal regions 
across the world. However, this phenomenon is difficult to predict with high accu-
racy. In this study, we propose and verify a new artificial intelligence approach 
for predicting groundwater salinity and identifying the main factors of salinization. 
The coastal aquifers of the Mekong River Delta (Vietnam) were selected to test the 
new approach. In the proposed approach, Extreme Gradient Boosting (XGB) was 
used to build a groundwater salinity model, and Genetic Optimization (GO) was 
employed to optimize the model parameters. Gaussian Processes (GP) and Random 
Forests (RF) were also used as a benchmark for the model comparison. For this 
regard, a groundwater salinity database with 215 groundwater samples and 20 driven 
factors related to hydrology, geology, geography, and anthropogenic activities was 
prepared. Performance of the models was assessed using Correlation Coefficient (r), 
Root Mean Square Error (RMSE), Mean Absolute Percentage Error (MAPE), and 
Mean Absolute Error (MAE). The results show that the proposed GO-XGB model 
yields high performance both on the training dataset (r = 0.999, RMSE = 18.450, 
MAPE = 2.070, and MAE = 4.864) and the validation dataset (r = 0.787, RMSE 
= 141.042, MAPE = 87.250, and MAE = 74.993). The proposed GO-XGB model
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performed better predictive result compared to the benchmark, GP, and RF. Among 
the 20 factors, groundwater level, vertical hydraulic conductivity, lithology, extrac-
tion capacity, horizontal hydraulic conductivity, distance to saline sources, and well 
density are the most important factors to groundwater salinization prediction. 

Keywords Groundwater salinization · GO-XGB model · Coastal aquifers ·
Mekong River Delta · Vietnam 

25.1 Introduction 

Groundwater is identified as the primary source of water for about two billion 
people and accounts for 33% of the total water withdrawal worldwide (Famiglietti 
2014). It is a crucial freshwater resource for domestic uses, industrial development, 
and irrigational activities (Mohanty and Rao 2019; Behera et al. 2019; Kaur et al. 
2020). However, groundwater resource is highly vulnerable to human activities (Ma 
et al. 2019a; Brouwer et al. 2018; Graaf et al. 2019) and natural variation (Kagabu 
et al. 2020; Giambastiani et al. 2018), especially in coastal regions where are facing 
groundwater overexploitation, seawater intrusion, climate change, and sea-level rise 
(Ferguson and Gleeson 2012). In such regions, groundwater is likely to increase in 
salinity due to paleo-seawater intrusion (Delsman et al. 2014), modern seawater intru-
sion (Han and Currell 2018), leaking brines from oil fields and irrigation activities 
(Paine 2003). High salt concentrations in groundwater may cause various environ-
mental and health issues. For example, high salinity in irrigated water may cause 
physiological drought and reduce crop yield (Nishanthiny et al. 2010). High salt in 
drinking water increases the risk of hypertension (Vineis et al. 2011), coronary heart 
disease (Park and Kwock 2015), and chronic kidney disease; therefore, assessing 
groundwater quality, especially the salinization level, is crucial to protect the envi-
ronment and human health (Melloul and Goldenberg 1997; Guhl et al. 2006; Gallardo 
and Marui 2007; Carretero et al. 2013; Larsen et al.  2017). 

For last several decades, mathematical model has been used widely in predic-
tion of groundwater dynamics and seawater intrusion into coastal aquifers (Lal and 
Datta 2019; Abdelhamid et al. 2016; Mahmoodzadeh and Karamouz 2019; Stein 
et al. 2019; Voss and Souza 1987). However, mathematical groundwater modelling 
requires expert knowledge about the physical characteristics of hydrogeological 
system, governing process, various types of input data (i.e., topography, soil prop-
erties, geology, initial and boundary conditions, hydrological and climate data, etc.) 
while the accuracy of the model simulation depends on reliable model input param-
eters (Lal and Datta 2019; Kim and Yang 2018). Meanwhile, machine learning 
is a data-driven model with little requirement about the physical process, and it 
could provide an accurate prediction (Sun et al. 2016; Yadav et al. 2018). There-
fore, machine learning has been considered as an alternative, i.e., Genetics algorithm 
(Sreekanth and Datta 2010), artificial neural networks (Banerjee et al. 2011), multi-
objective optimization (Javadi et al. 2015), multivariate adaptive regression spline
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(Roy Dilip and Datta 2017), support vector regression (Lal and Datta 2019; Isazadeh 
et al. 2017; Nadiri et al. 2018), ensemble multiadaptive boosting logistic regression 
(Rizeei et al. 2019), and Gaussian Process Regression (Yadav et al. 2018; Kopsiaftis 
et al. 2019), and hybrid computational intelligence models (Pham et al. 2019a; Chen 
et al. 2019). A common conclusion from the above works is that machine learning 
is a highly flexible tool with the ability to handle complex non-linear relationships 
between groundwater salinity and influencing factors (Naghibi et al. 2015; Ransom 
et al. 2017; Sajedi-Hosseini et al. 2018). Nonetheless, no studies have figured out 
which are the most important factors influencing on groundwater salinity in coastal 
areas, while the rapid development in the field of computer science has introduced 
more superior methods. 

Inspite of many advantages of applying machine learning in predicting envi-
ronmental issues, this approach has some limitations such as lacking good data, 
deterministic problems, and misapplication. Especially, the predictive results mainly 
based on statistical relationship instead of performing directly physical processes 
like numerical models therefore it requires in-depth understanding between target 
variable and independent variables to improve reliability and accuracy of the ML 
models. In this research, therefore, we propose and validate a new artificial intelli-
gence approach, which is based on Extreme Gradient Boosting (XGB) and Genetic 
Optimization (GO), named as GO-XGB, for predicting groundwater salinity in the 
coastal aquifers of the Mekong River Delta (Vietnam). To the best of our knowledge, 
this is the first time that GO-XGB is considered for groundwater salinity modelling. 
We also compare and discuss the performance of our models and traditional models 
such as random forests and Gaussian processes to understand if this approach adds 
value to the field of groundwater salinity prediction. Besides, the role of various influ-
encing factors in aquifer salinization is assessed. The proposed models were tested 
using groundwater salinity data and its controlling factors in the multi-aquifers in 
the Mekong Delta, Vietnam. 

25.2 Background of the Machine Learning Algorithms 
Used 

In this section, we first review two traditional machine learning models which are 
already applied to predict groundwater salinity, namely random forests, and Gaus-
sian processes. We then introduce the idea of the combination of Extreme Gradient 
Boosting and Genetic Optimization to form a new hybrid algorithm. The perfor-
mance of the two traditional models is then considered as benchmarks to assess our 
model.



406 D. A. Tran et al.

25.2.1 Gaussian Processes 

Gaussian processes (GP) are a type of supervised learning for both regression and 
classification problems (Kopsiaftis et al. 2019; Rasmussen et al. 2003; Hall et al.  
2012; Azimi et al. 2018). The principal idea of Gaussian processes is that in the input 
space x = [x1, …, xn] T, every point is associated with a random variable, so as the 
joint distribution of them can be modelled as a multivariate Gaussian and a function 
(called f) can be modelled using an infinite multivariate Gaussian distribution (Ma 
et al. 2019b). Similarly, if we have a salinity dataset M = ([Xi, yi], i= 1, 2, …, m) with 
Xi ∈ Rn is a matrix of m input variables with n observation, whereas yi ∈ R is an output 
variable (Cl− concentration in groundwater). A GP regression model formulates the 
relation of the input and output variables as following equation (Rasmussen et al. 
2003; Hoa et al. 2019): 

y(x) = 
n∑ 

i=1 

αi K (Xi , X ) (25.1) 

where αi is the weight and K is the Radial Basis kernel function (RBF) (Eq. 25.2) 
(Park and Sandberg 1991; Scholkopf et al. 1997). 

K (Xi , X ) = β × e
− 

m∑ 
i=1 

[ 
(Xm i −Xm i )2 

2σ 2 

] 

(25.2) 

where β is the scaling factor and σ is the kernel parameter. 
The performance of the GP model is dependent on the parameters β and weights 

αi and they could be automatically turned and optimized through maximizing the 
marginal likelihood (Rasmussen et al. 2003). 

25.2.2 Random Forests 

A random forest (RF) is a method for both classification and regression based on the 
ensemble of decision trees (Breiman 2001). A decision tree is a top-down tree-like 
structure, in which each non-leaf node is a test, each branch is an outcome of the test, 
and each leaf node is a decision. Regression with a single decision tree may result 
in the problem of overfitting (high variance) and is dependent on the distribution 
of training sets. A large number of decorrelated decision trees can form a random 
forest which then can reduce the variance and boost model performance (Criminisi 
2011). The procedure developing RFs is as follows: (1) n random subsets (called 
“bootstrapped subsets”) are sampled from a training dataset based on a random 
selection of features of the dataset. A subset may contain overlapped data in other
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Fig. 25.1 Example of the partitions left and classification tree structure right with two classes 
coloured in green and red 

subsets; (2) n decision trees are built using these n bootstrapped subsets (Fig. 25.1). 
The number of trees n is decided using either cross-validation or out-of-bag (OOB) 
error methods. A detailed description of the statistical formulation of RF can be 
found in Breiman (2001). 

25.2.3 Extreme Gradient Boosting 

Similar to the random forest, an Extreme Gradient Boosting (XGB) is an ensemble-
machine learning algorithm that is based on decision trees (weak learners) (Friedman 
2001). However, a boosting model constructs the “forest” of decision trees sequen-
tially, or one decision tree can be constructed based on learning experience inherited 
from previous trees (Chen and Guestrin 2016; Johnson et al. 2018). The second tree 
focuses on the cases in which the first tree gives a poor prediction, and this learning 
process is repeated many times, so as the combination of these trees can better capture 
the relationship between predictands and predictors. Gradient Boosting is a form of 
boosting models in which poor prediction cases are assessed if they contribute to 
minimize the overall lost function (also called the prediction error) (Lim and Chi 
2019). A case can be considered as highly valuable if the adding decision tree built 
for this case can reduce the prediction error significantly while no change in the error 
implicates a no value case; thus, only useful decision trees are kept. This may give 
XGB models advantages in complex problems like quantifying saline concentration 
in groundwater since data measurement in the underground environment may contain 
many special cases. It is also worth to notice that the learning efficiency of each 
machine learning algorithm is controlled by its model parameters, and in the case of 
the XGB model, they include three groups: tree-specific, boosting, and miscellaneous
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parameters. Selection of these model parameters is a challenging task and depends 
on user experience while this process does not always return in an optimum set of 
parameters. Thus, we propose to use a genetic algorithm to automatically search in 
parameter spaces to improve the accuracy of numerical forecasts. 

25.2.4 Genetic Algorithm 

Genetic Algorithm takes the idea from the Darwinian theory of natural selection 
to evolve solutions by utilizing computer capacity to tune model parameters as an 
alternative to manual efforts (Forrest 1993). The most crucial concept of GA is 
the chromosome which consists of model parameters to define a solution (called 
individual) (Jennings et al. 2019). A certain number of individuals then forms a 
population. In the lower level, each chromosome consists of some genes which are 
often denoted as 0 s or 1 s (X ≡ (x1, x2, …, xn), xk ∈ [0.0, 1.0] ∀ k). Each individual 
is evaluated by its fitness value, a result of a fitness function. 

The basic operation performed during the training of XGB based model is as 
following steps: (1) A number of individuals are initialized to form a population, (2) 
individuals with the best fitness values are selected to generate a mating pool, (3) 
from the mating pool, either sequential or random selection methods select parents, 
and (4) several operators called crossover and mutation are then applied to each pair 
of parents to generate their offspring. This process keeps high-quality individuals to 
create more individuals, so as it evolves solutions to obtain the desired solutions. 

25.3 Study Area and Data 

25.3.1 Description of the Study Area 

The study area, Soc Trang province, is in the coastal area of the Mekong River Delta. 
The study area covers an area of 3,312 km2 with an elevation ranging from 0.5 to 
2.5 m above the mean sea level (Fig. 25.2). The province is bordered by the Hau 
River (one main branch of the Mekong River) to the Northwest and the Vietnamese 
East Sea (South China Seas) to the Southwest. Since this area has a dense river 
system connected to the sea, the hydrological regime in the study area is complex 
and strongly influenced by the flow regime of the Mekong River and tidal fluctuation.

The study area is in a tropical monsoon climate region with two distinct seasons, 
the dry season from May to November and the rainy season from December to 
April (in the following year). The annual average rainfall is about 1772 mm with 
substantial seasonal variation. About 85% of the annual rainfall occurs during the 
rainy season. The study area has recognized as one of the most vulnerable regions 
to climate change and sea-level rise in the world.
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Fig. 25.2 Location of the study area (Soc Trang province), the Vietnamese Mekong River Delta

Soc Trang province has around 1.20 million people in which a majority of the 
population depends on agriculture for their livelihoods, contributing to 42% of the 
total GDP in the province (Hoang et al. 2019). Agriculture lands are dominant, 
accounting for 84.77% (276,690 ha of total area), which includes rice fields (52.98%), 
fishponds (19.69%), orchards (15.51%), and lands of other vegetable types (6.75%), 
and other types of land use (Decision No. 108/NQ-CP of the Government 2018). 

In the study area, groundwater is used as a dominant source of water for domestic, 
industrial and agricultural activities, resulting in rapid groundwater level depletion in 
the irrigated areas (Hoang and Bäumle 2018; Minderhoud et al. 2017). Groundwater 
salinization has been identified as one of the significant threats to the groundwater
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resource in this region (An et al. 2018). The extent of groundwater salinization in 
the study area has recently been increased due to the rapid increase in groundwater 
demand (Minderhoud et al. 2017; Nam et al. 2019). 

The hydrogeological setting of the study area is characterized by a multi-layered 
aquifer system, formed between the Miocene and Holocene epoch (Wagner et al. 
2012; Hung et al. 2019). Groundwater in the Pleistocene aquifers is the primary 
source of drinking water because these aquifers have high yields and good-quality 
water compared to other aquifers (An et al. 2018). In this study, we focus on assessing 
the vulnerability and risk of groundwater in the Pleistocene aquifers to salinity. 

25.3.2 Data Preparation and Variables Selection 

In this research, 215 groundwater samples from the Pleistocene aquifers were 
collected between 2013 and 2018 during both the rainy and dry seasons. On-
site measurements were conducted to obtain physical parameters such as ground-
water temperature T (°C), pH, dissolved oxygen DO, and electrical conductivity 
EC using the HANNA portable instruments (Hanna Instruments Inc. 2015). The 
chloride concentration in groundwater samples was analyzed using Ion Liquid 
Chromatography (Shimadzu Co. Ltd., Japan) at the University of Tsukuba, Japan. 

The accumulation of salinity in groundwater is a complex process because it is 
controlled by influencing factors (Mahlknecht et al. 2017; Kanagaraj et al. 2018). 
The selection of influencing factors for groundwater salinization prediction based 
on the possibilities of saltwater migration into aquifers. In the Pleistocene aquifers, 
groundwater salinity is originated from (1) downward or upward leakage of paleo-
saline water (Khaska et al. 2013; Chatton et al. 2016), (2) halite dissolution in the 
topsoil layer (Walter et al. 2017; Blasco et al. 2019), (3) seawater intrusion (Han and 
Currell 2018; Kanagaraj et al. 2018; Werner et al. 2013), and (4) irrigation return 
flow (Essaid and Caldwell 2017; Lapworth et al. 2017; Malki et al. 2017; Tweed 
et al. 2018). The downward or upward leakages of paleo-saline water may relate 
to the formation of aquifers, which is further incorporated into the lithology influ-
encing factor. Furthermore, the thicknesses of aquitards, distance to the hydraulic 
window, distance to fault, fault density, and vertical hydraulic conductivity could also 
affect the leaking rate (Elmahdy and Mohamed 2013; Liu et al. 2018). Besides, other 
geographical variables such as distance from main rivers, distance to the drainage 
and drainage density are also widely considered as influencing factor to groundwater 
salinity (Winkel et al. 2008). The halite dissolution process is characterized by salt 
rock/sediment properties, soil type, and horizontal and vertical hydraulic conduc-
tivity. Variables which represent the effect human activities on groundwater salinity 
in the study area are the groundwater level, extraction capacity, well density, extrac-
tion density, and operation time. The severity of seawater intrusion may also depend 
on the distance to the sea, groundwater level, well density, extraction capacity, extrac-
tion density, and horizontal hydraulic conductivity (Lee et al. 2016; Yechieli et al. 
2019). The four processes mentioned above interact with each other and result in a
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Table 25.1 Influencing factors for prediction of groundwater salinity using machine learning 
models 

No. Explanatory variables Coding Unit Data type 

1 Distance to the sea DTS km Numeric 

2 Distance to main river DTR km Numeric 

3 Distance to drainage DTD km Numeric 

4 Drainage density DD m/km Numeric 

5 Distance to hydraulic window DTW km Numeric 

6 Distance to fault DTF km Numeric 

7 Fault density FD m/km Numeric 

8 Distance to saline sources DTS km Numeric 

9 Temperature of groundwater T °C Numeric 

10 Depth of screen well DSW m Numeric 

11 Soil properties AT # Ordinal 

12 Horizontal hydraulic conductivity Kh m/d Numeric 

13 Vertical hydraulic conductivity Kv m/d Numeric 

14 Thickness of aquitard WA m Numeric 

15 Operation time (of well) OTW year Numeric 

16 Well density WD well/km2 Numeric 

17 Discharge density DCD m3/km2 Numeric 

18 Extraction capacity EXC m3/d Numeric 

19 Groundwater level GWL m.abmsl Numeric 

20 Lithology LT # Ordinal 

complex salinization process in the study area (An et al. 2018). Based on the anal-
ysis mentioned above, 20 influencing factors were selected for predicting the spatial 
distribution of salinity in groundwater (Table 25.1). 

25.4 The Proposed Methodology for the Prediction 
of Groundwater Salinity in Coastal Aquifers 
with Artificial Intelligence Techniques 

The modelling framework used in this study is as follows: (1) data pre-processing, 
(2) feature selection, (3) model parameters, (4) model performance and evaluation, 
(5) Data post-processing (Fig. 25.3).
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S1.Data pre-processing 
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Fig. 25.3 Methodological chart of the present study 

25.4.1 Data Pre-processing 

Prior to modelling, 215 groundwater samples from middle and lower Pleistocene 
aquifers were selected, and each sample consists of 20 variables (Table 25.1). The 
measured Cl− concentration is assigned as a dependent variable, while the 20 influ-
encing factors are assigned as independent variables. The dataset was then randomly
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split to training and testing datasets 80% of the dataset was used for training, and 
20% of the dataset was used for testing. 

Since the influencing factors for predicting groundwater salinization have signif-
icantly different ranges, normalization was used to convert the values of numeric 
columns into a range from 0 to 1 using the following equation: 

Xn = 
Xi − Xmax 

Xmax − Xmin 
(25.3) 

where Xn and Xi represent the moralized and raw training and testing data; Xmax and 
Xmin are the minimum and maximum of the training and testing data. 

25.4.2 Feature Selection 

As many factors control groundwater salinization processes in coastal aquifers, the 
selection of influencing factors plays a vital role in reducing time and cost of computa-
tion processes and improving the accuracy of prediction results. For several decades, 
numerous variable selection methods have been applied to identify significant vari-
ables before feeding machine learning algorithms to construct predictive models such 
as filters, wrappers, and embedded techniques (Kohavi and John 1997; Guyon and 
Elisseeff 2006; Hira and Gillies 2015). 

Recently, Random Forests (RF) and its improved algorithms (XGB) have been 
widely used not only for predicting but also for selecting essential variables as the 
embedded technique to predictive models (Rodriguez-Galiano et al. 2014; Zeng et al. 
2018; Zhao et al. 2019). In this study, the RF algorithm is employed to select input 
parameters for predicting chloride concentrations in the middle and lower Pleistocene 
aquifers of the study area. The procedure was followed below steps: 

Step 1: Estimation of permutation-based mean squared error (MSE) reduction as 
Eq. (25.2): 

MSEt 
OO  B  =

1 

nO  O  B(t) 
. 
nO  O  B∑ 

i=1 

( 
yi − ŷi O  OB,t 

) 
(25.4) 

where MSEOOB is mean squared error, nOOB is the total of out-of-bag (OOB) 
samples, yi is the measure Cl− concentration in groundwater samples, and ŷi O  OB,t 

is the predicted Cl− concentration of the i-th sample from a decision tree t of OOB 
samples. 

Step 2: Estimation of MSE for permuted input variable xi using the following 
equation:
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MSEt 
OO  B[xi permuted] = 1 

nO  O  B(t) 
. 
nO  O  B∑ 

i=1 

( 
yi − ŷi O  OB,t 

) 
[xi permuted] (25.5) 

Step 3: Estimation of variable importance score for variable xi using the following 
equation: 

V I  (xi ) = 
1 

Ttree  
. 
T tree∑ 

t=1 

(MSEt 
OO  B[xi permuted] − MSEt 

OO  B  ) (25.6) 

25.4.3 Model Configuration and Training 

The configuration and training for the three machine learning models are conducted 
using a training dataset (80% of measured data). For the RF model, the tree-net 
system is built from 1000 trees with a maximum of 4 nodes per tree and the maximal 
tree depth of 17. For the GP model, the radial basis function (RBF) kernel and 
gamma = 0.014 are chosen to predict chloride concentrations in groundwater. In the 
GO-XGB model, each XGB prediction rule is trained with tenfold cross-validation 
to identify the number of trees (ntree) that minimizes an objective function. The 
prediction rule is fine-tuned by identifying the optimal combination of hyperparam-
eters that further minimized the objective function for each area. The hyperparameters 
include the number of base classifiers (n_estimators), the maximum depth of each tree 
(max_depth), the learning rate (eta), the number of observations in each leaf node of 
the tree (min_child_weight), the minimum loss reduction required to partition further 
a leaf node on a single tree (gamma and reg_alpha), the proportion of observed data 
were used by XGB algorithm to grow each tree (subsample), and the proportion 
of predictor variables used at each level of tree splitting (colsample_bytree). The 
n_estimators is defined as the number of base classifiers and improper setting of 
n_estimators will result in model failure. The maximum_tree_depth was selected 
appropriately to prevent model complexity. This parameter is crucial in controlling 
under and over-fitting issues in which too small values of maximum_tree_depth will 
cause underfitting while too large values will result in overfitting. Learning_rate 
represents the weight-reduction factor of each base classifier. Min_child_weight 
represents the weight of the minimum leaf node sample and is used to improve 
the generalization of the model. The value of gamma ranges from 0 to infinitive, 
which represents the minimum loss reduction required to make a further partition on 
a leaf node of the tree. The gamma parameter controls the drop value of the model 
loss function when the node splits. The subsample controls the proportion of random 
sampling for each tree, typically between 0.5 and 1. The regularization parameter 
alpha (reg_alpha) denotes the L1 regularization term of the weight, which is used to 
simplify the complexity of the model.
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In this study, the XGB algorithm was used to construct the model and opti-
mizes parameters with GA. The details framework is described in Fig. 25.3. The  
main parameters of the XGB algorithm that need to be optimized are max_depth, 
learning_rate, min_child_weight, subsample, alpha, and gamma. After adjusting 
parameters by a genetic optimization function, we found the best value of these 
parameters max_depth = 15, learning_rate = 0.153, min_child_weight = 1, 
subsample = 1, alpha = 0.005, and gamma = 0.0015. In addition, n_estimators 
= s1200, colsample_bytree = 0.635, and n_estimators = 1200 were selected. The 
decision rule was retrained and applied to the withheld testing data to predict a new 
series of count observations and evaluate the accuracy of the decision rule based on 
the optimal values of the hyperparameters and number of trees. The variable impor-
tance of each environmental predictor variable was also obtained using the XGB 
algorithm. 

25.4.4 Performance Assessment 

The performance criteria used for evaluating model performance depends on the 
output variables of each model, e.g., categorical or continuous variable (Tien Bui 
et al. 2016). For evaluating the model with output values is continuous, performance 
criteria such as the root mean square error (RMSE), the mean absolute percentage 
error (MAPE), the mean absolute error (MAE), and Pearson’s correlation coefficient 
(r) (Pham et al. 2019a) are used. Each performance criteria term indicates specific 
information regarding predictive performance efficiency (Li et al. 2016). RMSE is 
a quadratic scoring rule that measures the average magnitude of errors. It gives a 
relatively high weight to large errors; hence, it is most useful when large errors are 
undesirable. The Mean Absolute Percentage Error (MAPE) is the average of absolute 
errors divided by actual observation values. MAE measures the average magnitude 
of errors in a set of predictions without considering their direction. It is a linear 
score, implying that all individual differences between predictions and corresponding 
observed values are weighted equally in the average. The r is a measure of the linear 
correlation between observation and prediction values. RMSE, MAPE, MAE, and 
rare estimated by the equations (Pham et al. 2019b): 

RM  SE  = 

/∑n 
t=1 

( 
yobs i − y pr i 

)2 

n 
(25.7) 

MAE  = 
1 

n 

n∑ 

i=1 

(yobs i − y pr i ) (25.8) 

MAP  E  = 
n∑ 

i=1 

||| y
obs 
i −y pr i 

yobs i 

||| 
n

× 100 (25.9)
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r = 
∑n 

t=1(y
obs 
i − yobs) × (y pr i − ypr ) /∑n 

t=1(y
obs 
i − yobs) × 

/∑n 
t=1(y 

pr 
i − ypr ) 

(25.10) 

where yobs i and y pr i are measured and predicted Cl− concentration in observation i, 
and n is the number of observations. Higher values of rare preferred, i.e. close to 1, 
means better model performance and regression line fits the data well. Conversely, 
the lower values of RMSE, MAPE, and MAE values the better model performances. 

25.4.5 Generating Groundwater Salinity Map 

The results from the three machine learning models are then used to create chloride 
concentration maps. Prediction maps are constructed with four main steps as follows: 
(i) interpolating chloride concentrations in groundwater based on prediction results, 
(ii) reclassifying chloride concentrations based on the drinking water standard from 
WHO, (iii) estimating the salinity affected area, and (iv) estimating the number of 
people in each class of salinity affected area. In the first step, the predicted chloride 
concentrations are interpolated to create maps using the Kriging method by Spatial 
Analysis Tool in ArcGIS 10.3. In the second step, the interpolated results are reclas-
sified into four main classes, including low (Cl− < 250 mg/L), moderate (250 ≤ Cl− 

≤ 500 mg/L), high (500 ≤ Cl− ≤ 1000 mg/L), and high (Cl− > 1000 mg/L). In the 
third step, the salinity affected area for each class of the salinity concentration in 
groundwater was calculated using geometry functions in ArcGIS 10.3. In the final 
step, the numbers of people within each salinity affected area was estimated based 
on the salinity-affected areas and population density. 

25.5 Result and Discussion 

25.5.1 Feature Selection for the Groundwater Salinity 
Modelling 

The results in Table 25.2 showed the variable importance selection with the 
permutation based MSE decreased values ranged from 4.03 to 0.69.

In the study area, the top ten most important influencing factors are ground-
water level (4.03), vertical hydraulic conductivity (2.50), lithology (2.37), extraction 
capacity (2.10), horizontal hydraulic conductivity (1.85), distance to saline sources 
(1.73), well density (1.26), distance to hydraulic windows (0.85), depth of screen 
wells (0.79), and thickness of aquitards (0.69). The result reveals that groundwater 
salinization depends not only on hydrogeological features (vertical and horizontal 
hydraulic conductivities, lithology, paleo-saline sources, hydraulic connection, depth



25 Salinity Prediction in Coastal Aquifers of the Vietnamese … 417

Table 25.2 Variable importance (permutation based MSE decreased) 

No. Variable Permutation-based MSE 
decreased 

Number of nodes used Ranking 

1 Groundwater level 4.03 636 1 

2 Vertical hydraulic 
conductivity 

2.50 35 2 

3 Lithology 2.37 50 3 

4 Extraction capacity 2.10 281 4 

5 Horizontal hydraulic 
conductivity 

1.85 260 5 

6 Distance to saline 
sources 

1.73 379 6 

7 Well density 1.26 242 7 

8 Distance to hydraulic 
window 

0.85 529 8 

9 Depth of screen well 0.79 518 9 

10 Thickness of aquitard 0.69 376 10 

11 Groundwater 
temperature 

0.64 354 11 

12 Age well 0.62 135 12 

13 Extraction density 0.59 208 13 

14 Distance to fault 0.59 400 14 

15 Fault density 0.54 158 15 

16 Soil properties 0.35 83 16 

17 Distance to main river 0.32 863 17 

18 Drain density 0.30 686 18 

19 Distance to Drain 0.25 628 19 

20 Distance to Sea 0.10 2199 20

of screen well, and thickness of aquitard) but also groundwater extraction practices 
(groundwater level, extraction capacity, well density). These influencing factors also 
play an important role in transportation processes of other solutes such as arsenic, 
fluoride and nitrate in groundwater (Ransom et al. 2017;Winkel et al.  2008; Podgorski 
et al. 2018). The hydrogeological features influence on moving of saline groundwater 
from shallow to deeper aquifers (Hung et al. 2019) while groundwater exploitation 
activities exacerbate groundwater salinization (Hoang and Bäumle 2018; An et al.  
2018). The result may also suggest that saline groundwater leaking from upper layers 
to lower layers is a dominant process, resulting in an increase of chloride concentra-
tion in groundwater of the study area. Hydraulically, an increase hydraulic gradient 
due to groundwater depletion coupled with high vertical hydraulic conductivity, think 
aquitard, and high-density gradients cause an increase of vertical flow rate as shown 
in the following equations (Ma et al. 2015).
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qv = −δ × Kv 

[ 
hup − hlow 

ΔL
+ ε 

( 
Cup + Clow 

2 

)] 
(25.11) 

δ = 
μ0 

μ 
= 1 − ξ × ε (25.12) 

where: δ—the ratio of the dynamic viscosity of freshwater to seawater; Kv is a 
vertical hydraulic conductivity (m d−1); hup and hlow denote the freshwater equivalent 
hydraulic heads at upper and lower layers (m), ΔL is the distance from upper to lower 
layers (m); μ0 and μ denote the dynamic viscosity (kg m−1 d−1); ξ is a constant; 
Cup is average observed salinity of pore water in upper aquifers (kg/m3); Clow is 
observed salinity of pore water in lower aquifers (kg/m3), and ε is a constant. The 
similar findings were also observed in other coastal aquifers in the world (Chatton 
et al. 2016; Cary et al.  2015; Delsman et al. 2014; Larsen et al.  2017), which indicated 
strong influences of over groundwater exploitation on seawater intrusion in coastal 
aquifers (Yechieli et al. 2019; Yu and Michael 2019; Han et al. 2015). 

The other major influencing factors have permutation based MSE values from 
0.64 for groundwater temperature to 0.10 for distance to the sea. It was noted that 
the distance to the sea had a little score value of 0.10, indicating less contribution 
to groundwater salinization processes. This result may suggest that direct seawater 
intrusion from the sea to coastal aquifers of the study is not dominant in the study 
area. 

25.5.2 Model Performance Evaluation and Comparison 

In this study, the predictive models for groundwater salinization are built using the 
training and the testing datasets, drawing upon a total of 215 observation wells and 
20 variables. The results of the goodness-of-fit assessment of the three machine 
learning algorithms-based models including the GO-XGB model, RF model and the 
GP model for both training and testing steps are shown in Fig. 25.4 and summarized 
in Tables 25.3 and 25.4, and respectively.

The training model performance (Table 25.3) shows that the GO-XGB model 
has the lowest value RMSE = 141.042 mg/L, followed by the RF (RMSE = 
176.179 mg/L) and GP (RMSE = 176.179 mg/L) models. The similar trend is also 
observed in MAE and MAPE for the GO-XGB (MAE = 4.864, MAPE = 2.070), 
RF (MAE = 58.286 mg/L, MAPE = 29.410 mg/L) and GP (MAE = 71.802 mg/L, 
MAPE = 61.42 mg/L). In contrast, the GO-XGB model has the highest r-value of 
0.999 compared to that of RF (r = 0.786) and Gaussian Processes (r = 0.882). 

In the testing step, the results of the predictive models are validated by using the 
testing dataset consisted of 20% random samples from the original dataset (Fig. 25.4). 
The testing results show that the GO-XGB model has the highest performance 
compared to the RF and GP models (Table 25.4). For example, GO-XGB has the 
best result of r = 0.787, followed by the RF model (r = 0.596) and the GP model
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Fig. 25.4 Observed versus predicted chloride concentration for training and test data for a GO-
XGB, b RF, and GP model
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Table 25.3 Goodness-of-fit of the ground water salinity models on the training dataset 

Statistical metrics GO-XGB RF Gaussian processes 

RMSE 18.450 244.754 219.329 

MAE 4.864 58.286 71.802 

MAPE 2.070 29.410 61.42 

r 0.999 0.786 0.882 

Table 25.4 Prediction performance of the ground water salinity models using the validation dataset 

Statistical metrics GO-XGB RF Gaussian processes 

RMSE 141.042 176.179 305.782 

MAE 74.993 84.708 127.355 

MAPE 87.250 95.780 130.840 

r 0.787 0.596 0.214

(r = 0.214). Similarly, the GO-XGB model shows the lowest values of RMSE = 
141.042 mg/L, MAE = 74.993 mg/L, and MAPE = 87.250 mg/L, followed by the 
RF (RMSE = 176.179 mg/L, MAE = 84.708 mg/L, MAPE = 95,780 mg/L) and GP 
(RMSE = 305.782 mg/L, MAE = 127.355 mg/L, MAPE = 130.840 mg/L) models. 

Overall, the GO-XGB model produces an excellent predictive performance with 
the highest value of r = 0.99 and r = 0.787 for training and validation steps among 
three predictive models. Likewise, this model also has the lowest values of RMSE, 
MAE, and MAPE compared to the RF and GP models in both training and validation 
steps. 

Although we have considered various influencing factors to provide the accurate 
prediction of groundwater salinity in a coastal area of the Mekong River Delta, 
however, the processes of seawater intrusion into fresh aquifers depend not only 
human activities but also natural variations. Therefore, for broader applicability, 
these models would be required to include additional influencing factors such as 
the regional groundwater flow system, tidal fluctuation, climate change, and sea-
level rise. Also, the performance of prediction models may have to compare with 
numerical models and other stochastic models. 

25.5.3 Mapping Salt-Groundwater-Affected Area 

In general, the average results obtained from the three machine learning models, 
including the GO-XGB (Fig. 25.5), RF (Fig. 25.6), and the GP models (Fig. 25.7), 
shows the main salinity-affected region, extending from the My Thanh River to 
the Central of Soc Trang City. It was noted that the prediction results from GO-
XGB model strongly agree with salinity observation in this study (Fig. 25.8) and
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previous studies (An et al. 2018). Accordingly, high chloride concentrations which 
exceed the limited standard for drinking water Cl− > 250 mg/L is predicted in the 
areas with to paleo-saline sources, high extraction rates, and significant groundwater 
level depletion. The severely affected areas are the Tran De estuary, the My Thanh 
river and the central region including Soc Trang city and My Xuyen district where 
chloride concentrations in wells elevate to 2000 mg/L. Surprisingly, low chloride 
concentrations (Cl− < 250 mg/L) in groundwater is predicted in coastal areas even if 
in the production wells located just around 2 km from the sea and at −10.5 m below 
the mean sea level (m.a.m.sl). Meanwhile, Soc Trang city, which locates far from 
the sea approximately 40 km, is predicted to have high chloride concentrations in 
groundwater. This reveals that processes of salinity accumulation in aquifers are very 
complex, depending not only on natural processes but also human-induced activities. 

The spatial distributions of affected areas with moderate and high chloride concen-
tration are relative differences among models. For example, in the GO-XGB model, 
the affected area is predicted to extend from the coastal line to the central area of the 
study (Fig. 25.6). 

In addition, the profoundly affected area is observed in the substantial groundwater 
extraction locations. These locations are located close to the paleo-saline groundwater 
sources coupled, and these areas also have high groundwater extraction rates and 
significant groundwater level depletion. This indicates that these influencing factors 
play an essential role in increasing chloride concentrations in groundwater. The 
similar finding is also in-line with recent studies (Hoang and Bäumle 2019; Tran

District boundary 
River and Sea 

Chloride (mg/L) 
< 250 
250-500 
500-1000 
> 1000 

Fig. 25.5 Predicted chloride concentration in groundwater of the study area using GO-XGB model
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District boundary 
River and Sea 

Chloride (mg/L) 
< 250 
250-500 
500-1000 
> 1000 

Fig. 25.6 Predicted chloride concentration in groundwater of the study area using RF model 

District boundary 
River and Sea 

Chloride (mg/L) 
< 250 
250-500 
500-1000 
> 1000 

Fig. 25.7 Predicted chloride concentration in groundwater of the study area using GP model

et al. 2019). Conversely, the results from the RF (Fig. 25.6) and the GP models 
(Fig. 25.7) show that the moderately affected areas are the central area of the study 
region.
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District boundary 
River and Sea 

Chloride (mg/L) 
< 250 
250-500 
500-1000 
> 1000 

Fig. 25.8 Measured chloride concentration in groundwater of the study area

The three models provide different predictions in the affected area (Table 25.5). 
The RF model predicted the largest affected area (3118.50 km2) followed by the GP 
model (3055.35 km2) and GO-XGB (2879.0 km2) with low chloride concentration 
(Cl− < 250 mg/L). Meanwhile, the largest affected-areas with moderate-high chloride 
concentration (Cl− = 250–500 mg/L) are observed by the GO-XGB model (433 
km2), the GP model (256.65 km2), and the RF model (193.50 km2). Both the GO-
XGB model and the GP models predicted the large affected-areas with high (Cl = 
500–1000 mg/L) and very chloride concentration (>1000 mg/L) while RF model 
predicted non-affected areas of high and very high chloride concentration.

25.6 Concluding Remarks 

In this study, three advanced machine learning models, including GO-XG, RF, and 
GP, were employed to predict chloride concentration in groundwater and assess 
impacts of salinity on water users in a coastal area of the Mekong River Delta, 
Vietnam. Twenty influencing factors were evaluated using the RF model based on 
score estimation. The most influenced factors to high salinity are related to both 
groundwater exploitation (groundwater level depletion, extraction capacity, and well 
density) and hydrogeological features (vertical hydraulic conductivity lithology, hori-
zontal hydraulic conductivity, distance to the saline source, distance to the hydraulic 
window, depth of screen well, and thickness of aquitard). This finding confirms
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previous studies in which groundwater exploitation is one of the most important 
influencing factors to seawater intrusion in coastal lowland regions. 

All three models perform well in predicting the probability of groundwater 
salinity. However, the GO-XGB model provides the highest accuracy prediction with 
RMSE = 18.450, MAE = 4.864, MAPE = 2.070, and r = 0.999 compared to the 
GP model (RMSE = 219.329, MAE = 71.329, MAPE = 61.42, and r = 0.882) and 
the RF model (RMSE = 244.754, MAE = 58.286, MAPE = 29.410, and r = 0.786). 
This indicated that GO-XGB model could be a useful tool to predict groundwater 
salinization in the coastal aquifers. 

All three models predicted that approximately 35% of the total population might 
have to use groundwater with chloride concentration exceeding the WHO drinking 
water standard (Cl− > 250 mg/L). More seriously, urban areas are close to paleo-
saline sources. While the thicknesses of aquitards are thin and groundwater levels 
deplete quickly, leaking paleo-saline becomes more server and cause groundwater 
salinization. This is stimulated by the hydraulic connection between aquifers and 
over groundwater exploitation. Given the rapid increase of water demand, significant 
groundwater depletion and unpredictable impacts of climate change and sea-level 
rise, immediate actions must be taken by the water authorities to find a suitable 
solution to this environmental crisis. 

Conflicts of Interest The authors declare no conflict of interest. 
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Chapter 26 
Application of Convolution Neural 
Network for Rapid Flood Mapping Using 
Sentinel-1 Imagery—A Case Study 
in Central Region of Vietnam 

Hien Phu La and Quan Van Ngo 

Abstract Climate change is becoming more and more serious leading to extreme 
weather events, such as drought, storm, flood, etc. occurring with increasing 
frequency and unpredictability. In Vietnam, recent historic flood events caused a 
lot of damage to property and life urgently requested a solution to rapidly map the 
flood area to help government respond promptly mitigating loss of life. However, 
floods usually occur when most of the sky is covered with clouds. In such weather 
condition, satellite radar imagery such as Copernicus Sentinel-1 Synthetic Aper-
ture Radar (SAR) imagery is a valuable data source in flood mapping tasks. This 
study aims to design a Convolutional Neural Network (CNN) based method which 
isolates the flooded pixels in freely available Sentinel-1 imagery. The CNN archi-
tecture was obtained empirically by modifying the model based on visual inspection 
on the generated flood masks. The experimental results showed that the pre-trained 
CNN model provided similar results compared to conventional Google Earth Engine 
(GEE) based method but significantly reduced the time take to map the flood which 
allows it to be applied for real-time flood mapping. 

Keywords Convolutional neural network · Sentinel-1 imagery · Flood mapping 

26.1 Introduction 

Flood is a complex weather phenomenon, leaving a lot of heavy loss of property 
and life in areas directly affected by natural disasters. According to statistics of 
the Organization for Economic Co-operation and Development (OECD), each year, 
the world suffers a loss of more than 40 billion USD, affecting approximately 250 
million people. The frequency of floods has almost doubled between 2000 and 2009
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compared to the previous decade, and the number of floods between 2010 and 2013 
is more than the total number of floods in the 1980s (OECD 2016; Christina 2019). 
Vietnam is one of the countries with high flood frequency. In recent years, the Mekong 
River Delta, Central Coastal Delta, and Northern Delta regions have witnessed many 
historic floods, culminating in the central flood occurring in October and November 
of 2020. Therefore, timely and accurate mapping and assessment of inundation is 
urgent not only in Vietnam, but also around the world. 

However, floods usually occur when there is a considerable number of clouds in the 
sky making optic data useless. Therefore, Synthetic Aperture Radar (SAR) imagery is 
appropriate data set for assessing flood area due to its ability to work independently of 
day-night and weather conditions. Several algorithms have been proposed to map the 
flood using SAR data. Among them, thresholding is an efficient and probably the most 
popular method. It is based on theory that the specular backscattering characteristics 
of active radar pulses on plain water surfaces and the resultant low signal return. This 
method is fast and simple, however, it has several drawbacks as it does not consider the 
spatial context of the image pixels, and strongly depend on the bimodal distribution 
assumption. Additionally, the algorithm cannot accurately determine flooded area if 
it is either too small or too large (Landuyt et al. 2019). Another widely used method 
to map flood is change detection approaches when two-time data of a region are 
available (Zhao et al. 2019). One of conventional change detection approaches is 
post-classification comparison between two classified map obtained at two different 
times. Conventional classification algorithms like Support Vector Machine (SVM) 
and Neural Network cannot handle the disturbances and distortions existence in the 
SAR dataset. Whereas, Convolutional Neural Networks (CNN) present an automatic 
feature extractor connected to a fully connected layer that partition the feature space 
after removing the uncertainties inherent in the input data. Since flooding can occur 
in a variety of different environmental settings, the generalizability of many existing 
methods is highly limited, often requiring the careful intervention of analysts to 
update parameters and fine-tune results. Such tuning severely limits the speed with 
which accurate maps can be produced and released for use by disaster response teams 
(Nemni et al. 2020). 

In this paper we attempt to build a pre-trained CNN model, then applied it to 
rapidly generate flooded map in a portion of Thua Thien Hue province in Vietnam, 
where heavily affected by consecutive floods in period from September 2020 to 
October 2020. Additionally, the performance of CNN model for flood mapping was 
compared to conventional Google Earth Engine (GEE) based method.
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Fig. 26.1 Flowchart of experiment implemented in this research 

26.2 Methodology 

26.2.1 Workflow 

The workflow implemented in this research is illustrated in Fig. 26.1 including 
three main steps: (1) A set of Sentinel image pairs were processed to get Labeled 
images containing Flood and Non-Flood pixels based on thresholding method; (2) 
The labeled images as well as corresponding Sentinel-1 images were used as input 
data to train CNN model; (3) After training, the CNN model was used to generate 
flooded map from new Sentinel pair; the flooded map was compared with the map 
derived from GEE algorithm. The image pair contains one Sentinel image captured 
before flood and the other captured during flooding. 

26.2.2 Data Preprocessing 

Normalization and conversion of Sentinel-1 imagery. Since the original Sentinel-
1 imagery data type is a double using 8-bytes, but the range of values is small, 
which can affect the performance of the CNN training. Therefore, the input data was
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Fig. 26.2 Unprocessed labels (left), post-processed labels (right) 

normalized by translating the value and amplifying it by 2 times, and at the same 
time changing to the uint8 data type taking up 1-bytes to reduce memory usage when 
learning the model. 

Flood pixel labeling and filtering. To train CNN model, it need a labeled dataset 
which contains images with only flood and non-flood pixels. This dataset was 
obtained by thresholding on Sentinel-1 imagery pairs covering other areas where 
flood occurred. 

However, the flooded pixel labeling contains noise when detecting flood water 
with small puddles, these noises can affect the accuracy of the CNN learning model. 
Therefore, we used a simple algorithm to solve this problem by using 2D Gaussian 
image filtering (neighborhood smearing), as a results small puddles will be blurred 
compared to the neighborhood, and the edges of the large ones will not be grainy. 
The results were illustrated in Fig. 26.2. 

Label balancing. In labeled images, there are a large area with no flooded pixels, 
therefore the labeled data is imbalance. If using this data, the model only needs to 
classify all pixels as non-flooded to achieve accuracy of 90%. Therefore, to avoid 
this problem we used following approach: (1) Input image was divided into fixed 
size squares; (2) Check label balancing, if it is balanced then put it into the model; 
(3) If it is unbalanced then repeat the Step #1 and #2 until satisfying the balancing 
threshold. 

Criteria to evaluate whether the cropped image having balanced label or not is 
based on the threshold determined by Eq. (26.1): 

threshold  = Absolute ( T f looded − Tnon- f looded 
) 

(26.1)
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Fig. 26.3 A subset image with balanced label: (left) Sentinel image; (right) corresponding labeled 
image 

where: Tflooded is total number of flooded pixels in the sub-image; Tnon-flooded is total 
number of non-flooded pixels in the sub-image. 

The higher the threshold, the easier it is for the cropped image to be included in the 
model. In this paper, the threshold value was 0.5, which means that in the worst case 
1 class occupied 0.75% of the cropped image and the other class occupied 0.25% of 
the area (Fig. 26.3). 

Generate auxiliary data using Image Data Augmentation (IDA). IDA is a method 
to generate more imagery data when training a model. It uses simple image processing 
methods such as translation, rotation, scaling, flipping, random cropping, noise gener-
ation, color shift, and degree conversion. contrast. This method is applied when the 
input data collected is small. In this research, two image processing methods are 
applied to enhance the imagery are random translation, random rotation and image 
flip (Shorten and Khoshgoftaar 2019). 

26.2.3 Unet Structure of CNN for Flood Mapping 

Introduction to Unet. Unet introduced in 2015 is a convolutional neural network 
architecture for the semantic segmentation of images. Unet can localize and differ-
entiate the feature by per-pixel classification, so input and output are the same size. 
This architecture is widely used in medicine such as muscle and blood vessel image 
segmentation; X-ray segmentation of benign cells with cancer (Ronneberger et al. 
2015).
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The entire architecture does not use a fully connected layer, so it is completely 
different from the neural network structure for conventional labeling problems. To 
predict a pixel in the border region of the image, the lost information is extrapolated 
by symmetric reflection through the network. This layered architecture is important 
to apply the network to large images, because otherwise the resolution will be limited 
by the Graphics Processing Unit (GPU) memory. 

The Unet architecture include two important block which are Encoder and 
Decoder. When building a Unet model, there is a top concern that is the encoder 
depth. The greater the depth, the model explodes with the number of parameters to 
be calculated, and the length and width of the image are halved, but the number of 
filters is doubled to be able to extract the features (McGlinchy et al. 2019). Therefore, 
choosing appropriate the encoder depth can optimize the model’s performance. 

Encoder block. Unet’s Encoder is a set of neural network layers in pairs: the 
convolutional layer—the activation function layer and finally the pooling layer (e.g. 
MaxPooling). In addition to the first block of the network, which receives informa-
tion directly from the input image, the remaining blocks all start with a pooling layer 
to reduce the dimension of the image. The encoder block is used to reduce the length 
and width of the image and extract features from the original large image. 

Decoder block. The decoder block is also a set of neural network layers. The decoder 
block, in addition to enhancing the dimensionality of the image, also performs a 
symmetric connection with the last neuron layers of the encoding to recover the 
original information of the image lost when pooling is performed. In other words, 
the decoding block turns the features into image which is classified or predicted label 
with high accuracy due to the information from the symmetric join. 

Unet network architecture diagram. Diagram showed in Fig. 26.4 is the Unet 
network architecture built for experiment of this research. The Unet network has an 
encoding depth of 4, this value allows the CNN model to learn and find the imagery 
features and with this depth value, the model’s complexity is also optimal.

Model training and application. The environment used to train the CNN model 
is Matlab language and toolkit version 2020b running on Microsoft Windows 10; 
hardware configuration: Intel Core i5-9400 CPU with 6 cores and speed of 2.9 GHz 
(up to 4.1 GHz), 16 GB RAM, Nvidia GTX 1660 Ti 6 GB GPU. 

After training, the CNN model was used to predict flood pixel on new images. In 
order to predict a large image, the original image is clipped into sub-image which 
has same size as the trained model. Then the output images are combined to get an 
output image with the same size as the original satellite image (Fig. 26.5).

26.2.4 Performance Assessment of CNN-Based Method 

Because, the flood had occurred a long time ago, its footprint is no longer exist in 
the ground. Therefore, we cannot have ground truth data for accuracy assessment
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Fig. 26.4 CNN-Unet architecture

Fig. 26.5 Application of pre-trained model on Sentinel image

of CNN-flood map. Additionally, the purpose of this manuscript is to assess the 
possibility of using pre-trained CNN for rapid flood mapping which is very useful in 
early stage of flooding when field data is not available. Meanwhile, the United Nation 
(UN) has recommended to use GEE for flood mapping using Sentinel-1 SAR data 
(United Nation 2020). The accuracy of GEE-Flood map has been assessed in many 
researches such as Faizan and Palanisamy (2021), Kurapati et al. (2020), Kumar et al. 
(2022) and been proved to be reliable results (Faizan and Palanisamy 2021; Kurapati 
et al. 2020; Kumar et al. 2022). Therefore, to overcome the lack of ground truth 
data, we used GEE-based results for assessing CNN-based method’s performance 
by comparing the time take to generate the flood maps and the match between the 
two maps.
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26.3 Study Area and Materials 

26.3.1 Study Area 

This research focuses on generating flood map covering a portion of Thua Thien 
Hue province, a coastal province located in the North Central region of Vietnam. 
Terrain of Thua Thien Hue has pretty clear hierarchical structure: the west area has 
mountain terrain stretching from Viet-Laos border to Danang city; whereas, the east 
and north east areas are river delta and flat land, where was heavily affected by 
consecutive floods in September–October 2020. Therefore, the experiment of flood 
mapping was focused on this area. The location of Thua Thien Hue province denoted 
by red polygon and a sub Sentinel-1 image captured on 10 October 2020 used in the 
experiment was shown in Fig. 26.6. 

Fig. 26.6 Location of Thua Thien Hue province in Vietnam and a sub Sentinel-1 image captured 
on 10 October 2020



26 Application of Convolution Neural Network for Rapid Flood … 439

Table 26.1 Sentinel images used in this research 

Data set Location Date Number of 
image-pairBefore flood Flood 

Training Central area of Ha Tinh 
City, Ha Tinh 

8/8 3/10, 27/10, 8/11 15 

North west area of Ha 
Tinh City, Ha Tinh 

8/8 27/10, 8/11, 20/11 

Quang Nam Province 3/8 10/10, 28/10, 9/11 

Quang Ngai Province 3/8 29/10, 15/11, 22/11 

Quy Nhon City, Binh 
Dinh 

3/8 11/10, 29/10, 10/11 

Validation North East area of Nghe 
An Province 

6/8 2/11, 8/11 3 

Vinh City, Nghe An 6/8 8/11 

Testing Hu´ê 8/8 10/10, 29/10, 15/11, 
27/11 

4 

26.3.2 Materials 

In order to train the CNN model a set of Sentinel cross-polarization (VH) image-
pair were collected by GEE script. These images cover central regions of Vietnam, 
where affected by consecutive floods in September–October 2020. Fifteen of them 
were used for training, three ones were used for validation and four images covering a 
portion of Thua Thien Thue affected by the floods captured on October 10th, October 
29th, November 15th and November 27th were used to test the model. The details 
of data used in this research were listed in Table 26.1. 

26.4 Results and Discussion 

The CNN training process is illustrated in below graph including the accuracy graph 
(top) and the error graph (bottom) (Fig. 26.7).

The model took about 15 min to load and normalize the data and almost 40 min to 
learn. With the error formula used as cross entropy, the precision in terms of the pixel 
labels, the model quickly increases in accuracy and reduces the error. After running 
the model training for about 21 epochs, we actively stopped learning, because after 
studying for the 467th time, the test accuracy of the model was good enough (94.51%) 
and the model was stable. 

At the end of training, the model has a test accuracy of 94.5%, the test error is 
0.1095 (bits). The size when saving the CNN model is nearly 62 MB, much lower 
than the theoretical level (about 120 MB).
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Fig. 26.7 Training process using Matlab tool

After training, the model was used to predict flood area in Thua Thien Hue at 
four different times: October 10th, October 29th, November 15th and November 
27th. In this period, Hue was heavily affected by the floods. The data on this area 
does not participate in the learning process of the model, but participates in the 
assessment process. However, the field measured flood map is not available, the test 
results are compared with the flood image obtained by GEE script. After running 
the image comparison, the obtained statistics are as Table 26.2. The average overall 
accuracy and average intersection over union (IOU) is very high, over 98% and 0.9 
respectively. It shows that the CNN model has high reliability and accuracy in flood 
mapping from satellite images. 

Figure 26.8 illustrated the Sentinel image superimposed with flood labels (in blue). 
The image was rotated and cropped to focus on key areas for visual comparison.

As can be seen in the above figure, the detected flood water area is not falsely posi-
tive with natural waters, rivers and lakes. However, in land area, there were some 
misdetected flood, but mostly noise or small puddles. Large bodies of water are 
accurately predicted in terms of shape and area. The performance of CNN was also 
compared to GEE script as Table 26.3. Compared to GEE method, the pre-trained

Table 26.2 Statistics of comparison results 

No. Date Area of flood region (ha) Overall accuracy (%) Average IOU 

1 10/10/2020 36,674 98.32 0.9175 

2 29/10/2020 29,610 98.51 0.9183 

3 15/11/2020 28,116 98.56 0.9019 

4 27/11/2020 18,725 99.11 0.8655 

Mean 98.625 0.9008 
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October 10th     October 29th 

November 15th    November 27th 

Fig. 26.8 Comparison between CNN-flood map (left) and GEE-flood map (right)

CNN model demonstrates a high performance through which it can completely 
replace the GEE algorithm and still give almost the same result. 

As can be seen in Table 26.3, the prediction time to map the flood was incredibly 
impressive. It is even much shorter if a more powerful computer is used. With a very

Table 26.3 Comparison between CNN and GEE method for flood mapping 

Criteria GEE CNN 

Training Not required 105 min using GPU 

Mapping 4 flood map covering 
area of 2800 km2 in Thua Thien 
Hue 

113 min using Google Earth 
Engine on Chrome Web 
browser 

Approximately 37 s using 
Matlab 



442 H. P. La and Q. Van Ngo

short running time, the model can detect the area affected by flooding in real time. The 
potential of the model can be applied to the flood warning system, avoiding floods for 
people and vehicles in the vicinity; in addition, it is also possible to promptly notify 
the rescue force with a rescue plan; blocking the route divided by floods; provide 
statistics in the area to assess topography, damage, and localities to take preventive 
measures in the following year. 

Although the number of training satellite images for the model is not much (15 
training image pairs, 3 validate image pairs), and they were acquired in a short 
period of time. Whereas, the specific requirement for deep learning problems is that 
it requires large amounts of data (e.g. from several thousand images per label) to train. 
However, by applying the image enhancement method as mentioned in Sect. 26.2, 
this problem can be solved. As a result, the CNN-Flood maps were almost the same 
as the GEE-Flood maps. 

However, the CNN model is too simple, the Unet network architecture is not deep 
enough and has many weights to learn features from the image. Even though 385 
weight updates have passed, the training accuracy has not improved further and the 
test accuracy has been destabilized. Therefore, to improve the model accuracy, it is 
needed to collect more data, add more scenarios in other flood areas in Vietnam or 
in the world or at different flood times. Additionally, we can increase the depth of 
the Unet network when solving multi-label, multi-channel image problems because 
if the model is simple, it may not be able to learn the features from the image. 

26.5 Conclusion 

The research results show that the CNN model is really useful for flood identification. 
Comparing to GEE-Flood maps, the highest value of overall accuracy and average 
IOU is 99.11% and 0.9183, respectively. Meanwhile, the average overall accuracy 
and average IOU is also very high, over 98% and 0.9 respectively. Additionally, the 
pre-trained CNN took only 37 s to generate a flood map. It means that using the 
pre-trained model, we can map the flood areas in real time, as a result the model 
can be applied to the flood warning system, avoiding floods for people and vehicles 
in the vicinity. Based on the real time flood map, locality can take timely response 
measures which can significantly help minimizing damage to people and property. 

However, the data used in this research are still locally specific for a short period 
of time (i.e. October–November 2020) and are not representative of generalized 
flood data. Additionally, due to the lack of field data, the results were only compared 
to GEE-Flood maps. Therefore, it is necessary to collect more historical data and 
ground truth data as well as increasing the network deep to improve the pre-trained 
model accuracy. 
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Chapter 27 
WebGIS and Random Forest Model 
for Assessing the Impact of Landslides 
in Van Yen District, Yen Bai Province, 
Vietnam 

Xuan Quang Truong, Nhat Duong Tran, Nguyen Hien Duong Dang, 
Thi Hang Do, Quoc Dinh Nguyen, Vasil Yordanov, Maria Antonia Brovelli, 
Anh Quan Duong, and Thanh Dong Khuc 

Abstract Van Yen district in Yen Bai province of Vietnam is one of the most affected 
areas indicating high and very high potential of landslide occurrences. WebGIS 
technology is useful for dissemination of the geographical information related to 
landslides. To this aim, this paper provides a landslide information system for Van Yen 
district of the Yen Bai province. The paper firstly provides a landslide susceptibility
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map produced using a Random Forest-based model. Along the process, a landslide 
inventory from three investigations of 2013, 2017, and landslides along national 
road 32 and provincial road 163 (collected in November 2021) was considered. 
Additionally, thirteen factors were used in the model as variables including geological 
data, DEM (digital elevation model), slope, aspect, plan curvature, profile curvature, 
stream power index, topographic wetness index, fault network, river network, road 
network, land use-land cover data, and Sentinel-2 based NDVI (normalized difference 
vegetation index). The model was validated based on confusion matrix, and gave 
an excellent accuracy of 91.33%. Finally, WebGIS was created using open-source 
technologies such as Leaflet, Openlayers, Geoserver, PostgreSQL as the database 
management system, and PostGIS as it is plugin for spatial database management. 
WebGIS not only contains information relevant to landslides, but it also combines 
the landslide susceptibility map with population data in order to assess exposure for 
warning purposes. 

Keywords Landslide · Van Yen district · Random Forest · WebGIS 

27.1 Introduction 

Landslides are among the most destructive geological hazards that contribute to the 
history of natural disasters all over the world (Miao et al. 2022). Which brings poten-
tial risks to people’s lives and assets, also in terms of financial resources to recover the 
damaged areas and maintain their stability (Habumugisha et al. 2022; Barančoková 
et al. 2021). Landslides directly impact on the geomorphology as a consequence 
of active natural factors (geological structure, landforms, climate, etc…), and also 
artificial factors (human activities) (Qi et al. 2021). In Vietnam, complex terrain and 
geographical conditions divide the whole country into different climate regions, and 
each region is affected by several typical natural disasters. Landslides were identi-
fied to occur in many regions of Vietnam with severity from light intensity to severe 
intensity. Additionally, it is known that storms, floods and flash floods are the ones 
to occur with extreme severities (WCDR 2005). From this point of view, rainfall 
is considered to be one of the most influencing factors that is the cause of most of 
landslides (Tien Bui et al. 2012). In the context of this research, focus will be on the 
northeast mountainous region of Vietnam where flash floods and landslides are the 
most common hazards that occured with very high severity according to the recent 
reports as given in Table 27.1 by FAO in 2012 (FAO 2012) and MONRE in 2017 
(MONRE 2017).

For the last four decades, because of the unpredicted impacts of landslides, land-
slide susceptibility mapping has been a really interesting research topic and has 
become dominant topic in many articles around the world. Most studies use quan-
titative statistical methods or model-based methods as tools to generate such maps. 
Among them, there are methods such as multivariate method (Carrara 1983; Lee and 
Pradhan 2007; Bui et al. 2011), method using neural networks or fuzzy sets (Tien Bui
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Table 27.1 Natural disasters and its occurence frequency in each region of Vietnam 

Disasters Northwest mountainous region Northeast mountainous region 

Storms Light Severe 

Flood Very severe Very severe 

Flash flood and landslide Very severe Very severe 

Whirlwind Very severe Very severe 

Drought Severe Severe 

Inundation None None 

Forest fire Very severe Very severe 

Earthquake Severe Severe 

Failure of water reservoir Severe Severe 

Source FAO (2012), MONRE (2017)

et al. 2012; Kanungo et al. 2006; Yilmaz 2009); some other studies use method of 
deterministic models or process models based on the laws of physics to calculate the 
slope stability, thereby interpolating the landslide susceptibility map of the study area 
(Montgomery and Dietrich 1994; Claessens et al. 2007). However, recent research 
works are focusing on random forest algorithm which is an useful tool for mapping 
and predicting models in the scope of assessing the impacts of natural disasters 
(Yordanov and Brovelli 2021). Landslide susceptibility modelling using GIS-based 
approach with the comparisons between artificial intelligence methods that Random 
Forest gave the best result among all which gives the highest accuracy (Zhao et al. 
2022). Zhao et al. (2020), Shahzad et al. (2022), Yu et al. (2022), Chang et al. (2019), 
together show that Random Forest was presented as a potential algorithm performing 
good landslide susceptibility maps. 

In Vietnam, landslides occurred with high frequency in the northern mountainous 
region where Van Yen is the one of the districts of the Yen Bai province most affected 
by landslides. The data used in the landslide susceptibility mapping is generated using 
GIS tools and plugins in QGIS software. Accordingly, the input data includes histor-
ical landslide locations recorded in 2013, 2017, and landslides along national road 
32 and provincial road 163 (collected in November 2021); geological map provided 
by Vietnam Institute of Geosciences and Mineral Resources (VIGMR); digital eleva-
tion model; road network, river network, fault network maps, land use-land cover 
data, and normalized difference vegetation index map (NDVI) derived from Sentinel-
2 imagery; and processing-based generations of binary hazard labels, slope, aspect, 
plan curvature, profile curvature, topographic wetness index, and stream power index. 
With the plugin import tool in QGIS, a plugin was adopted and imported based on R 
language and relying on the basic functions of the R ModelMap package (Freeman 
et al. 2018). The map is validated against the concept of confusion matrix (Kulkarni 
et al. 2020) to calculate the accuracy and ROC–AUC of the model. 

Finally, in order to investigate population exposure for warning purposes, WebGIS 
was implemented using open-source technologies such as Leaflet, Openlayers,
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Geoserver, PostgreSQL as the database management system, and PostGIS as its 
plugin for spatial database management. WebGIS will be used not only for data 
visualization and dissemination purpose but it also presents susceptibility map with 
the population data in order to assess exposure for warning purposes. 

27.2 Methodology 

27.2.1 Study Area 

In this study, Van Yen district of the Yen Bai province is chosen for assessing 
the impacts of landslides, and to estimate the number of people exposed to land-
slide hazards. Locating in the moonsoon region of Vietnam, particularly northeast 
moutainous region, Van Yen district has geographical coordinates from 104°23' E 
longitude to 104°23' W longitude, and from 21°50'30'' to 22°12' N latitude (https:// 
vanyen.yenbai.gov.vn/gioi-thieu/gioi-thieu-chung), covers an area of 1389 km2 with 
a total number of people of 129,679 according to the complete results of the 2019 
Vietnam population and housing census in 2019 (General Statistics Office of Vietnam 
2019). 

Van Yen district is also divided into 25 administrative units, of which one town 
Mau A. The rest units are 24 rural communes, namely An Binh, An Thinh, Chau 
Que Ha, Chau Que Thuong, Dai Phac, Dai Son, Dong An, Dong Cuong, Lam Giang, 
Lang Thip, Mau Dong, Mo Vang, Na Hau, Ngoi A, Phong Du Ha, Phong Du Thuong, 
Quang Minh, Tan Hop, Vien Son, Xuan Ai, Xuan Tam, Yen Hop, Yen Phu, Yen Thai 
(Fig. 27.1).

Topography in Van Yen is complex, with high hills and high mountains up to 
nearly 2000 m above sea level, the terrain is strongly divided with flows of the red 
river. Besides, the climate is tropical hot and humid, thus dividing the whole district 
into different climate sub-regions. Humidity is usually over 80% and has an average 
rainfall of 1800 mm per year. With such climate characteristics, the farming types of 
Van Yen are also very diverse, which includes typical types such as: rice cultivation, 
cash crops and fruit trees, and cinnamon cultivation (https://vanyen.yenbai.gov.vn/ 
gioi-thieu/gioi-thieu-chung). 

27.2.2 Data Used 

Landslides are predisposed by many environmental factors including natural ones and 
human-based ones. These factors, can become triggering factors at any time and can 
simultaneously affect a mass of matter causing it to slide down under the influence of 
gravity, which is the concept of landslides (Highland and Bobrowsky 2008) that has 
been mentioned in previous studies (Habumugisha et al. 2022; Dechkamfoo et al.

https://vanyen.yenbai.gov.vn/gioi-thieu/gioi-thieu-chung
https://vanyen.yenbai.gov.vn/gioi-thieu/gioi-thieu-chung
https://vanyen.yenbai.gov.vn/gioi-thieu/gioi-thieu-chung
https://vanyen.yenbai.gov.vn/gioi-thieu/gioi-thieu-chung
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Fig. 27.1 Van Yen district and its administrative divisions

2022; Sharma et al. 2021). For that reason, landslide susceptibility mapping also 
depends on environmental factors (Rabby et al. 2022; Liu et al. 2022; Harmouzi 
et al. 2021; Rong et al. 2021). Thirteen environmental factors have been adopted and 
generated, including geology, digital elevation model, road buffer map from road 
network, river buffer map from river network, fault buffer map from fault network, 
normalized difference vegetation index (NDVI), slope, aspect, plan curvature, profile 
curvature, topographic wetness index, and stream power index. 

27.2.2.1 Landslide Inventory 

Landslide inventory is an essential factor in assessing the landslide susceptibility of 
a study area (Bordoni et al. 2020; Du et al.  2020; Zieher et al. 2016). 302 samples 
of landslides annotated with their natural or human-triggered agents were collected 
by criteria in the framework of a national project in 2013 and updated again in 2017. 
This dataset is based on several different evaluation criteria including both fieldwork 
and satellite image interpretation. Structures in terms of shape, size, chromatogram, 
identifying features, topographical structure were set out to compare with satellite 
images, thereby mapping the true landslides.
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Fig. 27.2 1:200,000-scaled geological settings with the most hazadous materials labeled 

27.2.2.2 Geological Settings as Lithology Information 

Geological information is one of important factors in landslides studies (D’Amato 
Avanzi et al. 1996; Cui et al. 1933; Guerriero et al. 2021). Depending on the weath-
ering properties of geological layers, it is possible to estimate the possibility of land-
slide occurrences in an area. Normally, geological layers that are weathered under 
the influence of their own weight or by external forces tend to separate and fail, 
thus causing landslides. Geological information is provided by the Vietnam institute 
of geosciences and mineral resources at a moderate scale of 1:200,000 (Fig. 27.2). 
Which also effect on the accuracy of landslide susceptibility model in the study 
area. In the study area, the most common types are of different stratigraphic forms 
such as Cha Pha, Da Dinh, Ngoi Thia formations, along with granite minerals and 
bedrock layers of the form gabbro, gabrodiabas, diabas or quartz-slate. In the areas 
of limestone, almost no landslides occur. 

27.2.2.3 Topographic Factors 

In this study, 12.5 m–DEM from alospalsar was used to create landslide suscepti-
bility map. Four variables including slope, aspect, profile curvature, plan curvature 
(Fig. 27.3) were also calculated based on the 9-parameter-2nd order polynom method 
introduced by Zevenbergen and Thorne (1987). Specifically, from the original full
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quadratic surface equation with 6 parameters (Evans and Chorley 1972), Zeven-
bergen and Thorne modified it to an equation with 9 parameters including Z1−Z9 

that defined 9 lagrange polynomials a–i presented in Eq. (27.1): 

Z = ax2 y2 + bx2 y + cxy2 + dx2 + ey2 + fxy + gx + hy + i (27.1) 

Slope is calculated as Eq. (27.2) by the first derivative of the Eq. (27.1) around 
the center point (x = y = 0). Aspect is the maximum-slope direction at the smallest 
theta angle, and this angle is determined when Eq. (27.3) takes the first derivative 
and to be solved. Finally, profile curvature, and plan curvature are also determined 
in Eqs. (27.4) and (27.5):

Fig. 27.3 Topographic factors including 5 necessary layers: 12.5 m-digital elevation model (DEM), 
slope, aspect, plan curvature, and profile curvature 
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Slope = 
δz 

δs 
= g cos θ + h sin  θ. (27.2) 

Aspect = θ = arctan 
(−H 

−G 

) 
. (27.3) 

Profilec = −2
(
dg2 + Eh2 + fgh

)(
g2 + H2

)
. (27.4) 

Planc = 2
(
dh2 + Eg2 − fgh

)(
g2 + H2

)
. (27.5) 

27.2.2.4 Hydrological Factors 

Topographic Wetness Index (TWI) (Fig. 27.4) was first proposed by Beven and 
Kirkby (1979), and describes the hydrological characteristics of the topographic soil 
moisture which also describes the water accumulation tendency of the area, and is 
defined by: 

TWI = ln
( area 
tan θ 

)
(27.6) 

where the area parameter is the specific catchment area or flow accumulation area 
and the θ parameter is the slope angle. Large contributing drainage areas by low 
slope will result in high values of TWI. On the other hand, where are steep slopes 
will be associated with low values of TWI. For small catchment areas, the index has 
good correlations with the true soil moisture but depends on seasonal changes and 
topographic condition. In fact, the flat topography will not be considered to be good 
at estimating the TWI (Western et al. 1999). 

Stream power index (SPI) (Fig. 27.4) was introduced by Moore et al. (1991) 
describes the power of erosion of the water and is defined by:

Fig. 27.4 Wetness index of terrain (left) and stream power index (right) 
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SPI = area × tan θ (27.7) 

where the area parameter is the specific catchment area or flow accumulation, the 
same as the area parameter used to compute the TWI, and the θ is the same slope 
angle derived from 12.5 m-DEM. 

27.2.2.5 Environmental Factors 

In the study area, road network, river network, fault network, NDVI, and land use-
land cover data data are also included as the environmental factors (Fig. 27.5). The 
fact that almost all landslides are located close to the transport routes. For the spatial 
concept, buffers of road network and fault network are 50 m, 100 m, 200 m, 500 m, 
and greater than 500 m; buffers of river network is greater than 300 m, 200 m, 100 m, 
50 m, 25 m, and lower than 25 m; NDVI was divided into 5 classes which are very 
low, low, medium, high, and very high; land use-land cover data was divided into 
7 classes including water, built-up, agriculture, rice terrace, non-forest vegetation, 
forest, and others. Accordingly, these factors are used as inputs for modelling the 
landslide susceptibility using the R ModelMap.

27.2.3 Methods 

A number of 604 of non-landslides and landslides, which were generated by a setting 
condition to the slope layer where it is less than 20° or greater than 70° and combined 
with the landslide inventory points (or called historical landslides) to form a training 
set including 422 points (70% of the total 604 points) and a testing set including 128 
points (30% of total 604 points) to conduct a supervised classification through the 
R ModelMap package. The landslide inventory points had been made sure that they 
were grouped with label 1 into two subsets—training1 and testing1, and the same 
performance was made for non-landslide points with label 0—training0 and testing0. 
In addition, the training set and testing set were sampled with topographic, hydro-
logical, geological, and environmental factors to form meaningful sets for landslide 
susceptibility computation and some statistical performances (Fig. 27.6).

In the model, Random Forest did classification for the training set into 50 decision 
trees with a rate of one decision tree out of ten training samples, according to which 
50 classification bags were formed. The main output of this model is the landslide 
susceptibility map. Each pixel in the map contains the susceptibility index that were 
normalized by the final process of the model. The principle of forming this suscep-
tibility map is a linear combination of all variables. In particular, each factor was 
voted for its most hazardous component in the training set to become the decision 
tree or so-called the weighted factor of the factor. The model takes six factors— 
road network, river network, fault network, NDVI, land use-land cover data, and 
geological data for modelling the landslide susceptibility.
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Fig. 27.5 Environmental factors including 5 factors: road network, river network, fault network, 
normalized difference vegetation index (NDVI), and land use-land cover data

Finally, the testing set is used to validate the model using confusion matrix and 
compute the accuracy which can be derived from the Eq. (27.8). 

Accuracy = TP + FN 
TP + TN + FP + FN 

(27.8) 

The 2019 census population map of Vietnam was used to calculate population 
exposed to landslides. Initially, the 100 m-population map censused in 2018 (https:// 
www.worldpop.org/geodata/summary?id=6449) was clipped, resampled to 12.5 m, 
and reprojected to the coordinate reference system of WGS84 48 N. In the end, the 
population data and the landslide susceptibility model were combined to estimate 
the population exposed to landslides.

https://www.worldpop.org/geodata/summary?id=6449
https://www.worldpop.org/geodata/summary?id=6449


27 WebGIS and Random Forest Model for Assessing … 455

Fig. 27.6 Landslide susceptibility mapping workflow

To assist in visualizing the concept of this paper, a WebGIS was built to convey 
this information to the social community. 

27.3 Results 

27.3.1 Landslide Susceptibility Mapping 

The accuracy shows that the landslide susceptibility model (Fig. 27.7) was 92% 
realistic with the high score of the area under the curve (AUC) of 91.33% (Fig. 27.8). 
To build this susceptibility map, the model used only six predictors out of total 13 ones 
that are road network, NDVI, land use-land cover data, river network, fault network,
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Fig. 27.7 Landslide susceptibility was divided into 5 hazardous areas with low, moderate, sightly 
high, high, and very high severties. Then, it was reclassified with 4 hazardous areas with low, 
moderate, high, and very high severities

and geologial data. Among these 13 factors, the DEM has the most influence on the 
accuracy of model but not the road network as expected. 

First of all, analyzing the influence of the six predict factors that has the following 
results:

• Road network: although the frequency of occurrence of routes with buffers less 
than 50 m on the variable is not much compared to the entire road network, 60% 
of the landslides appear inside the buffers of 50 m and has more than 80% of 
probability for landslide occurence. In the consequent buffers between 50 and 
200 m keep also high (70%) probability of landslide. 

• Geological data: there were usually pebbles, gravel, sand, clay with 5 m thick 
and up to 18 m thick; or intrusive rock forms gabrodiabas and diabas; several 
landslides included sand, clay mixed layers and agglomerates with a thickness of 
2–8 m; or pebbles, conglomerates and sandstone with a thickness of 2–10 m. Thus, 
it shows that landslides often appear in areas with mostly sand and/or pebbles. 

• River network, fault network, NDVI, and land use-land cover data: the river 
network also shows that most landslides occur between 25 and 200 m from streams 
with a distance of 50 m from faults with confidence to 80%. Where the NDVI is 
very low from 0 to 0.2, the confidence of the landslide ocurrences is nearly 100%. 
The statistical results also show that built-up areas and agricultural soil were the 
places that landslides mostly activated. Most notably, although the vegetation
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Fig. 27.8 The area under 
the curve score 
(ROC–AUC)—91.33% of 
performance

cover characteristics do not have a great influence on the activation of landslides 
but a meaningful role, the analysis results show that landslides mostly respond to 
where have no vegetation cover.

27.3.2 Population Exposure Assessment 

Population data, acquired from the WorldPop website, is combined with the landslide 
susceptibility model to estimate the population exposure assessment (Fig. 27.9). The 
estimation was based on 4 hazard levels including low risk, moderate risk, high 
risk, and very high risk. Which shows that, nearly 40% of the population could be 
potentially affected by low-risk areas, and nearly 17% of the population is within 
very high susceptible areas (Table 27.2).

27.3.3 WebGIS 

The WebGIS can be summarized as the use case diagram, it shows the main inter-
actions among system and users within the system (Fig. 27.10). Administrator has 
full authority to manage the overall system, admin can accessed all control manage-
ment such as lodging management, add/remove map, can manage user contributor, 
also new landslide points (add, edit, delete) and edit map styles. While the WebGIS 
users only able to view public services maps and interact with the maps. The overall
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Fig. 27.9 Population exposure assessment depicts the percentage of population exposed to 
landslides 

Table 27.2 Population exposure assessment in each class of hazardous areas 

Class Number of pixels Areas (km2) Relative area (%) Possibility of people affected 
(people/km2) 

Low 3,144,884 491.40 36.47 7 

Moderate 2,046,912 319.83 23.73 10 

High 2,028,910 317.01 23.52 15 

Very high 1,403,623 219.32 16.28 30

structure of the system is shown in (Fig. 27.11) The client side of the WebGIS was 
developed based on Angular with Leaflet library as tools to visualize thirteen envi-
ronmental factors, landslide inventory, landslide susceptibility map (Fig. 27.12), and 
population exposed to landslide hazards based on geoweb map services (Fig. 27.13). 
On the other hand, server side relies on Geoserver and PostgreSQL/PostGIS in order 
to manage landside points (including add, edit and remove landslide events), login 
and manage account for both administrators and users. Population data was extracted 
from worldpop, converted to polygons and managed in postgis/postgresql. The poly-
gons were classified into 4 classes based on density of population in each pixel value 
(Fig. 27.13). The Web API in PHP was implemented in order to support client to 
query total number of population for each polygon. With the map overlay, client can 
easily identify whether population area is exposed to landslide hazards. In order to 
implement landslide early warning system purpose, using specific Web API, system 
can automatically invoke density of population for each classes of susceptibility 
(Fig. 27.14).
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Fig. 27.10 UML use case diagram of the system 

Fig. 27.11 The overall 
system architecture diagram
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Fig. 27.12 WebGIS deployment 

Fig. 27.13 WebGIS shows landslide susceptibility map and population density classes, the 
population density of mau a town, Van Yen district is presented in the different colored polygons 

Fig. 27.14 WebGIS presents ability to query total number of population in every polygon
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27.4 Discussions and Conclusions 

The results of modelling landslide susceptibility using the Random Forest algorithm 
through the ModelMap show that the potential applicability in practice is completely 
met with the modeling work, and the results are not only the foundation for other 
studies but they are also very useful in disaster warning systems for landslides and 
flash floods in Vietnam. 

In the context of this study, thirteen factors were used to explore the insights of 
landslide hazard with indicated factors of the study, whereby the six out of thirteen 
factors were used for computing the landslide susceptibility including road network, 
river network, fault network, NDVI, land use-land cover data, geology. Population 
density data was used to have an overview of population exposed to the landslide 
hazards. In short, the statistical result can be understood that the landslides almost 
caused nearby the transportation routes or roads, they are not far from the river area 
and fault area. These landslide occurences had a low vegetation cover, specifically 
were in the area of agriculture. The geological materials or lithological information 
contain mainly sand, conglomerate, chunk mixed with clay in the occurrence sites. 

The total landslide points including the landslide points of the landslide inventory 
and the non-landslide points were divided into training set with 422 points and 
testing set with 192 points. The input for the model is the training set for exploring 
the factors. Lastly, the overall accuracy of the model is 92% with the performance 
of the ROC–AUC of 91.33% validated by testing set. 

Population is also directly and indirectly affected by natural disasters. Using the 
landslide susceptibility map, it can be noted that people exposed to landslides in the 
very high risk areas take up 16%, and nearly 24% in the high risk areas. Although the 
correlation between different areas of influence is not much different, these numbers 
estimate a very large group of population that can be affected by possible slope 
failure. 

From the statistical measurements, the DEM, slope, road network, land use-land 
cover data, and geology play an important role in establishing the landslide suscepti-
bility map. Which means that when the model leaves out the factors, the accuracy of 
the model will be decreased as the measurement of the Mean Decreased Accuracy 
(percentage of increasing mean square error) and Mean Decreased Gini of the model. 
Figure 27.15 shows the reason why these important factors stand out that DEM is 
the most important factor holding the highest left-out error rate of more than 40%, 
followed by road network, slope, land use-land cover data, geological factor with 
30%, more than 20%, more than 10%, and 10%, respectively.

In summary, the model used in the study is adopted under the scope of a coop-
erating project that cooperating between Vietnam and Italy named “Geoinformatics 
and earth observation for landslide monitoring”. For continuous explorations of the 
model, several scenarios will be conducted to choose the best applicable scenario for 
real warning systems in Vietnam. The results of the analysis clearly show that land-
slides in the study area are greatly influenced by topographic elevation along with 
DEM, slope, road network, land use-land cover data, and geological settings. To
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Fig. 27.15 Statistical results show the useful variables and their importances in establishing the 
landslide susceptibility map

obtain such results with the very high accuracy, the reliability and confidence of the 
data are also guaranteed under the provision of legitimate organizations. However, 
this methodology has its limitation. The 0-labeled points (non-landslide points) were 
derived from the conditional calculation of the slope factor, these points might be 
misunderstood with the actual natural state the real world. Which means that the 
derived non-landslide points could be landslide points. Otherwise, these accuracy 
of this model is just suitable with the proposed scenario from slope, and the two 
sets of training and testing points. Nevertheless, the 92% accuracy and 91.33% AUC 
point out the insignificant influence of the derived non-landslide points to the whole 
model. 
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Chapter 28 
Analysis of Riverbank Changes of Go 
Gia River in Can Gio District 
in the Period of 2013–2021 

Nguyen Phuong Uyen, Pham Thi Loi, Nguyen Thi Diem Thuy, 
Nguyen Thi Bay, and Dao Nguyen Khoi 

Abstract The objective of this study was to analyze the changes of riverbanks of 
the Go Gia River in the Can Gio District for the period 2013–2021 using remote 
sensing and GIS. This study used multi-temporal Landsat satellite images, including 
nine Landsat 8 OLI/TIRS images in the period 2013–2021 to classify the riverbanks 
for each time period and to calculate the change rates of river banks. Combination 
of AWEI (Automated Water Extraction Index) and thresholding method was used 
to extract the river bank. Results showed that the processes of erosion and accretion 
intertwined but most of the main riverbanks had erosion trend in the period 2013– 
2021. Evaluating the riverbank changes using multi-temporal remote sensing data 
may contributed an important reference to managing and protecting the riverbanks. 

Keywords Riverbank change · Landsat imagery · DSAS · AWEI · Go Gia River 

28.1 Introduction 

The computation of shoreline or river bank is one of foremost parameters in detecting 
erosion and accretion processes together with the study of morphological dynamics 
in estuarial and coastal zones (Armenio et al. 2019). This represents an important 
step in understanding the morpho-dynamic evolution of estuarial and coastal areas. 
Additionally, policy-makers could do better to reduce risk of coastal and river bank 
erosion and minimize physical and socio-economic losses.
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There have been numerous efforts to monitor changes of river bank and shore-
line, including repeated measurement of cross section profiles, hydro-morphological 
modeling and remote sensing techniques (Khoi et al. 2020). The repeated measure-
ment of cross section profiles can provide highly accurate topography and 
morphology, but it is time, labor, and cost consuming. In case of the hydro-
morphological modeling, this approach does not always apply for long-term evalu-
ations of river bank change because of large requirements of input data and compu-
tational amount (Binh et al. 2020). Amongst the mentioned approaches, remote 
sensing technology is preferred because this technique could reconstruct the history 
and evolutionary trajectories of morphological changes with a minimum cost and 
efforts. Remote sensing allows objective and repeatable assessments to explore a full 
range of spatial and temporal variations of river systems. 

In the remote sensing technology, the popular data utilized for extracting shoreline 
or river bank are Landsat images by reason of their open access, large coverage, and 
long period of time (Liu et al. 2017). The Landsat data collected from sensors of 
Multi-spectral Scanner (MSS), Thematic Mapper (TM), Enhanced Thematic Mapper 
Plus (ETM + ), and Operational Land Imager (OLI)/Thermal Infrared Sensor (TIRS) 
are useful for the extraction of shoreline or river bank. There are three types of popular 
methods used to extract water bodies and land using the remotely sensed imagery 
include spectral banks, classification, and water indices (Jiang et al. 2014). In the 
midst of them, the water indices have been broadly utilized due to their relatively high 
degree of accuracy in detecting water bodies and low-cost implementation. There are 
some popular water indices used to monitoring changes of shoreline and river bank, 
namely normalized water index (NDWI) (McFeeters 1996), modified normalized 
difference water index (MNDWI) (Xu 2006), and automated water extraction index 
(AWEI) (Feyisa et al. 2014). For example, Duru (2017) applied NDWI and MNDVI to 
monitor shoreline changes along Lake Sapanca in Turkey. Tobón-Marín and Barriga 
(2020) used three water indices, including NDWI, MNDWI, and AWEI to analyze 
changes in river banks in eight Colombian rivers. 

The objective of this work was to investigate the river bank changes of the Go Gia 
River in the Can Gio District for the period 2013–2021. Estimation of the riverbank 
changes may contribute an important reference to manage and protect the riverbanks 
in the study area. 

28.2 Study Area 

The study area is Go Gia River in the Can Gio District (Fig. 28.1), which is located 
between the Long Tau and Thi Vai Rivers, two main transportation waterways to 
enter seaports in Ho Chi Minh City. This region has a low elevation with an average 
of approximately 1.5 m above the mean sea level. The climate is tropical monsoon 
with two different dry and wet seasons (Khoi and Trang 2016). The annual rainfall 
varies from 1.300 to 1.400 mm. The tidal regime in the study area is an irregular 
semi-diurnal regime with a meso-tidal range from 2.0 (mean tide) to 4.0 m (spring
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tides) (Nguyen and Vo Luong 2019). The highest value of tidal amplitudes appear 
during October to November and the lowest value happen during April to May.

28.3 Methodology 

To investigate the change analysis of river bank along the Go Gia River, the research 
workflow applied in the present work is illustrated in Fig. 28.2. Firstly, the Landsat 8 
OLI/TIRS images for the analysis are selected to be radiometric normalized and atmo-
spheric corrected in the pre-processing. Secondly, the water index (Automated Water 
Extraction Index (AWEIsh)) is utilized to extract the river bank lines. Finally, the 
river bank change statistics are calculated using Digital Shoreline Analysis System 
(DSAS) tool.

28.3.1 Data 

Operational Land Imager (OLI)/Thermal Infrared Sensor (TIRS) imageries of 
Landsat sensors were utilized to detect river bank changes (Table 28.1). The Landsat 
8 OLI/TIRS data were obtained from the United States Geological Survey (USGS) 
earth explore website (http://earthexplorer.usgs.gov/). To avoid the effect of the cloud 
and other kinds of atmospheric errors, the Landsat data during the dry-seasonal 
months from January to April were utilized in the present work. The Landsat data 
is with the World Geodetic System 1984 (WGS84) datum and projected using the 
Universal Transverse Mercator (UTM) zone 48 N.

28.3.2 Water Index 

This work uses Automated Water Extraction Index (AWEIsh) (Feyisa et al. 2014) as  
a water index to extract the water bodies and land. The formulation of AWEIsh is 
written as follows 

AWEIsh = ρband2 + 2.5 × ρband3 − 1.5 × (ρband5 + ρband6) − 0.25 × ρband7 (28.1) 

where ρ represents the reflectance from the Landsat 8 OLI data for Bands 2 (blue), 
2 (green), 5 (near-infrared), 6 (SWIR1), and 7 (SWIR2). 

To calculate the AWEIsh, the integer values of the Landsat 8 OLI/TIRS satellite 
imagery need to be converted to the spectral reflectance value. The threshold value 
of the AWEIsh to separate the water and non-water bodies was obtained on the basis 
of the manually thresholding method (Feyisa et al. 2014).

http://earthexplorer.usgs.gov/
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Fig. 28.1 Study area
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Fig. 28.2 The research workflow used in this work

Table 28.1 Landsat 8 OLI images utilized in the present work 

Ord Path/row Date Cloud cover (%) 

1 124/053 26/10/2013 15.06 

2 124/053 03/03/2014 32.02 

3 124/053 02/02/2015 24.04 

4 124/053 24/03/2016 24.04 

5 124/053 06/01/2017 4.36 

6 124/053 14/03/2018 10.12 

7 124/053 02/02/2019 2.04 

8 124/053 31/01/2020 5.36 

9 124/053 06/03/2021 0.01

28.3.3 Digital Shoreline Analysis System (DSAS) 

Digital Shoreline Analysis System (DSAS) was utilized to compute change rates 
(erosion or deposition) along the river. There are three major steps conducted, 
including (1) determining baselines of river banks, (2) drawing lines at right angles of 
the baselines, and (3) computing change rates. In the present work, the linear regres-
sion rate (LRR), a statistical parameters given in DSAS, was utilized to compute 
the change rates of river banks based on the extracted riverbank lines in the period 
2013–2021. According to the LRR values, the river bank changes are divided into 
three levels of erosions, including high (<5 m/year), medium (−5 to  −1 m/year), 
and low (−1 to  −0.5 m/year); three level of accretion, including low (0.5–1 m/year),
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medium (1–5 m/year), and high (>5 m/year); and stable level (−0.5 to 0.5 m/year) 
(Khoi et al. 2020; Hoan et al. 2014). 

28.4 Result and Discussion 

The river bank lines were extracted from Landsat 8 OLI/TIRS for the Go Gia River in 
different years during the period from 2013 to 2021. The results show that the erosion 
and accretion along the Go Gia River were alternating and the morphological change 
was characterized by the horizontal direction and slow rate over time (Fig. 28.3). 
The analysis of river bank change in the period 2013–2021 showed that the river 
had an average erosion rate of approximately −0.92 m/year and an accretion rate of 
approximately 0.89 m/year. The left river bank of the Go Gia River appeared some 
points with high erosion rates of about −8.42 m/year. In general, the trend of erosion 
prevailed over accretion in the period 2013–2021. Our result is quite similar to the 
finding of Thuy et al. (2022) which indicated that the main rivers in the Can Gio 
district had mainly eroded at the rate of 1.7 m/year.

Since 2016, the project of dredging for storm shelters on the Go Gia River have 
implemented. Figure 28.4 illustrates dredging activities along the river during the 
period 2016–2020 observed from Google Earth. In order to investigate the effect 
of this project on the erosion and accretion processes along the Go Gia River, 
the morphological changes between two periods 2013–2016 and 2017–2021 were 
considered (Fig. 28.5). In the period 2013–2016, the Go Gia River had mainly accre-
tion process with moderate level and the left river bank had accretion rate of about 
2.51 m/year. However, under the effect of dredging project, the left river bank were 
subjected to erosion at rate of about −1.73 m/year during the period 2017–2021. 
In general, the erosion process was dominant in the period 2017–2021. It is easy to 
observe the correlation between river bank erosion and dredging activities (Fig. 28.4). 
Thuy et al. (2022) indicated that the dredging activities may cause erosion at locations 
around the dredging areas.

28.5 Conclusion 

The present work demonstrated that the integration of remote sensing and GIS tech-
nology is useful for studies on long term change of river bank using Landsat 8 
OLI/TIRS images with reasonable accuracy. The study shows that average erosion 
rate along the Go Gia River was −0.92 m/year and accretion rate was 0.89 m/year in 
the period 2013–2021. Additionally, the Go Gia River was subjected to more erosion 
in the period 2017–2021 compared to that in 2013–2016. The obtained results may 
contributed an important reference to managing and protecting the Go Gia River in 
a sustainable way.
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Fig. 28.3 Morphological changes of the Go Gia River in the period 2013–2021
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(a) January 2017 (b) March 2018 

(c) March 2019 (d) March 2020 

Fig. 28.4 Dredging activities along the Go Gia River during 2016–2020 from google earth images 

Fig. 28.5 Morphological changes of the Go Gia River in the periods 2013–2016 (left-hand side) 
and 2017–2021 (right-hand side)
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Chapter 29 
Estimate Petrophysical Properties 
by Using Machine Learning Methods 

Tran Nguyen Thien Tam and Dinh Hoang Truong Thanh 

Abstract The petrophysical properties such as porosity and permeability play the 
most important role in reservoir characterization. Porosity display the capacity to 
contain fluids and permeability is fluid movement. These are important proper-
ties in reserves estimation and production capacity of oil and gas. Therefore, it is 
necessary to estimate it exactly. In this study, the authors use traditional methods in 
petroleum engineering and popular machine learning methods to estimate porosity 
and permeability via petrophysical data. Research data collected from the Volve field 
in Norway includes well logging and core logging. Herein, we present the prediction 
of porosity and permeability using an Artificial neural network (ANN) model, as 
compared to Least-squares support-vector machines (LSSVM) model and empirical 
model. The results show that the ANN model could predict porosity and permeability 
with the highest R2 (coefficient of determination) of 0.9997 and lowest MSE (mean 
squared error) of 6.7769. This finding would be helpful in deploying the application 
of machine learning to estimate the reservoir characteristics. 

Keywords Porosity · Permeability · Petrophysical properties · Machine learning ·
Artificial neural networks (ANN) · Support vector machine (SVM) 

Nomenclature 

xi Input value of neuron i 
wi Input weight
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f Transfer function 
b Bias value 
GRlog Gamma value of interest point on the well log 
GRmin, GRmax Maximum and minimum value of gamma on the well log 
φ Porosity 
K Permeability 
φ* Porosity from neural network 
K* Permeability from neural network 
φmax, φmin Maximum and minimum value of porosity in the original dataset 

[0.2775; 0.01 

29.1 Introduction 

Porosity and permeability are two extremely important properties in petroleum engi-
neering. These two properties determine oil and gas reserves and flow capacity of 
the reservoir. In particular, two properties determine the commerciality of an oil and 
gas field. 

Porosity and permeability values can be determined from the analysis of well 
logging data and core samples in the laboratory. However, these methods are costly 
and time consuming. In addition, one uses empirical correlations to get the porosity 
and permeability calculation equations. However, each study is only true for certain 
geological conditions, the calculation results are local to each region, not general 
to the geological conditions of each different region. This leads to errors, and 
inaccuracies in calculations. 

Therefore, finding a new method to determine porosity and permeability is essen-
tial. Machine learning methods such as artificial neural networks (ANNs) or support 
vector machines (SVMs) are the best methods for building nonlinear relationships to 
determine porosity and permeability quickly and accurate (Ahmadi and Chen 2019). 

In this study, a comparison was carried out to find which approach was better 
among traditional methods in petroleum engineering or machine learning techniques. 
We also introduced the structure of machine learning models associated with the 
model building procedure for estimating porosity and permeability. 

29.2 Machine Learning Methods 

29.2.1 Artificial Neural Networks (ANN) 

What Is Artificial Neural Networks? Artificial Neural Networks (ANN), first intro-
duced by McCulloch and Pitts, are a mathematical model that mimics the capabilities
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of biological neural structures for the purpose of designing a intelligent information 
processing system. An artificial neural network is a collection of neurons with a 
certain structure, neurons are divided into different layers. Usually a neural network 
has an input layer, one or more hidden layers, and an output layer. A neural network 
can be represented by numbers. For example, a 3–4–4–1 network is a network with 3 
neurons in the input layer, 4 neurons in the first hidden layer, 4 neurons in the second 
hidden layer, and 1 neuron in the output layer. Between neurons in different layers 
there are transmission links containing individual weights of each link (Mohaghegh 
2000). 

Transfer Function. Transfer function has the function of transferring the variable 
domain of the input variable to another variable domain. Some of the transfer func-
tions used are logistic sigmoid nonlinear function, tangent sigmoid nonlinear function 
and linear function. Where the logistic nonlinear function sigmoid returns values in 
the range [0; 1], and the nonlinear tangent function sigmoid returns values in the 
range [− 1; 1]. Nonlinear functions are often used for pattern recognition and are 
often used in the hidden layer, while linear functions are often used in prediction 
problems and are often used in the output layer (Zou et al. 2008). 

Principle of Artificial Neural Network. An artificial neural network is characterized 
by three factors that are network structure, network training method and activation 
(transfer) function. The output value of the neurons is multiplied by their respective 
association weights and passed to the next neuron as input parameters. The sum of 
all input values is substituted in the activation function, then the activation function 
result is the output value of the neuron as the formula: 

y(x) = f  

( 
n∑ 

i = 1  

wixi + b  

) 

(29.1) 

The principle of an artificial neural network is the process of training the network to 
update the weights. The network training process consists of two stages: the forward 
propagation phase and the back propagation phase (Zou et al. 2008). 

Overfitting. Overfitting is a phenomenon in which an artificial neural network model 
is built too fit the training data. This phenomenon causes the network’s inability to 
generalize the data, which falsifies the prediction, and the model quality fails to cross 
validation. Overfitting occurs when the error in training the network is low and the 
error in testing the network is high. If the model does not have overfitting, the training 
error and the network test error will be low and stable in the last iterations. In order to 
avoid overfitting, the network training process needs to perform two parallel actions: 
error reduction and cross validation. The dataset used to train the network is divided 
into three parts: training data to adjust the set of weights linking neurons, validation 
data used for cross validation during network training, and testing data used to check 
the network (Ying 2019).
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Fig. 29.1 The margin that 
divides two data sets with the 
equation wTx + b = 0 

29.2.2 Support Vector Machines (SVM) 

What Is Support Vector Machines (SVM). Support vector machines (SVM) are 
machine learning algorithms that analyze data for classification and regression prob-
lems. This is a supervised learning method that looks at the data and sorts it into one 
of two categories. SVM outputs a plot of the sorted data with the margins between 
the two data as far apart as possible. 

Figure 29.1 shows the division of two data sets by the margin with the equation 
wTx + b = 0. The optimization problem of SVM is to find w and b so that the margin 
reaches the maximum value. This is a quadratic programming problem with the 
problem of optimizing (minimizing or maximizing) a quadratic objective function 
with many variables under linear constraints (Madeo et al. 2012). 

Least-Squares Support-Vector Machines (LSSVM). Least-squares support-vector 
machines (LSSVM) are least-squares versions of SVM. In this version one finds 
the solution by solving a set of linear equations instead of a convex quadratic 
programming (QP) problem for classical SVMs. The least squares SVM classifier 
was proposed by Suykens and Vandewalle. LSSVM is a class of kernel-based learning 
methods (Suykens and Vandewalle 1999). 

29.3 Results and Discussion 

29.3.1 Dataset 

In this study, the author uses the Volve field dataset located at Block 15/9 in the 
center of the North Sea region, Norway (Field: VOLVE—Norwegian Petroleum. 
xxxx). The petrophysical data include core logging with 557 data points of porosity 
and permeability by depth and well logging with 453 data points of DT (sonic), GR 
(gamma ray), RHOB (formation density), NPHI (neutron porosity) by depth.
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29.3.2 Estimate Porosity and Permeability by Traditional 
Methods 

Porosity. First, prepare input data from well logging and core logging. Then, calculate 
Shale Volume (Vsh). To calculate Vsh, we need to determine the Gamma Ray Index 
(IGR) with the input parameter being the gamma value read on the well log. 

IGR  = 
GRlog − GRmin 

GRmax − GRmin 
(29.2) 

Using the neutron method and the sonic method with correction of the clay volume, 
we have the results according to Tables 29.1, 29.2 and Fig. 29.2. 

Permeability. Acording to the Tables 29.1, 29.2 and Fig. 29.2, estimating porosity by 
neutron method is exactly than sonic method. Therefore, we use porosity is estimated 
by neutron method for estimate permeability by using Wyllie & Rose and Timur 
methods (Shang et al. 2003). The results are shown in Tables 29.3, 29.4 and Fig. 29.3.

Observing Tables 29.3, 29.4 and Fig. 29.3, the authors found that the permeability 
is estimated by Wyllie and Rose and Timur method are different from most of the 
value of core samples. This shows that the two methods for estimate permeability in 
this case are not reliable. 

In addition, the permeability can be estimated from the correlation between 
permeability and porosity of core logging is shown in Eq. (29.3) and Fig. 29.4. 

permeabili t y = 0.0278e0.4013∗porosi t y (29.3)

From the observation of Table 29.5 and Fig. 29.5, the authors found that the 
core permeability (K-core) and estimated permeability (K-cal) values have a large 
difference.

Table 29.1 The results of porosity is estimated by neutron method 

Sample 1 2 … 452 453 

Depth (m) 3838.6 3839.4 … 3999.45 3999.7 

φ-core 0.170 0.128 … 0.209 0.173 

φN 0.160 0.137 … 0.158 0.178 

Table 29.2 The results of porosity is estimated by sonic method 

Sample 1 2 … 452 453 

Depth (m) 3838.6 3839.4 … 3999.45 3999.7 

φ-core 0.170 0.128 … 0.209 0.173 

𝝫-sonic 0.194 0.145 … 0.194 0.201
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Fig. 29.2 Compare the porosity of core logging and porosity is estimated by neutron and sonic 
methods

Table 29.3 The results of permeability is estimated by Wyllie and Rose method 

Sample 1 2 … 452 453 

Depth (m) 3838.6 3839.4 … 3999.45 3999.7 

K-core (mD) 13.8 1.02 … 3600 180 

K-Wyllie and Rose (mD) 45.89 20.00 … 1.46 3.19 

Table 29.4 The results of permeability is estimated by Timur method 

Sample 1 2 … 452 453 

Depth (m) 3838.6 3839.4 … 3999.45 3999.7 

K-core 13.8 1.02 … 3600 180 

K-Timur (mD) 119.63 66.31 … 3.86 7.03

29.3.3 Estimate Porosity and Permeability by Machine 
Learning Methods 

Artificial Neural Networks (ANN) 

Building an ANN Model to Estimate Porosity and Permeability. For the network 
to work properly, the authors convert the values of dataset to dimensionless [0; 1]. 
Dataset include 453 data points. Therein, 353 data points for building an ANN, 100 
data points for testing the ANN. 353 data points for building an ANN divide into 3 
parts:

• Training data: accounts for 70% (247 data points). These values are used in the 
training process, the network is adjusted according to the training error.
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Fig. 29.3 Compare the permeability of core logging and permeability is estimated by Wyllie and 
Rose and Timur methods

Fig. 29.4 Correlation between permeability and porosity

Table 29.5 The results of permeability is estimated by correlation 

Sample 1 2 … 556 557 

Depth (m) 3838.6 3839.15 … 3999.7 3999.95 

K-core (mD) 13.8 25.2 … 180 850 

K-cal (mD) 25.52 2.12 … 28.78 46.59
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Fig. 29.5 Compare the permeability of core logging and permeability is estimated by correlation

• Validation data: accounts for 15% (53 data points) to check over-fitting of network. 
• Testing data: accounts for 15% (53 data points) to test the network’s efficiency. 

The neural network training for the best performance is at epoch 11 with Mean 
Square Error (MSE) = 0.00034899 (Fig. 29.6). 

The result of neural network building is shown in Fig. 29.7.

Fig. 29.6 Neural network training performance 
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Fig. 29.7 Artificial neural network model for estimating porosity and permeability 

According to the network structure 5-10-8-2 as shown in Fig. 29.7, the first hidden 
layer uses 10 neurons and the transfer function is the sigmoid tangent, the second 
hidden layer uses 8 neurons and the transfer function is the logistic sigmoid and the 
output layer uses purelin function. 

Using the ANN Model to Estimate Porosity and Permeability. Neural network is 
used to estimate porosity and permeability from 5 input parameters include Depth, 
DT, GR, RHOB, NPHI. 

Combining the dimensional transformation equation with the weights of the 
artificial neural network, the porosity and permeability estimation equation as 
follows: 

φ = φ ∗ .(φmax − φmin) + φmin (29.4) 

K = K ∗ .(Kmax − Kmin) + Kmin (29.5) 

Least-Squares Support-Vector Machines (LS-SVM) 

Building an LS-SVM model to estimate porosity and permeability. From the original 
dataset (453 value points), we proceed to randomly divide into 2 subsets at the ratio 
of 80:20%: 

• Training data (80%): this is the dataset for building the model. 
• Testing data (20%): evaluate the accuracy of the training data. 

The results of building the LSSVM model are shown as follows: 

• Porosity: The best fit with RMSE = 0.0064231 and R2 = 0.99 (Fig. 29.8)

• Permeability: The best fit with RMSE = 7.9063 and R2 = 0.99 (Fig. 29.9).

Using the LS-SVM to Estimate Porosity and Permeability. To extract porosity and 
permeability from the model, Matlab provides the following function: 

Y f  i t  = c. predict Fcn (T ) 

With: 
c is the trained model name, here is trainedModel.
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Fig. 29.8 Distribution of the trained model on the porosity dataset

Fig. 29.9 Distribution of the trained model on the permeability dataset

T is the new measurement point with the format of a 5-column matrix of 5 input 
parameters. 

Yfit: will return the predicted porosity and permeability values at the measuring 
point T. 

Enter the code in Command Window: 

porosi t y = trained Model.predict Fcn(T est) 
permeabili t y = trained Model.predict Fcn(T est) 

Matlab returns the predicted porosity and permeability values at each measure-
ment point and outputs the data to a table.
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Table 29.6 Compare error of methods for estimating porosity 

No Method MSE RMSE R2 

1 Neutron 0.002996663 0.054741784 −1.34334913 

2 Sonic 0.003560034 0.059666018 0.183129365 

3 LLSVM 1.77908 * 10−5 0.0042179 0.995478441 

4 ANN 1.26908 * 10−5 0.0035624 0.996432023 

Table 29.7 Compare error of methods for estimating permeability 

No Method MSE RMSE R2 

1 Wyllie and Rose 3,776,046.024 1943.205091 −11.03160734 

2 Timur 3,303,967.445 1817.681888 −5.854611846 

3 Correlation 10,337,618.26 3215.216674 −0.413731588 

4 LLSVM 251.0630506 15.84496925 0.98093591 

5 ANN 45.92752224 6.776984746 0.999741476 

29.3.4 Compare Results 

To evaluate the accuracy of the above methods to estimate porosity and permeability, 
the authors compares the errors of each method (traditional, LLSVM and ANN) by 
using statistical parameters include: mean squared error (MSE), square root of mean 
squared error (RMSE), coefficient of determination (R2). 

From the results of Table 29.6, both LLSVM and ANN machine learning methods 
have high R2 and low MSE. In which, the ANN method has the highest value of R2 

and lowest values of MSE and RMSE. It can be concluded that both LLSVM and 
ANN methods can predict porosity accurately than traditional methods and ANN is 
the most accurate and reliable method in porosity estimation. 

From the results of Table 29.7, in general, the traditional methods give high MSE 
and very low R2, while the LLSVM and ANN methods have high value of R2 and 
low values of MSE and RMSE. In which, the ANN method still has the highest value 
of R2 and lowest values of MSE and RMSE. 

Thus, it can be seen that two LLSVM and ANN machine learning methods give 
accurate results than traditional methods in estimating porosity and permeability. In 
particular, the artificial neural network method is better than other methods. 

29.4 Conclusions 

With the estimation and comparison of different methods, the study has shown 
the great advantages of two machine learning methods, LSSVM and ANN with 
traditional methods.
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ANN model has structure 5-10-8-2 with two hidden layers. The results showed 
that both the ANN and LSSVM models could be used. Nevertheless, based on the 
R2 values of 0.9997 and 0.9809, MSE values of 6.7769 and 15.8849 respectively, 
the ANN model is a robustness to the LSSVM model. The highest value of R2 and 
lowest values of MSE prove that the ANN is best method in this study. 
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Chapter 30 
Mapping Wetland Ecosystems Protection 
and Restoration Priority Using GIS, 
Remote Sensing, Landscape Ecology, 
and Multi-criteria Analysis (Case Study 
in Dong Thap Muoi) 

Phi Son Nguyen , Thanh Thuy Nguyen , Thi Thanh Dinh , 
Thi Hang Vu , Thi Thanh Huong Nguyen , and Lam Le 

Abstract The prioritisation of wetland ecosystems is the essential information 
contributing to scientific and methodological fundamentals for establishing the 
National strategy and plan on environment protection and biodiversity conservation 
for each wetland ecosystem in Vietnam. This paper proposes the method of mapping 
and ordering the priority of wetland ecosystems protection and restoration based 
on the application of GIS, remote sensing, landscape ecology approach, and multi-
criteria analysis. The primary method consists of 3 phases: (i) Defining the protection 
and restoration criteria; (ii) Mapping wetland ecosystems and building criteria layers 
based on GIS, remote sensing, and landscape ecology approach; (iii) Determining the 
priority of wetland ecosystems using multi-criteria analysis. This method is applied to 
Dong Thap Muoi—a high biodiversity wetland region composing two Ramsar sites 
and conservation areas. The data of 14 criteria on capacity, degradation services, 
and pressures on each wetland ecosystem are synthesised using GIS and remote 
sensing images. AHP-TOPSIS—a hybrid multi-criteria assessment method priori-
tises wetland ecosystems’ conservation and restoration. The study indicated that the 
criteria of the number of endangered and rare species, total species, invasive alien 
species, and the lost number of endangered, rare animals and plants play a crucial 
role in prioritising protection and restoration. The results are the wetland ecosystems 
protection and restoration priority order maps, which support making appropriate
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decisions to formulate policies and build conservation strategies and plans in the 
Dong Thap Muoi region. 

Keywords Wetland ecosystem · GIS · Remote sensing · Landscape ecology ·
Multi-criteria analysis · Priority order · Wetland protection · Restoration 

30.1 Introduction 

Wetland is among the most valuable environments globally, essential for the survival, 
reproduction, and biodiversity of animals and plants, where birds, mammals, reptiles, 
amphibians, fish, and invertebrates are densely gathered and store the vital plant 
gene sources. The interaction of physical, biological, and chemical elements of the 
wetlands as part of the “infrastructure nature” of the Earth forms the functions for life, 
such as water storage, storm shielding, flood mitigation, coastal stability and erosion 
control, groundwater supply and storage, water purification, nutrients, sediments, 
and contaminants retention, local climatic condition regulation. Besides that, wetland 
ecosystems also provide education, entertainment, travel services, and human liveli-
hoods (Ramsar Convention Secretariat 2013a, b; Vietnam Environmental Protection 
Department 2005). 

Having had 12 million ha of wetland (https:// baotainguyenmoitruong.vn/bao-ton-
va-su-dung-ben-vung-cac-vung-dat-ngap-nuoc-298871.html), Vietnam is known as 
one of the high biodiversity countries in the world with a variety of wetland ecosystem 
types, species of creatures, and richness of gen source. Economic development and 
climate change have been making a significant negative impact on wetland ecosys-
tems. Human activities have significantly resulted in the lost and degraded biodiver-
sity lost and degraded, such as mangrove deforestation, forest burning, destructive 
fishing practices, environmental pollution, overexploitation, and the introduction of 
invasive species. Besides, such natural disasters as fires, storms, drought, salinisation, 
cyclones, and epidemics, are also other factors that badly affect the condition and 
primary natural resources of wetlands (Vietnam Environmental Protection Depart-
ment 2005; Ministry of Natural Resources and Environment 2021; Nhan 2014). 
Consideration of great biodiversity potentials, services, and the threats to the wetland 
ecosystems, it is vital to investigate and evaluate the environmental status, the gen and 
the species richness, and the degraded natural ecosystem to find possible solutions 
for restoration, conservation, and wise and resilient usage of Vietnam’s biological 
resources. 

In Vietnam, the contents of planning for environmental protection and biodi-
versity conservation include: assessing the status and evolution of environmental 
quality, natural landscape, biodiversity, and climate change effects; defining the 
objectives, the tasks, and solutions for environmental protection; zoning the environ-
ment; conserving nature and biodiversity; and building criteria to determine the crit-
ical level and the implement priority order of national projects, (National Assembly of 
the Socialist Republic of Vietnam 2020; National Assembly of the Socialist Republic
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of Vietnam 2017). The decrees detail several articles of the Law on Environmental 
protection and planning (Government of the Socialist Republic of Vietnam 2019; 
Government of the Socialist Republic of Vietnam 2022) show that wetland ecosystem 
is one content of biodiversity conservation planning, which has to evaluate and order 
the priority for investment and implementation. 

By 2030, Vietnam’s National strategy on biodiversity (Prime Minister of the 
Socialist Republic of Vietnam 2022) is conservation with sustainable ecosystem 
services usage, and biodiversity contributes to developing the social economy, 
reducing poverty, and improving people’s living standards by applying the ecosystem 
approach to conservation and biodiversity. The National strategy’s general target on 
biodiversity is increasing the area of protected and restored natural ecosystems, 
keeping the integrity and connection. Besides, the strategy also defines some of 
the content and critical building the processes and technical guidance for restoring 
the degraded natural ecosystems, especially wetland ecosystems, coral reefs, and 
seagrass, and developing the guide of ecosystem services quantification. 

Previous studies and projects mainly focused on wetland classification based on 
water and land cover elements without indicating the different conditions of wetland 
ecosystems such as forming origin, soil, elevation, climate, hydrology, oceanography 
(Hai et al. 2015; Phuong and Hoe 2015; Linh et al. 2018; Vietnam Institute and of 
Geodesy and Cartography 2012; Vietnam Institute and of Geodesy and Cartography 
2018; Vietnam Institute and of Geodesy and Cartography 2020; Xuan and Hoa 2015). 
These are also the essential elements that form in a particular wetland ecosystem. 

In Vietnam, the ecological landscape approach has been applied to study the adap-
tation of some plants to develop the economy and conserve mangrove forests (Nguyen 
et al. 2015); zone and evaluate the ecological landscape potential for territorial organ-
isation, planning for sustainable development of coastal wetland ecosystem (Hang 
2012; Duong 2009) or assess landscape according to ecological-economic approach 
(Huan 2005). Landscape analysis is also used in the world to research wetlands 
(Tudor 2014; Environmental Law Institute 2013; Lopez et al. 2013; Malekmoham-
madi and Jahanishakib 2017); there has not been any proposal on the mapping process 
of wetland ecosystems based on the ecological landscape approach in all the above 
papers and books. 

The requirements to show that the project or wetland ecosystem needs to be 
prioritised for protection and restoration are appropriate criteria and assessment 
methods. Globally, there are a significant number of studies to identify wetlands 
that need conservation based on assessing the criteria about biodiversity value, 
role of ecosystem functions and services (Ramsar Convention Secretariat 2013a, 
b; Mekong River Commission 2017), risks and vulnerabilities (Malekmohammadi 
and Jahanishakib 2017; Jiang et al. 2017; Sarkar et al. 2016; Malekmohammadi 
and Rahimi Blouchi 2014). In Vietnam, the papers often focus on the vital status, 
pressor, and benefits indicators for measuring and monitoring wetland ecosystems
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(Nhan 2010, 2014; Lan and Hai 2009)1 ; sensitive and degradation assessment criteria 
for coastal wetland ecosystems (Yet et al. 2010; Hung and Hoe 2014), … Using the 
proposed criteria separately in these studies may not have been sufficient; there-
fore, the combination usage will comprehensively assess priorities for protecting 
and restoring wetland ecosystems. 

The multi-criteria assessment methods are widely used around the world in 
many fields. The MCA, AHP, F-AHP, TOPSIS, and F-TOPSIS methods are used 
to assess and choose the solution for waste management, finding the best position 
for burying waste. The combinations of MCA, ELECTRE, Delphi, DA, F-MAA, F-
AHP, TOPSIS, SWOT, ANP, DPSIR and MUPOM are used to assess environmental 
quality and climate change, sustainability and ecology. Based upon the association 
of the DPSIR model with DSS, MCA, MCDA, TOPSIS, and CP, combining Delphi 
and AHP methods, integrated AHP—GIS to evaluate and manage water resources, 
river basin, reservoir, flood, and hazards. Using ANP, MCA, MCDA, AHP-TOPSIS 
for land management; assessing crop selection, agricultural risks, and deciding in 
agriculture (Chan et al. 2019; Hajkowicz and Higgins 2008; Jozaghi et al. 2018; 
Opricovic and Tzeng 2004; Velasquez and Hester 2013). 

In Vietnam, AHP, PCA, PRA, and SAW methods are used to assess land-use 
sustainability, select crop models, and determine the weight of the component indexes 
in the green urban index set. PAM, MFA, AHP, and PCA are used to evaluate green 
growth. Assessment of landscape ecological adaptation is done by using AHP and 
F-AHP. The selection of locations for the planning of waste burial using AHP, F-AHP 
GIS (Cuong 2009; Dat et al. 2017; Dinh  2016; Huong 2030; Linh et al. 2017; Luan 
and Tram 2013) … However, the multi-criteria analysis method to prioritise wetland 
ecosystems protection and restoration in Vietnam has not been studied yet. 

Remote sensing and GIS have been popularly used to extract, process, and analyse 
data from multiple sources such as satellite images, geodatabase, topographic maps, 
elevation data, and LiDAR data… for many applications. The wetland’s informa-
tion on the cover, water quality, landscape degradation, fire risk, and elevation can 
be captured using remote sensing data. GIS is used to model spatial distribution, 
character, and attributes of natural, social-economic features by using the algorithm 
of assign information, overlay, analyzation, calculation, interpolation; editing and 
publishing thematic maps (Linh et al. 2018; Vietnam Institute and of Geodesy and 
Cartography 2012; Vietnam Institute and of Geodesy and Cartography 2018; Vietnam 
Institute and of Geodesy and Cartography 2020; Xuan and Hoa 2015; Hang 2012; 
Kien et al. 2013; Vietnam Environment Administration 2011; Ve et al.  2013; Tin  
et al. 2011; Phu 2009; Son 2008).2 Therefore, remote sensing and GIS are useful

1 Nhan, H.T.T., Hai, H.T.: Building biodiversity indicators for surveying the wetland ecosystems of 
Xuan Thuy national park, Nam Dinh province. The 5th National Scientific Conference on Ecology 
and Biological Resources, pp. 1498–1505. (in Vietnamese). 
2 Thuy, N.T.: Proposing the process of mapping inland wetlands. In: The 9th National Geography 
Conference, pp. 1097–1100. (Year) (in Vietnamese). 
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technologies to extract and build data to prioritise wetland ecosystem protection and 
restoration. 

Dong Thap Muoi stretches over three Long An, Tien Giang, and Dong Thap 
provinces, with about 700,000 ha of Melaleuca forest and water surface. The region 
is a closed floodplain surrounded by high mounds along the Vietnam-Cambodia 
border with the storage of over 100 billion m3 of water storage. Dong Thap Muoi 
is the last place where the flooded cane and reed forest, one of the typical wetland 
ecosystems, still exists. Dong Thap Muoi has a relatively sizeable flooded area and 
high biodiversity in Vietnam with two Ramsar sites, namely Tram Chim National 
Park in Dong Thap and Lang Sen wetland reserve in Long An. In addition, there 
are Dong Thap Muoi ecological reserve, biodiversity conservation areas such as Xeo 
Quyt relic site, and Gao Giong eco-tourism area. These places are the habitat of many 
species of birds, fish, reptiles, and benthic animals, including many endemic and rare 
species that need to be protected, and several species, that are in danger of extinction. 
The wetlands in this area face many problems such as drought, saltwater intrusion, 
forest fires, sea-level rise, the invasion of alien species due to agricultural produc-
tion and farming activities, aquaculture, industrial development, tourism, and other 
human factors demands (Vietnam Institute of Geodesy and Cartography 2012). The 
ongoing conducted studies in the Dong Thap Muoi region mainly focus on solutions 
to improve the land and the economic efficiency of the rice-growing wetlands, eval-
uate the potential for tourism development; conservation of ecosystems, wetlands, 
and adaptation to climate change with no research related to determining the priority 
level of protection and restoration of wetland ecosystems. Therefore, the study and 
application of GIS, remote sensing, landscape ecology approach, and multi-criteria 
analysis for mapping and ordering priority of wetland ecosystems protection and 
restoration is essential (Fig. 30.1).

30.2 Researching Data and Methodology 

30.2.1 Researching Data 

This paper used the data below to build the thematic data layer for each protection 
and restoration assessment criteria. The detail is shown in Table 30.1. Dong Thap 
Muoi’s data is shown in the VN2000 coordinate system.
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Fig. 30.1 Location of the Dong Thap Muoi (Vietnam Institute and of Geodesy and Cartography 
2012)

Table 30.1 Data used for research 

Ord Data Source 

1 Hydrological network Geodatabase 1:2000 and 1:5000 

2 Roads network Geodatabase 1:2000 and 1:5000 

3 Fire points https://earthdata.nasa.gov/data/near-real-time-data/ 
firms/active-fire-data 

4 Water quality People’s Committees of Dong Thap, Tien Giang, Long 
An 

5 Landsat 7, 8 images http://earthexplorer.usgs.gov/ 
LE07_L1TP_125052_20100424_20161215_01, 
LE07_L1TP_125053_20100424_20161215_01, 
LC08_L1TP_125052_20181031_20181115_01, 
LC08_L1TP_125053_20181031_20181115_01 

6 Land use map People’s Committees of Dong Thap, Tien Giang, Long 
An 

7 Biodiversity, invasion 
species, strategies, planning 
map … 

Statistical yearbook of Long An, Tien Giang, Dong 
Thap provinces; Vietnam institute of Geodesy and 
Cartography; the investigation and survey data, papers 
and documents …

https://earthdata.nasa.gov/data/near-real-time-data/firms/active-fire-data
https://earthdata.nasa.gov/data/near-real-time-data/firms/active-fire-data
http://earthexplorer.usgs.gov/
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30.2.2 Researching Methodology 

The mapping and ordering of wetland ecosystem protection and restoration priority 
shown in Fig. 30.2 include three main phases: (i) Defining the protection and restora-
tion definition criteria; (ii) Mapping wetland ecosystems and building criteria layers; 
(iii) Ordering the protection and restoration priority of wetland ecosystems.

30.2.2.1 Defining the Wetland Ecosystem Protection and Restoration 
Priority Criteria 

The targets of wetland ecosystem protection and restoration are defined based on the 
referenced documents and data on natural, socio-economic, and environmental condi-
tions and previous research results or use survey consultation results with people,

 GIS AND REMOTE SENSING 

ESTABLISH PAIRWISE 
COMPARISION MATRIX 

CALCULATE THE WEIGHT 
OF ALL CRITERIA 

CALCULATE THE CONSISTENCY 
RATIO (CR) 
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IMPORT AHP WEIGHT OF CRITERIA 

CALCULATE THE WEIGHTED 
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DETERMINE THE IDEAL AND 
NEGATIVE IDEAL SOLUTIONS 
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CALCULATE THE DISTANCE OF EACH 
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PROTECTION, RESTORATION 
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ECOSYSTEMS LAYER 
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OF WETLAND ECOSYSTEM'S 
PROTECTION, RESTORATION 
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PROTECTION, RESTORATION PRIORITY 

NORMALIZED DECISION MATRIX 

DEFINE DECISION MATRIX 

Fig. 30.2 Process of mapping and ordering wetland ecosystem protection, restoration priority 
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managers, or experts. For each aim, criteria for ordering protection and restora-
tion priority of wetland ecosystems are defined based on ecosystem service values, 
potential risk pressures, and external factors (natural or man-made hazards). 

30.2.2.2 Mapping Wetland Ecosystems and Building Criteria Layers 

(a) Mapping wetland ecosystems 
The wetland ecosystems mapping process is indicated in Fig. 30.3. In this step, 
the wetland ecosystems map is built using seven thematic landscape ecology 
data: geology, topography and geomorphology, oceanology and hydrology, bio-
climate, soil, vegetation cover, and land use status. These data are created from 
existing ones or extracted from satellite data and normalised the attribute, bound-
aries, and topology by GIS. Classifying and numbering landscape types is carried 
out by overlaying thematic layers. The next step is establishing the wetland 
ecosystems map based on numbered landscape types using criteria to identify 
wetland types. The steps as shown in Thuy (2020). 

(b) Building criteria layers 
Using the methods such as collection, statistic, synthesis document, data; 
field interview, investigation, and survey; measuring, sampling, and analysing 
samples; modelling; analysing and processing information; and mapping, 
remote sensing, and GIS to extract and build criteria layers. Area and density

Vegetation 
cover map 

LANDSCAPE CLASSIFICATION 

BUILDING THE THEMATIC LAYERS 

Fig. 30.3 The process of wetland ecosystems mapping
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of vegetation, land-use change, surface water quality indicators, land surface 
temperature, and moisture content are extracted from satellite images combined 
with field observation data. GIS technology is used to assign and spatialise 
attributes, overlay, and calculate change; interpolate, re-classify, and construct 
raster data layers on distance, slope, terrain elevation, temperature, humidity, 
and precipitation. 

The above methods will be chosen depending on the studying regions to 
collect, extract, model data, and information for the proposed method’s input 
data.

(c) Creating the integrated map 
The integrated criteria data layer is done by joining the attribute information 
according to each criterion into the wetland ecosystem layer (map). This step 
is performed using data superposition techniques, spatial queries, raster data 
analysis, and attribute association of GIS tools. The result will be exported to 
build a decision matrix—input data for assessing and ranking priority levels for 
the protection and restoration of wetland ecosystems. 

30.2.2.3 Ordering the Protection and Restoration Priority of Wetland 
Ecosystems 

Analysing many multi-criteria assessment methods shows that the AHP method 
provides a solution to determine the weights of the reliable criteria through assessing 
consistency. This solution eliminates the disadvantage of the TOPSIS in that there is 
no technique to control the reliability of the input criteria weight set. TOPSIS provides 
a solution to determine the distances from alternatives to the positive and negative 
ideal solutions, determining the order of priority and overcoming the weakness of 
AHP, which is the ranking permutation (Velasquez and Hester 2013; Dat et al. 2017) 
… From these characteristics, this paper proposes a combination of AHP and TOPSIS 
to order the priority of wetland ecosystems. 

(a) Defining the input criteria weight set by using AHP 
AHP method is used to construct the pair-wise comparison matrix, calculate 
the weighted set of the evaluation criteria, and determine the consistency in 
assessing the importance of the criteria. The comparisons are made in pairs and 
aggregated into a pair-wise comparison matrix of n rows and n columns (n is 
the number of criteria). 

The pair-wise comparison matrix is represented by the following formula 
(Saaty 1980; Phuong and Mai 2018): 

A = 
( 
ai j  

) 
n×n = [  1 a12 . . .  a1n a21 

... an1 1 
... an2 . . .  

. . . · · ·  a2n 
... 1 ] (30.1)
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Table 30.2 Table to look up RI values according to the number of criteria (Saaty 1980) 

n 1 2 3 4 7 8 9 10 11 12 13 14 15 

RI 0 0 0.58 0.9 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.59 

In which, ai j  shows the importance of the ith row criterion compared to the j 
column criterion. The relative importance of criterion i compared to criterion j 
is calculated according to the ratio k, whereas criterion j compared to criterion i 
is 1/k thus ai j  = 1 

a j i  
. The level of importance is referenced in Saaty’s pair-wise 

comparison table (Saaty 1980). 

The AHP determines the inconsistency of pair-wise comparisons (expert judg-
ments) through the consistency ratio (CR) according to the following formula (Saaty 
1980): 

CR  = 
C I  

R I  
(30.2) 

C I  = 
λmax − n 
n − 1 

(30.3) 

where CR is the consistency ratio, CI is the consistency index, and RI is the random 
consistency index corresponding to the number of criteria (n) provided in Table 30.2. 

If CR < 0.1, the pair-wise comparison matrix is consistent, so the set of weights 
is accepted to move on to the next step. Use the AHP method’s weights to calculate, 
process, and rank the wetland ecosystems that must be prioritised for protection and 
restoration. 

(b) Ordering the protection and restoration priority of wetland ecosystems 
TOPSIS based on the fundamental premise that the best solution has the shortest 
distance from each alternative to the positive-ideal solution and the longest 
distance from each alternative to the negative-ideal one. Alternatives are ranked 
using an overall index calculated based on the distances from the ideal solutions. 
The ordering of the protection and restoration priority of wetland ecosystems 
by TOPSIS contains the below steps (Jozaghi et al. 2018): 

Step 1 Building the decision matrix 
The decision matrix X = (xi j  )m×n has the number of rows as the wetland 
ecosystems to be ranked and the number of columns as the criteria used to 
calculate the order of protection and restoration priority. 

Step 2 Calculating the normalised decision matrix 
The normalised decision matrix is built to transform the dimensional units 
into scalar units to compare the criteria values in the matrix X = (xi j  )m×n . 
The normalised value rij is calculated by the following formulas: 

R = 
( 
ri j  

) 
m×n = A1 A2
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... Am 
( r11 r12 r21 r22 . . .  r1n . . .  r...n . . .  

... .  .  .  .  .  .m1 rm... 
... 
... .  .  .  rmn 

) (30.4) 

where 

ri j  = xi j  / 

[|
|√

m∑ 

i=1 

( 
xi j  

)2 
(30.5) 

ri j  = 1 − (xi j  / 

[||√
m∑ 

i=1 

( 
xi j  

)2 
) (30.6) 

The formula (30.5) is used to calculate normalised values of the positive 
(good) criteria, and formula (30.6) is applied for the negative (bad) criteria. 

Step 3 Calculating the weighted normalised decision matrix 
The weighted normalised matrix is calculated by multiplying the value 
normalised decision matrix rij by the weight of corresponding criteria (which 
is calculated by AHP). The weighted normalised value υi j  is presented by 
the formula (30.7): 

υi j  = w j × ri j (30.7) 

where i = 1,…, m; j = 1,…, n; m is the number of attribute values in each 
criterion, n is the number of criteria, wj is the weight of jth criteria. 

Step 4 Calculating the positive and negative ideal solutions 
The positive (A+) and negative (A−) ideal solutions are defined by using 
formula (30.8) and formula (30.9) as:  

A+ = 
[ 
υ+ 
1 , . . . , υ

+ 
2 , . . . , υ

+ 
n 

] 
(30.8) 

A− = 
[ 
υ− 
1 , . . . , υ

− 
... , . . . , . . .

− 
n 

] 
(30.9) 

where {υ+ 
j = {υ...}; i = 1, 2, . . . ,  mυ− 

j = 
{ 
υi j  

}; i = 1, 2, . . . ,  m if jth 
criterion is positive. 

{v+ 
j = 

{ 
υi j  

}; i = 1, 2, . . . ,  mυ− 
j = 

{ 
υ... j 

}; i = 1, 2, . . . ,  m if jth 
criterion is negative. 

Step 5 Calculating the distance from each alternative (wetland ecosystem) to the 
positive and negative ideal solution 
The distance from each alternative to the positive and negative ideal solutions 
is obtained by applying the Euclidean distance theory. Formulas (30.10) and 
(30.11) show positive and negative distance calculation processes.
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S+ 
i = 

[||√
n∑ 

j=1 

( 
υi j  − υ+ 

j 

)2 
(30.10) 

S− 
i = 

[||√
n∑ 

j=1 

( 
υi j  − υ− 

j 

)2 
(30.11) 

Step 6 Calculating the relative proximity of each alternative (wetland ecosystem) 
to the positive ideal solution 
The below formula determines the relative closeness of the ith alternative: 

C+ 
i = S− 

i / 
( 
S+ 
i + S− 

i 

) 
(30.12) 

where 0 ≤ C+ 
i ≤ 1, i = 1, 2, . . . ,  m 

Step 7 Ordering the protection and restoration priority of wetland ecosystem 
The order of wetland ecosystem protection and restoration priority is based 
on the relative proximity calculated in the previous step. The wetland ecosys-
tems with a high priority will have higher Ci 

+values and are closer to the 
ideal positive solution. They are suitable and should be chosen. The orders 
in this step are assigned to the wetland ecosystem data layer to present the 
wetland ecosystem protection and restoration priority map. 

30.3 Results and Discussion 

30.3.1 Defining Dong Thap Muoi’s Wetland Ecosystems 
Protection and Restoration Criteria 

The selected objectives and criteria for assessing the wetland ecosystems protection 
and restoration priority of Dong Thap Muoi region are proposed based on synthe-
sising the collected documents, research, and interviewed local people and managers 
about the natural, social-economic, ecological conditions, master plan, planning, 
plan. After considering all interviews and available data of Tram Chim National 
Park (TC), Lang Sen Wetland Reserve (LS), Dong Thap Muoi Ecological Reserve 
(DTME), Xeo Quyt relic site (XQ), Gao Giong eco-tourism area (GG), Dong Thap 
Muoi medicinal plant conservation area (DTMM), Tan Lap floating village tourist 
site, Dong Sen Go Thap ecological area (DSGT), the authors decided to select objec-
tives and criteria that are protecting and restoring the cultural and supporting services. 
The criteria are listed in Table 30.3.
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Table 30.3 Selected criteria for ordering protection and restoration wetland ecosystems priority 
of Dong Thap Muoi region 

No Name of the criteria Unit Sign 

A Protection 

I Support Services 

1 Biodiversity 

1.1 Total species Species BV1 

1.2 The number of endangered and rare species Species BV2 

2 Pressure on biodiversity 

2.1 The number of invasive alien species Species BV3 

2.2 Water salinity ‰ BV8 

2.3 Forest fire sensitivity BV9 

II Cultural services 

1 Ability to provide tourism and entertainment services 

1.1 The average number of tourists per year Person BV10 

1.2 Average annual revenue from tourism Million BV11 

2 Pressure on tourism and entertainment 

2.1 Distance from livestock areas to wetland regions m BV4 

2.2 Distance from industrial areas to wetland regions m BV5 

2.3 Distance from residential areas to wetland regions m BV6 

2.4 Distance from roads to wetland regions m BV7 

B Restoration 

I Support services 

1 Decreased vegetation cover area ha PH1 

2 The lost number of endangered, rare animals and plants Individual PH2 

3 Surface water quality PH3 

30.3.2 Creating Wetland Ecosystems Map 

The wetland ecosystems map is inherited from previous research (Thuy 2020), which 
was established using seven thematic landscape ecology data: geology, topography 
and geomorphology, hydrology, bio-climate, soil, vegetation cover, and land use. 
The Landsat satellite images were used to correct the vegetation cover and land use 
layers. The wetland ecosystems map is shown in Fig. 30.4.

30.3.3 Building Criteria Data Layers 

The decreased vegetation cover area (PH1) is extracted and calculated using Landsat 
7 and 8 imagery on 24/4/2010 and 15/11/2018. All of them are converted from the
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Fig. 30.4 Wetland ecosystems map (Thuy 2020)

WGS-84 coordinate system to the VN2000 coordinate system. Landsat 7 images are 
filled gaps using the SCP tool of QGIS to fix scan line errors. 

The criteria values of BV1, BV2, BV3, and PH2 are collected from papers, projects 
and field investigations. The livestock, industrial, and residential areas are extracted 
from the land-use map; the road network is derivated from the geodatabase at scales 
1:2000 and 1:5000. Using ArcGIS 10.5 Euclidean Distance tool creates distance 
rasters of BV4, BV5, BV6, and BV7. The water salinity (BV8) layer referenced the 
data of saltwater intrusion in the state scientific project BÐKH.11/16-20 (Nghi et al. 
2019). 

The forest fire sensitivity (BV9) data layer is an algorithm of density (D), humidity 
(H), vegetation types (LC); land surface temperature (LST); distances from wetland 
ecosystems to water sources (WS), residential areas (RA), and roads (RO). The char-
acteristic vegetation and land surface temperature rasters are achieved from satellite 
images; the water sources (hydrological network) are derivated from the geodatabase 
at scales 1:2000 and 1:5000; the distance rasters are done the same as BV4, BV5, 
BV6 and BV7. The fire sensitivity can be explained as below: 

FI = 0.35 × LC + 0.25 × LST + 0.05 × H + 0.11 × D 
+ 0.15 × RA + 0.04 × RO + 0.05 × WS (30.13) 

The forest fire sensitivity raster is compared with fire points data and inquired fire 
information, indicating the suitable fire happening in Dong Thap Muoi region.
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Fig. 30.5 Biodiversity data 

The potential provision of tourism and entertainment service is counted through 
two parameters: the average number of tourists per year (BV10) and the average 
annual revenue from tourism (BV11). These data are collected, processed, and 
converted to the current time in 2018. 

Surface water quality data (DO, COD, TSS) is defined based on regression Landsat 
8 images (Band 1, 2, 3, and 5) and sampled data on 11/2018, in Dong Thap Muoi 
region. 

All criteria layers will be spatialised and assigned to each wetland ecosystem 
using ArcGIS 10.5 software (Figs. 30.5, 30.6, 30.7, 30.8, 30.9, 30.10, 30.11 and 
30.12).

30.3.4 Ordering and Mapping Dong Thap Muoi’s Wetland 
Ecosystems Protection, Restoration Priority 

The assigned data of 14 protection and restoration criteria in the wetland ecosystems 
map are exported by ArcGIS 10.5 tool to excel format to calculate and rank the priority 
protection and restoration of wetland ecosystems. The detailed data are shown in 
Tables 30.4 and 30.5.

This study determined the importance of each pair of all protection and restora-
tion criteria based on surveys and interviews with experts who are managers and
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Fig. 30.6 Forest fire sensitivity data 

Fig. 30.7 Tourism and entertainment data
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Fig. 30.8 Surface water quality data 

Fig. 30.9 Distance from livestock areas

researchers in the fields of nature and biodiversity conservation, environment, land 
management, economy and society. 

Protection and restoration criteria weights are calculated by the AHP method 
because they have CR < 0.1. Tables 30.6 and 30.7 show the results.

The weights of these criteria were also discussed and confirmed by many 
landscape ecological experts in three workshops.
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Fig. 30.10 Distance from industrial areas 

Fig. 30.11 Distance from roads

The protection and restoration priority orders of 8 wetland ecosystems are 
computed by the TOPSIS method. The results are respectively shown in Tables 30.8 
and 30.9.

The calculated orders are reassigned into the wetland ecosystem layer to establish 
the wetland ecosystem protection and restoration priority maps. The symbols are 
expressed in fractions 8 

Stx−M , in which the numerator (8) is priority order, and the 
denominator is the ecosystems wetland sign names (Vietnam (Stx)—Ramsar (M)). 
These maps are shown in Figs. 30.13 and 30.14.
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Fig. 30.12 Distance from residential areas

Table 30.4 Detailed criteria data to evaluate the priority of protection 

Wetland 
ecosystem 

Criteria 

BV1 BV2 BV3 BV4 BV5 BV6 BV7 BV8 BV9 BV10 BV11 

TC 667 57 12 2280.9 1066.7 937.9 210.9 0 189.1 66,000 6.7 

LS 382 20 3 2036.2 1149.6 774.5 127.7 0 38.9 30,200 2.833 

DTME 337 8 0 1942.2 1975.6 655.7 163.9 0.25 37.5 0 0 

XQ 334 15 6 3037.4 2146.9 313.1 84.6 0 0 72,000 16.92 

GG 389 7 0 2870.9 1337.9 1368.7 124.1 0 0 169,582 34.5 

DTMM 91 10 0 2361.9 1094.2 810.6 909.4 0 35.0 0 0 

TL 0 0 0 2439.7 1174.8 694.7 620.5 0 29.8 90,500 121.5 

DSGT 0 0 0 3380.1 1821.1 1812.4 186.7 0 0 75,600 6.3 

Table 30.5 Detailed criteria data to evaluate the priority of restoration 

Wetland ecosystem Criteria 

PH1 PH2 PH3 

TC −383.8 1042 4 

LS 0.0 258 5 

DTME 0.0 0 4 

XQ −24.3 0 3 

GG 0.0 0 5 

DTMM 0.0 0 5 

TL 0.0 0 4 

DSGT 0.0 0 4
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Table 30.6 Protection criteria weights 

Criteria BV1 BV2 BV3 BV4 BV5 BV6 BV7 BV8 BV9 BV10 BV11 

Weight (AHP) 0.19 0.23 0.14 0.11 0.08 0.08 0.06 0.05 0.03 0.04 0.01 

Table 30.7 Restoration criteria weights 

Criteria PH1 PH2 PH3 

Weight (AHP) 0.29 0.65 0.06

Table 30.8 Wetland ecosystems protection priority order 

Wetland ecosystem Solution 

S+ i S−
i C+i Rank of protection 

TC 0.071 0.268 0.791 1 

LS 0.184 0.107 0.366 2 

DTME 0.227 0.088 0.289 4 

XQ 0.190 0.105 0.356 3 

GG 0.230 0.086 0.272 5 

DTMM 0.241 0.059 0.196 6 

TL 0.274 0.034 0.109 8 

DSGT 0.274 0.047 0.147 7 

Table 30.9 Wetland ecosystems restoration priority order 

Wetland ecosystem Solution 

S+ i S−
i C+ 

i Rank of restoration 

TC 0.294 0.630 0.682 1 

LS 0.474 0.333 0.413 2 

DTME 0.630 0.294 0.318 5 

XQ 0.630 0.275 0.304 8 

GG 0.630 0.295 0.318 3 

DTMM 0.630 0.295 0.318 3 

TL 0.630 0.294 0.318 5 

DSGT 0.630 0.294 0.318 5

30.3.5 Verifying and Discussing Results 

In order to verify the accuracy of the results, the study: (i) Conducts a field investiga-
tion as interviews and surveys; (ii) Compares the results with information on plan-
ning and existing studies on these rated sites. Collected data for assessing wetland 
ecosystem protection and restoration priority are shown in Table 30.10.
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Fig. 30.13 Wetland ecosystem protection priority map 

Fig. 30.14 Wetland ecosystem restoration priority map
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Tram Chim’s biodiversity is the richest: (the total number of plants, birds, and fish 
is 667 species), 57 species are endangered and rare, but some of the invasive alien 
species are the largest (12). Therefore, the value of diversity and the pressure is also 
the largest. Tram Chim is also the area that meets 7 out of 9 Ramsar international 
convention standards on wetlands, recognised as the 2000th Ramsar site in the world, 
the 4th in Vietnam on May 22, 2012. In addition, Tram Chim also has an eco-tourism 
function with increasingly diverse forms, attracting a significant number of domestic 
tourists. In 2018, there were over 66,000 visitors with total revenue of over 6.7 billion 
VND. Therefore, it indicates that the research results that rank this area at the top 
regarding protection priority are entirely consistent with reality. 

Tram Chim ranked first in the restoration priority because the number of Red-
crowned Cranes has decreased from 1052 (in 1988) to 11 individuals (in 2018). 
The lack of food due to the shrinking and degradation of hemp grass area when the 
local government allows year-round water storage to prevent forest fires and convert 
the wetlands using the purpose of Melaleuca forest into agricultural land. Satellite 
data shows an increase in vegetation area of 383.75 ha, which can be explained 
by the growing area of Mimosa pigra trees. Overexploitation and tourism without 
reinvestment in planting and restoring Eleocharis ochrostachys grass is also a reason 
for the decline of cranes. 

Lang Sen Wetland Reserve has the second protection and restoration priority 
order, consistent with the fact that data was collected, surveyed, interviewed, and 
extracted from satellite images. In terms of the total number of species, this is the 
area with the third highest biodiversity after Xeo Quyt relic site (382 compared to 
389) but has 20 endangered and rare species, ranked 2nd after Tram Chim; there are 
three invasive alien species which is lower than 6 in Xeo Quyt. With the priority level 
of endangered and rare species protection, Lang Sen is appropriate, and this has also 
been proven when Lang Sen was recognised as the 2227th Ramsar site in the world 
and the 7th in Vietnam (27/11/2015). The number of Red-crowned Cranes in decline 
is 258, so a high restoration priority is appropriate. 

In comparison with the total number of species, Xeo Quyt is the 5th; however, the 
number of endangered and rare species ranks the third, and the number of invasive 
alien species ranks the second. Therefore, the protection priority ranked 3/6 sites 
is consistent with the logic and criteria importance level. In terms of priority for 
restoration, Xeo Quyt is at a low priority because this area has the best surface water 
quality in the ranked areas and the reduced cover area is −24.30 ha (an increase of 
24.3 ha compared to 2010). 

Results were verified by the overall planning conservation of biodiversity in 
Dong Thap 2020, including Tram Chim, Gao Giong, Go Thap, Xeo Quyt are the 
areas prioritised for conservation (Dong Thap Department of Natural Resources and 
Environment 2020). 

Tables 30.6 and 30.8 show the number of endangered and rare species, total 
species, the number of invasive alien species, and the distance from livestock areas to 
wetland regions significantly affect ranking wetland ecosystems protection priority. 
Tables 30.7 and 30.9 indicate that the loss number of endangered, rare animals and
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plants is the most considerable and following is decreased vegetation cover area 
effect on ordering wetland ecosystems restoration priority. 

30.3.6 Solution 

For such areas as Tram Chim, Lang Sen, Gao Giong, Dong Thap Muoi ecolog-
ical reserve, Xeo Quyt, Dong Thap Muoi medicinal plants conservation, it is vital 
to improve and restore the habitat for grass species, especially for Eleocharis 
ochrostachys grass as this is the primary food source for the Red-Crowned crane. 
It is recommended to plant and protect the melaleuca forest system as a shelter 
and breeding ground for water birds. Consider keeping the water to prevent forest 
fires while maintaining and developing grassland ecosystems to attract birds, espe-
cially cranes. Having a suitable management mechanism to avoid converting natural 
land to agricultural production. Developing a mechanism for sustainable ecolog-
ical and green economic development, combining conservation with tourism devel-
opment to bring livelihoods and generate incomes to people, and involve them in 
protecting wetland ecosystems. In areas invaded by alien species, it is necessary to 
take measures to destroy and limit their spread and development, especially Mimosa 
pigra trees in Tram Chim. It is essential to further promote people’s education through 
local authorities’ propaganda and advocacy of protecting wetland ecosystems with 
specific policies for protection participants. 

For areas with potential for eco-tourism development, such as Tan Lap, Gao Giong, 
and Xeo Quyt, it is necessary to have solutions to ensure economic development 
without affecting the ecological habitats of species. There should be a mechanism 
for reinvesting in improving the living environment, increasing the vegetation cover 
to attract animals, especially resident birds, to nest, lay, and live. 

30.4 Conclusions 

Proposing the method of mapping and ordering priority of wetland ecosystems 
protection and restoration based on the application of GIS, remote sensing, landscape 
ecology approach, and AHP is the basis for policymaking, environmental protection, 
and biodiversity conservation planning. 

Experimental results show that the application of remote sensing and GIS in 
establishing, extracting, and modelling input data for assessment, ranking, and 
mapping protection and restoration of wetland ecosystems is entirely achievable. 
The results also are valuable in referencing documents and data for Dong Thap 
Muoi’s environmental protection and biodiversity conservation planning. 

Besides, the proposed method also has some limitations. It requires having land-
scape ecological experts and much data to establish the wetland ecosystems map. 
The input data are often derivated from multiple sources, scales and times. Defining
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the criteria weights also demands expert and indigenous knowledge. Therefore, this 
method requires local managers and experts to define the criteria’ importance and 
use many techniques to process and normalise data to the same scale and time. 

Acknowledgements This study is within the framework of the project “Application GIS, remote 
sensing and landscape analysis tools for establishing zoning map of wetland ecosystems protection 
and restoration prioritisation (Case study in Dong Thap Muoi)”, Vietnam Institute of Geodesy and 
Cartography, 2017–2020. 
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Chapter 31 
The Study of Extraction Soil Salinity 
Information from High Resolution 
Multispectral Remote Sensing Data, Pilot 
Area in DongNai Province, Vietnam 

Xuan Huy Chu , Minh Ngoc Nguyen , Ngoc Dat Dinh , Thu Thuy Le , 
Quang Huy Bui , Thi Lan Pham , Thi Huyen Ai Tong , Van Tiep Trinh, 
and Van Lap Nguyen 

Abstract Soil salinity is one of the causes that directly affect agriculture in many 
countries and territories around the world. This study establishes a map of saline 
soils in the area of Long Thanh and Nhon Trach districts, Dong Nai province, using 
Sentinel-2 data taken in the dry season 2020–2021. The indicators used are Salinity 
Index, SI and Enhanced Vegetation Index, EVI. The electrical conductivity (EC) data 
collected at that time was used to build a suitable model for the study area on the basis 
of correlation with the used indicators. On the basis of correlation calculations of a 
multiple linear regression model with the determination coefficient of approximately 
0.75. At the same time, the March 2021 Sentinel-2 dataset is used to map saline soils 
as this is when saline soils are most apparent. 

Keywords Sentinel-2 · Soil salinity · Dong Nai Province · Multiple linear 
regression 

31.1 Introduction 

Soil salinization is a major process of soil fertility degradation that result in the infor-
mation of salt affected soil (Azabdaftari and Sunar 2016). Soil quality deterioration 
has become a global problem, especially in coastal areas, where 50% of the world’s 
population is concentrated (FAO 2000) (100 km from the coast to the continental).
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It is also a place strongly affected by one of the phenomena of soil degradation as 
soil salinity. A large amount of soil salinity is unavailable for cultivation There are 
half billion land becomes infertile for crop production and agriculture due to salinity 
(Douaoui et al. 2006). The soil salinity and loss of soil quality caused declining 
crop yield (Douaoui et al. 2006). World food security can only be achieved with 
the development of crops that are salinity tolerant (FAO 2020; Liu and Huete 1995) 
Saline soil causes serious problems in management and exploitation, significantly 
affecting the farming ability. The nature and characteristics of saline soils are also 
very diverse, so it requires a specific approach and research if you want to manage as 
well as exploit the benefits from saline soil. Therefore, the extending of saline soils 
should be regularly monitored to ensure updates on their severity, spatial distribution, 
nature, and trend of widening. 

The timely and accurate acquisition of soil salinization information are strongly 
important role for the prevention and management of land degradation and ecological 
restoration in arid areas (Rhoades et al. 1999). To detect the occurrence, dynamics, 
and distribution of salinization, soil salinization monitoring is a basic task (George 
et al. 2020). The saline soil map is usually established by collecting in situ soil samples 
and analyzing those samples in the laboratory to determine their solute concentrations 
or electrical conductivity. However, these methods are often time-consuming, costly, 
and labor-intensive. Beside, traditional soil salinization monitoring is suitable on 
large-scale distribution information, and it is difficult to monitor soil salinization 
on a large scale. Recently, remote sensing data have been widely applied in soil 
salinization monitoring because of more efficiently and economically rapid tools 
(Kim-Anh et al. 2020), and accurate of soil salinity mapping is imperative (George 
et al. 2020). So research on soil salinization mapping using remote sensing data is 
crucial (Rhoades et al. 1999). 

In recent years, satellite remote sensing data have become useful tool to extract 
soil salinization information. There are many types of satellites providing imagery 
that is useful information in detecting and monitoring saline soils such as LANDSAT, 
Sentinel-2, SPOT, IKONOS, EO-1, IRS, Terra-ASTER, … (Kim-Anh et al. 2020; 
Khan et al. 2001; Khan and Abbas 2007; Ai et al.  2018; Shirokova et al. 2020). One 
of them is Sentinel-2 imagery with multiple wavebands and a high spatial resolution 
of 10 m, which can be met accuracy requirements for small areas. However, there 
are still few studies using this data to extract saline soil information. 

There are many researches that soil salinization mapping using spectral response 
extracted directly from sensors or after the application of spectral transformations 
such as principal component analysis (PCA) (Khan et al. 2001; R-Development 
Core Team 2011), tasseled cap transformation (Khan and Abbas 2007), and spectral 
indices (Ai et al. 2018). Vegetation has been used as an indirect indicator to predict and 
map soil salinity. Among the vegetation indices, NDVI, SAVI, and Ratio Vegetation 
Index (RVI) have been used to establish soil salinity map (Shirokova et al. 2020; 
Liu et al. 2018). Beside, Lobell et al. (2010) revealed that the Enhanced Vegetation 
Index (EVI) is a more reliable indicator of soil salinity than the NDVI. Furthermore,
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direct salinity indicators, indices such as salinity index (SI) have been developed and 
commonly used to identify salt-affected areas. The goal of the current study is to test 
the utility of Sentinel-2 for mapping soil salinity in the Long Thanh, Nhon Trach 
districts, Dong Nai province, Vietnam. 

31.2 Pilot Area and Data 

The pilot area is located along the Dong Nai River in the two districts of Long Thanh, 
Nhon Trach, and a small part of Bien Hoa city, Dong Nai province (Fig. 31.1). This 
is an area with a lot of rice-growing areas in the province, but also an area with an 
increasing area of saline soil due to the influence of saline intrusion from the sea along 
the Dong Nai river up to Bien Hoa city. Here, rice production is quite complicated, in 
communes strongly affected by saline intrusion such as Phuoc Khanh, Phu Hoi, Phu 
Dong of Nhon Trach district, there are only one or two rice crops, even in the area. 
In Phuoc Khanh commune, the cultivated rice areas also have differences in salt-
tolerant rice varieties, which are 3-month varieties and 6-month varieties; however, 
in some communes such as Long Phuoc of Nhon Trach district, due to adequate water 
supply, there are 3 rice crops a year. The complex crop season makes challenging in 
monitoring saline soil changes by satellite imagery, especially in small study areas. 
Imagery data requirements are not only high spatial resolution but also short revisit 
time to collect information at different times.

Sentinel-2 is a part of the European Commission’s Copernicus program, which 
was designed specifically to deliver a wealth of data and imagery. The satellite 
supplies imagery in high resolution of 10 m in the visible (Red, Green, Blue), near-
infrared (NIR), which ensures the capture of not only vegetation state but also soil 
salinity information due to NIR band. 

The collected data is Sentinel-2 imagery at the beginning and the end of the dry 
season in the pilot area and close to the time of survey on December 3, 2020, and 
March 28, 2021, including scenes named: T48PXS, T48PXT, T48PYS (Table 31.1).

The measurement data were collected through the survey at the beginning and 
the end of the dry season to monitor change the whole season, the first phase was 
from November 29–30, 2020 with 50 samples (for model generation), and the second 
phase was from March 22–23, 2021 with 35 samples (for model verification). At each 
sample, soil salinity was collected using the FieldScout instrument, which is used in 
agricultural salinity measurement. These samples were all taken based on soil map 
and land use map in the area (Rhoades et al. 1999; George et al. 2020). 

31.3 Methodology 

Firstly, Sentinel-2 data was atmosphere corrected to get reflectance data before 
calculation by formulas listed in Table 31.2:
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Table 31.1 Acquisition and sampling date 

Imagery date Sampling date 

03/12/2020 29–30/11/2020 

28/3/2021 22–23/3/2021

Table 31.2 Used formulas in study 

Index Formula Ref. 

SI1 SI  = √
B × R Khan et al. (2001) 

SI2 SI  = √
G × R Douaoui et al. (2006) 

SI3 SI  = √
G2 + R2 + N I  R2 Douaoui et al. (2006) 

SI4 SI  = √
G2 + R2 Douaoui et al. (2006) 

SI5 SI  = B R Khan and Abbas (2007) 

SI6 SI  = B−R 
B+R Khan and Abbas (2007) 

SI7 SI  = G×R 
B Khan and Abbas (2007) 

SI8 SI  = B×R 
G Khan and Abbas (2007) 

SI9 SI  = N I  R×R 
G Khan and Abbas (2007) 

SI10 SI  = √
G + R Khan and Abbas (2007) 

EVI EV  I  = 2.5 × N I  R−R 
N I  R+c1×R−c2×B+L Liu and Huete (1995) 

In the EVI formula, c1 = 6; c2 = 7.5; L = 1 

These indicators were selected according to the relevant literature based on their 
effectiveness in mapping soil salinity (Douaoui et al. 2006; Liu and Huete 1995; 
Khan et al. 2001; Khan and Abbas 2007). Therefore, correlation analysis of each 
index with electrical conductivity values was performed by linear regression method 
to investigate the best correlation with the salinity of samples (Azabdaftari and Sunar 
2016; Kim-Anh et al. 2020; Ai et al.  2018). 

The correlation between the electrical conductivity through the samples collected 
in the field and the calculated value from the spectral bands will be used to find 
out the relationship between the calculated values from the image and the actual 
measured value. The selection method is a linear regression method that is widely 
used in the study of spatial distribution. However, the simple linear regression method 
could hardly meet the accuracy requirements (Azabdaftari and Sunar 2016;Kim-Anh  
et al. 2020; Ai et al.  2018), so we chose the multiple linear regression method. 
In which, using the Bayesian Model Average algorithm (abbreviation is BMA) 
combines Bayesian Information Criteria (abbreviation is BIC) and Akaike Infor-
mation Criterion (abbreviation is AIC) to pick the most suitable model. After that, 
consider the coefficient of determination R2 between the measured value and the 
estimated value (R-Development Core Team 2011). The multiple linear regression 
according to BIC and AIC criteria method is performed on R software.
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31.4 Result and Discussion 

The following results (Table 31.3) express the estimation models for salinity index 
using BIC criteria. Model 1 is the best model with BIC = −35,759; R2 = 0.616, and 
Post prob = 0.273 (Douaoui et al. 2006) with the independent variables SI2, SI3, 
SI4, SI9 (calculated results shown in Fig. 31.2). And the estimation model is: 

ECestimation = 11.668 − 697.087 ∗ SI2 − 98.301 ∗ SI3 
+ 511.201 ∗ SI4 + 86.717 ∗ SI9 (31.1) 

Similarly for the AIC, we also found the optimal model to estimate the salinity 
index with the highest correlation with the measured value. The results are shown in 
the following Table 31.4.

The obtained results also show that with variables SI2, SI3, SI4, SI9, the 
correlation value of R2 is also nearly similar to the BIC information criterion. 

After selecting a model to estimate the salinity index from Sentinel-2 image data, 
we verified the accuracy of the model. The results show that the correlation between 
the estimated value and the measured value is quite good, with R2 ≈ 0.75 (Fig. 31.3).

After the model was verified and achieved good results, the saline soil map was 
established with salinity levels classified according to Table 31.5 following (FAO 
2020; Shirokova et al. 2020):

Table 31.3 The estimation models based on the BMA algorithm with BIC 

p! = 
0 

EV SD Model 1 Model 2 Model 3 Model 4 Model 5 

Intercept 100.0 1.359e+01 4.426 11.668 15.791 10.697 11.481 13.803 

SI1 7.0 −1.727e+00 30.245 

SI2 59.1 −3.949e+02 397.555 −697.087 −786.402 −714.433 −711.581 

SI3 100.0 −8.558e+01 19.244 −98.301 −70.142 −87.427 −100.839 −97.157 

SI4 58.4 2.886e+02 294.047 511.201 575.738 528.126 519.378 

SI5 6.7 3.388e−02 2.609 −2.580 

SI6 6.5 −1.996e−03 3.781 

SI7 7.3 −1.551e−01 9.703 

SI8 6.3 −2.768e−01 7.798 −8.740 

SI9 100.0 7.470e+01 19.779 86.717 57.969 81.739 90.049 84.582 

SI10 6.4 −6.325e−02 1.762 

EVI 8.2 −2.483e−01 2.765 −6.504 

nvar 4 2 5 5 5 

R2 0.616 0.548 0.621 0.617 0.617 

BIC −35.759 −34.926 −32.515 −31.856 −31.852 

Post 
prob 

0.273 0.180 0.054 0.039 0.039
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Fig. 31.2 Calculated results of indexes SI2, SI3, SI4, SI9

The pilot area is located in the sub-equatorial monsoon tropical climate, with only 
two rainy and dry seasons; The soil salinity is highest is at the end of the dry season 
(around March and April every year), so the images taken on March 28, 2021, is 
used to establish a map that could reflect the current saline soil situation in the area. 

Figure 31.4 shows the soil saline distribution in the study area, the most affected 
areas are the southern part of the pilot area, in communes such as Phu Huu, Phu 
Dong of Nhon Trach district, the paddy fields are saline (between 8 and 15 dS/m), 
so yields are low, there is only one crop per year but there are some areas with high 
salinity, with a common value of 17–18 dS/m. Besides, Phuoc Khanh commune is 
a strongly affected area, the soil is saline (common value is about 16–16.5 dS/m) 
cannot culture, only sedges. However, Vinh Thanh commune, which has relatively 
large paddy fields, due to its high terrain, is less affected than Phuoc Khanh commune. 
Going north along the Dong Nai river, the salinity of the soil also decreases gradually 
so that it is less affected by saline intrusion. Dai Phuoc commune is located on Phu 
Huu commune, but the soil is much less salty, and the paddy fields is still quite large.
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Table 31.4 Selected optimal model based on BMA algorithm with AIC 

Residuals 

Min 1Q Median 3Q Max 

−14.3467 −1.5275 −0.1436 1.5506 11.8853 

Coefficients 

Estimate Std. error t value Pr (>|t|) ** 

(Intercept) 11.668 3.428 3.404 0.00133 ** 

SI2 −697.087 240.789 −2.895 0.00565 *** 

SI3 −98.301 13.553 −7.253 2.69e−09 ** 

SI4 511.201 182.095 2.807 0.00715 *** 

SI9 86.717 13.860 6.257 9.40e-08 

Signif. codes 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1 

Residual standard error: 4.795 on 49° of freedom 

Multiple R2: 0.6162, Adjusted R2: 0.5849 

F-statistic: 19.67 on 4 and 49 DF, p-value: 1.039e−09

Fig. 31.3 Correlation 
between measurement and 
estimation from images

y = 1.1215x - 1.411 
R² = 0.7464
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Table 31.5 Soil salinity level classification 

No. Salinity level EC (dS/m) 

1 Non salinity <4 

2 Low salinity 4–8 

3 Mid salinity 8–15 

4 High salinity >15

Up to the communes of Long Tan, Phu Hoi of Nhon Trach district, and Tam An of 
Long Thanh district, the salinity of the soil is quite low, only about 1–2 dS/m, so 
the paddy fields here is very large, and crops also increase with 2–3 crops/year. To 
the east of the pilot area, the soil is almost not salty and the water is fully supplied, 
so the paddy fields are in communes such as Long An in Long Thanh district, Hiep 
Phuoc and Phuoc Thien in Nhon Trach district can cultivate 3 crops/year.

There are some confusing results in the inland area that is less affected by seawater 
rising but showing high salinity in Fig. 31.4. The main cause of spectral confusion,
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Fig. 31.4 The soil salinity map

on the bare soil, there is the presence of a large amount of sand. Surface brightness 
due to high sand content determines higher reflectance that makes spectral confusion 
between the soil saline and sand.
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There are many kinds of land use in the pilot area, however, we have only focused 
on paddy fields, which are most affected by saline soil. Moreover, in some areas 
the soil has become so saline that it is not possible to culture rice or yields are low, 
farmers have left it fallow or have begun to change the use purpose to exploit the 
land more efficiently. 

31.5 Conclusions 

A model to estimate soil salinity based on a multiple linear regression method using 
the BMA algorithm combined with BIC and AIC has been developed, it makes the 
correlation between measurement results and calculated from images is better than 
simple linear regression. The verification results show that the correlation between 
the calculated value and the measured value is good (the coefficient of determination 
is 0.74). 

Results of the study have demonstrated the Sentinel-2 ability in terms of extraction 
soil salinity information, and moreover can be applied to small areas. 

Acknowledgements This article was completed with the support of the project “Application of 
remote sensing technology and GIS to map saline soils in some areas of Dong Nai province”, ID: 
UDNGDP.04/20-21 
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Chapter 32 
Dynamics and Determinants of Forest 
Changes Across Mainland Vietnam 
in the Recent Three Decades 

Duong Cao Phan , Ba Thao Vu, Dang An Tran, Vuong Trong Kha, 
and Kenlo Nishida Nasahara 

Abstract In the recent few decades, Vietnam has experienced a considerable change 
in land use/land cover (LULC), especially forest land. However, there is not a compre-
hensive analysis of the dynamics and drivers at the nationwide spatial scale for 
a long-term period. In this research, we estimate the socioeconomic and biophys-
ical drivers of forest changes at the commune scale. Utilizing our results from the 
Vietnam-wide annual LULC database available in the Japan Aerospace Exploration 
Agency (JAXA), we first computed the dynamic changes in forest land from 1990 
to 2020. To decide the major drivers of the changes, we conduct a synthesis of 
case studies working on the analysis of the forest changes in Vietnam at various 
spatial levels. Subsequently, a machine learning technique was adopted to measure 
the drivers of the forest changes. Our results indicate that although the forest area has 
increased from 2005 to 2010, it has undergone a decrease over the full study period. 
There is a dramatic conversion between forest and agricultural land, especially in 
the North-West and Central Highlands. This conversion is mainly driven by agri-
cultural expansion/shifting, topographic position index, accessibility/infrastructure,
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population growth/migration, and distance to systems such as irrigation, drainage, 
and mining/industry. The identification of the drivers in this study is likely to help 
enhance the accuracy of the land use/land cover change prediction. These findings 
provide coherent evidence-based information about the dynamics and drivers of 
forest changes at the nationwide spatial and decadal temporal scales and thus can 
support informing land policies in Vietnam. 

Keywords Land use land cover change · Forest change and transition · Drivers ·
Machine learning techniques · Vietnam 

32.1 Introduction 

A change in land cover refers to the alteration of the biophysical surface of the 
Earth while land-use changes can be defined as variations in the way of using and 
managing a specific land area. Due to a direct connection between these two terms, 
land use/land cover change (LULCC) is generally used in the literature. One of the 
greatest changes in LULC is forest transition, especially forest degradation and defor-
estation. The unexpected change of forests impacts adversely on regional climate 
extremes (Findell et al. 2017), biodiversity (Semenchuk et al. 2022), and ecosystem 
services (Chung et al. 2021). As a result, proper estimations of forest changes and 
drivers is a central topic in international discussions and projects such as Paris Agree-
ment and Reducing Emissions from Deforestation and Forest Degradation (REDD+) 
(Winkler et al. 2021). Long-term monitoring and interpreting of forest changes and 
drivers at a large scale and a fine spatial level provide evidence-based information for 
these discussions and projects. This information is also essential to making decisions 
in informing policy, planning, and managing forest resources. 

Despite its importance, the detailed long-term estimation of forest transition is 
challenging, especially in developing regions, which frequently have a lack of infor-
mation about the accurate datasets of forests for a long period. Recent evidence 
suggests that many developing countries are short of professional competence to 
generate fine spatiotemporal and accurate forest mapping resources (Saah et al. 2019). 
For example, a careful synthesis of over 200 case studies focusing on forest and agri-
cultural land in South and Southeast Asia shows that although numerous studies have 
been conducted in certain countries such as India and Indonesia, few studies have 
been done in the other countries of the regions such as Cambodia, Laos, and Vietnam 
(Xu et al. 2019). 

Vietnam has a major resource of tropical forests, but it has undergone highly 
dynamic changes over the recent three decades (Goldblatt et al. 2018; Phan et al. 
2021a). These changes are expected to adversely influence the long-term balance 
of ecosystem services (Truong et al. 2018) and climate (Laux et al. 2017). Unfortu-
nately, very few accurate and consistent datasets of forests have been conducted for 
a long-term period across the country. According to the report of the general statis-
tics office on forest management, available five-year-interval national-scale forest
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maps are frequently utilized by local policymakers. These maps are not always meet 
the requirement of all users and are not frequently published to various institutes, 
organizations, and analysts. Up to date, some data sources have developed, but their 
differences, for example, production methods, producers, and input data usage result 
in inconsistencies in the resultant data products (Saah et al. 2019). Likewise, regional 
and global products have limitations when they are applied for analyses at a local-
level scale. They cannot reflect accurately at a local and a national scale due to their 
coarse spatial resolution and low accuracy (Phan et al. 2018, 2021b; Hansen et al. 
2013). These limitations challenge the effective usage of the existing forest data sets 
to provide scientific information for decision-makers to inform coherent policies, do 
long-term strategic planning, and offer corporate management. 

Currently, we have first created a database for the Vietnam-wide annual land 
use/cover data sets (VNLCD) from 1990 to 2020 (Phan et al. 2021a). Although the 
database does not focus only on forests, it is beneficial for the estimations of forest 
changes and drivers. First, the accuracy of the forest class is high. The database 
contains variously different LULC, which allows for measuring the transition 
between forests and other land types. 

Although we have a manuscript talking details about how the database has been 
conducted (Phan et al. 2021a), we herein summarize the process for a general under-
standing. Specifically, a state-of-the-art framework was established utilizing various 
ground-based and satellite-based data sources, including Landsat and Sentinel 
sensors. The framework contained an automatic training migration model and an 
optimal approach for post classification optimization. The established approach could 
address issues such as cloud-contaminated problems by employing the availability of 
multiple spatiotemporal data, thus improving the accuracy of mapping. The satellite 
data were separated into wet seasons (May–November) and dry seasons (December 
to the next April) to identify the changes in LULC phenology, including forest and 
agriculture. The automatic training migration model offered a practical mode for 
collecting reference data over the recent three decades. Regarding the land cover 
classification system (LCCS), we applied the standard land cover scheme, viz. Land 
Cover Classification System with necessary modifications according to the local 
biophysical environment and end-users’ suggestions in Vietnam. That is, ten land 
cover types (Fig. 32.4) were decided. Applying a benchmark (Olofsson et al. 2014), 
the quality of the VNLCD was statistically validated with ground-based reference 
data derived from extensive field surveys (from 2015 to 2020) and inventory data 
over the country. Different metrics were provided, including overall accuracy, kappa 
coefficients, and standard error of the mean. The VNLCD was published on the Japan 
Aerospace Exploration Agency website. 

This paper aims to explore the dynamics and drivers of forest changes across 
mainland Vietnam. To this end, we first analyze the forest change from 1990 to 2020 
over the study area, utilizing the VNLCD. We then conduct a synthesis of the case 
studies to identify major drivers of the forest changes before deciding the selected 
major drivers for this study. The remaining main part of the paper is to quantify 
the drivers using a logistic regression model. This is the first study to undertake a 
longitudinal analysis of the long-term dynamics and drivers of the forest changes in
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Vietnam. It provides an important opportunity to advance the understanding of the 
pattern, rate, and process of forest changes at a commune level, which can provide 
insights into informing more coherent policy to enhance the management of forest 
in Vietnam and expecting to apply in other tropical regions. 

32.2 Materials and Methods 

32.2.1 Forest 

Forests provide with different valuable services such as soil erosion protection and 
habitat provision for animals and humans. In the field of ecology, various definitions 
of forests are found. In this study, we adopted the definition of forests provided by 
the Food and Agriculture Organization of the United Nation (FAO). Herein, forest 
is defined as “land spanning more than 0.5 ha with trees higher than five meters and 
a canopy cover of more than 10%, or trees able to reach these thresholds in situ. It 
does not include land that is predominantly under agricultural or urban land use”. 
Also, mangrove is not defined as forests in this study. 

32.2.2 Forest Diversity and Change Quantification 

We first estimated and removed possible errors in the VNLCD. Although the VNLCD 
had a high level of accuracy, there might be misclassifications due to the effects of 
different climate situations and changes in plant phenology. The misclassifications 
would happen a few times in the time-series maps. To eliminate the errors, we created 
occurrence maps derived from the 1990 to 2020 time-series maps with arbitrary quan-
tiles, including the first quartile, third quartile, and ninetieth percentile. For each land 
type, we overlaid the occurrence map on the fine-resolution images in Google Earth 
to identify misclassifications. With a trial-and-error technique, we found that the 
third quartile was the best threshold to eliminate possible misclassifications. Subse-
quently, we quantified the dynamics of forestland, including gain, loss, and major 
conversion from 1990 to 2020. We also estimate the diversity of forest changes by 
computing the number of changes between forest and non-forest land at a commune 
scale over the recent three decades (Fig. 32.2). 

32.2.3 Hotspot Analyses 

Changes in LULC are interests, but the change might not be statistically significant, 
biasing the estimation of main drivers. To increase the reliability of the estimation, we
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employed a hotspot analysis to identify the statistically significant changes. Although 
several approaches have been established to estimate hotspots, Getis-Ord Gi 

a (Ord 
and Getis 1995) has been practically applied in the geographic research (Ma et al. 
2012). Hence, we employed the Getis-Ord Gi 

a method to compute z-score and p-
value for each area of interest (ROI). An ROI that has a high z-score and a small 
p-value is a significant hotspot while a coldspot has a low negative z-score and a 
small p-value. Herein, the ROI that has a z-score greater than three was defined as 
a hotspot. The hotspot analysis was performed at the commune level known as the 
ROI. We computed Getis-Ord Gi 

a values as follows Eqs. (32.1), (32.2) and (32.3). 
The Getis-Ord local statistic is given as: 
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where Gi 
a is Getis-Ord local statistics; xj is the attribute value for feature j; wi,j is the 

spatial weight between feature i and j; and n is equal to the total number of features. 

32.2.4 Case-Study Synthesis 

We conducted a review of 47 publications to detect the drivers of spatio-temporal 
changes in forest land in Vietnam. We used the query expression “TI = (drivers 
OR drivers OR causes OR dynamics AND land*) AND TS = (Vietnam OR “Viet 
Nam” AND land*) AND TS = (*fores* OR defor* OR refor* OR degrad*)” to 
search the publications in Web of Science and Google Scholar databases. Then, we 
eliminated duplicates before gathering 456 publications in total, of which about 357 
publications worked on LULC, including forests. Reading the titles and abstracts of 
the 357 publications, we eliminated 189 publications, which did not discuss forest 
topics. Among 168 publications remained, the third-fourth mainly worked on the 
general LULC and LULCC assessment. Finally, we selected 47 publications, which 
worked on estimating the drivers of forest changes. After the careful scanning of 
the full publications, we noted study topics, main drivers, research places, research 
periods, and approaches applied by the selected publications. If a major driver was 
noted in the publications, we defined it as a major driver. Otherwise, the mentioned 
drivers in the publications could be seen as the main drivers. Similar drivers were
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merged to generalize the drivers. They are presented in Table A.1 (Supplementary 
document). 

32.2.5 Proxy Data Drivers 

The main biophysical and socio-economic drivers (Sect. 32.2.4) were derived from 
different sources. Most of the data were extracted annually from the General Statistics 
Office of Vietnam (1990–2020; household surveys). They were originally presented 
in various formats including vector, tabular, and raster formats with different spatial 
resolutions. After that, considerable efforts were made to interpret the data before 
they were used for the coming analysis. Since the data had different spatial resolution, 
we kept the original spatial resolution and computed mean values at the commune 
scale. Then, for the time-series data (e.g., climate) we computed mean, rate of change, 
and standard deviation values over the study period (1990–2020). For the constant 
data (e.g., elevation and slope) which were insignificantly alter over the study period, 
we computed mean values in the area of interest. Details about the proxy drivers are 
presented in Table A.2 (Supplementary document). 

32.2.6 Handling the Multicollinearity of the Driver Proxy 
Data and Modelling Selection 

Multicollinearity causes the inaccurate assessment of the regression coefficients. 
Herein, we first detected the high level of multicollinearity between the driver vari-
ables by computing the variance inflation factors (VIF). We then excluded the driver 
proxy variables which have a high level of multicollinearity or VIF > 10 (Supple-
mentary Document: Fig. A.1) (Hsieh et al. 2003). We acknowledged this limitation 
to reduce the analysis bias of the regression model. 

It is noted that even though several models have been established to estimate the 
drivers of LULCC, there is not the best model. The performance of a model varies 
according to certain research cases. When a model is selected, it should be considered 
major factors, including reliability, generalizability, computational cost, and stability 
(Sun et al. 2022). Recently, a logistic regression model has been commonly applied 
for identifying the drivers of LULCC, due to its clear understanding and impressive 
performance (Xu et al. 2019). A logistic regression model, therefore, was applied in 
this study.
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32.3 Results and Discussion 

32.3.1 Synthesis of the Case Study 

The detailed drivers of the forest gain and loss from the synthesis of 47 case studies 
are presented in Table A.1 (Supplementary Document). Only eight studies worked 
on a national scale (including a regional scale covering Vietnam) while the others 
were conducted at smaller areas from a village to provincial scale. Most studies 
quantified the drivers utilizing quantitative methods such as logistic regression, 
multiple correlation analysis, and linear regression whereas ten studies interpret 
the drivers based on interviews, fieldwork surveys, and historical data. There was 
a larger number of studies on the drivers of forest loss (deforestation) in compar-
ison to forest gain (reforestation/afforestation). The frequent distribution of the main 
drivers is presented in Fig. 32.1. They include socioeconomic drivers such as policy 
and income, and biophysical drivers such as climate and topography. As can be 
seen from the figure, the socioeconomic drivers were mentioned more frequently 
than the biophysical drivers (47 against 33, respectively). Regarding the forest loss, 
frequently mentioned drivers were agricultural expansion/shifting, policy/tenure, 
and accessibility/infrastructure. Meanwhile, policy/tenure and plantation were the 
most common drivers of deforestation. The most interesting aspect of this table is 
that tenure/policy decisions were involved actively in both the forest gain and loss. 
In contrast, plantation solely contributed to reforestation/afforestation while fuel-
wood/logging/charcoal, land size, climate, urbanization, etc. were only mentioned 
in the deforestation studies. 

Fig. 32.1 Frequency distribution of the main drivers extracted from the synthesis of case studies in 
Vietnam. More details about specific drivers can be found in Table A.1 (supplementary document)
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Fig. 32.2 Gross losses, gross gains, and net change in land use/cover at Vietnam-wide scale between 
1990 and 2020. Land use/cover types are showed in different colors. Areas are measured in square 
kilometer. The left represents losses while the right represents gains. Black bars present the net 
changes (gross gains–gross losses) of different land use/cover types 

32.3.2 Land Use/Land Cover and Forest Dynamic Changes 

The conversion of different land use/land cover types between 1990 and 2020 is 
presented in Fig. 32.2. As can be seen from the figure, major LULC changes were 
forests, residential areas, and aquaculture land. While the residential and aquaculture 
land experienced increased trends, the area of forest significantly shrank over the 
study period. This finding was also reported by Hansen et al. (2013) and Leinenkugel 
et al. (2015). This result is, however, likely contrary to that of Meyfroidt et al.,
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Jadin et al., and the report of the Vietnamese Ministry of Agriculture and Rural 
Development (MARD) who found that the area of forests increased (Meyfroidt and 
Lambin 2008; Jadin et al. 2013). These differences are due to several rationales. First, 
Meyfroidt et al. and Jadin et al. only estimated within a shorter period from 1990 
to 2010. Over this period, our previous results also showed an increase in forests in 
Vietnam (Phan et al. 2021a). Second, there was a slight difference in the definition of 
forests provided by this study and the MARD who did not consider rubber, scattered 
trees, etc. as forests. These LULC types changed dynamically but were not fully 
included in the report of forests by the MARD (Hoang et al. 2020). Interestingly, the 
MARD included certain areas administrated by the forestry division into the forest 
land although there may be no forests on the land (Van Khuc et al. 2018). 

Spatial distributions and dynamics of forests in 1990 and 2020 across mainland 
Vietnam are presented in Fig. 32.3a and b, respectively. As can be seen from the 
figures, forests are mainly distributed in the northern and west-center regions that 
had high altitudes/elevation. It is apparent from Fig. 32.3a and b that very few areas 
of forests were detected in delta areas, especially the Red River Delta and Viet-
namese Mekong Delta/the South. Figure 32.4a and b present apparently the fractional 
distribution of forest losses and gains at the commune-level scale. Meanwhile, the 
hotspots and coldspots of forest gains and losses are shown in Fig. 32.4c and d. What 
stands out in the figures is the most dynamics and losses of forests in the Central 
Highlands and the North-West. This finding was also reported by Imai et al. (2018) 
and Kissinger 2020). This result may be explained by several reasons. As can be 
seen in Fig. 32.2, there is a major conversion between forests and agricultural land. 
The central Highlands provide for commercial agriculture with reasonable condi-
tions such as adequate precipitation, moderate temperatures, and good soils. In this 
region, dominant commercial agriculture lands are rubber and coffee, which have 
significantly expanded between 2005 and 2015 (Kissinger 2020).

32.3.3 Measurement of the Major Drivers 

Standardized coefficients are used to compare the relative effect of each individual 
driver variable to the forest change area. Specifically, before running the multiple 
least squares model, we standardized the driver variables to z-scores. Herein, the 
coefficients that we obtain from the model are standardized coefficients, which have 
standard deviations as their units. This means the driver variables can be precisely 
compared to each other, although they are measured on different units and scales. 
The higher the absolute value of the coefficient, the stronger the impact. A positive 
value of the coefficient means that a higher value of a driver variable causes a greater 
change in the forest area. In contrast, a negative value of the coefficient means a 
higher value of a driver variable has a lower change in the forest area. Herein, the 
standardized coefficients are presented in Fig. 32.5.
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Fig. 32.3 Spatial distribution of forests in mainland Vietnam in 1990 (a), in 2020 (b), and the 
dynamic change of forests over recent three decades (c). The red color represents a gain while blue 
color represents a loss over the study period. The data were analyzed using the Vietnam-wide annual 
land use/cover data sets (Phan et al. 2021b) 

Fig. 32.4 Spatial pattern of forest change in mainland Vietnam between 1990 and 2020. a the 
fraction of forest gain (%) and b the fraction of forest loss (%). c Presents hotspot analysis of forest 
gain and d shows hotspot analysis of forest loss. Red color represents hot spots while blue color 
represents cold spots
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Fig. 32.5 Most prominent drivers of forest changes: forest gain (left) and forest loss (right). Square 
dots indicate the coefficients while the bars indicate the uncertainties at the 95% confidence interval 

Forest gain Fourteen major drivers significantly relate to the forest gain, of which a 
half is biophysical drivers and the others are socioeconomic drivers (Fig. 32.5a and 
Table A.3; Supplementary document). Eight major drivers have positive relationships 
with the forest gain; of which the most important driver is agricultural shifting. This 
result can be explained by several possible reasons. As can be seen from Fig. 32.2, 
there is a considerable conversion between forests and agricultural land. In other 
words, agricultural shifting can significantly cause changes in forest areas. This 
result also corroborates the findings of a great deal of the previous work on forest 
transition in Vietnam, which are described in detail in Sect. 32.3.1. For example, 
Ashraf et al. has identified a net increase of forests in certain areas of Vietnam due to 
the major shrinkage of agricultural land (Ashraf et al. 2017). What is surprising is that 
the topographic position index (TPI) and slope positively have substantial impacts 
on the forest gain, although our synthesis shows few studies that have mentioned 
these drivers. A possible explanation for this might be that forests are mainly located 
in mountainous areas that have high values of slope and TPI indexes (Meyfroidt and 
Lambin 2008; Nguyen 2019). Other positive relationships between the forest gain 
and the driver variables are distance to the city, distance to drainage, deviation of 
population growth rate, poultry, and soil types. Among these drivers, the distance to 
drainage is the strongest factor correlating to the forest gain. This finding was also 
reported by Nguyen (2019). It seems possible that drainage systems are frequently 
constructed in flat regions such as cities and densely populated residential areas that 
are non-forest land (La Rosa and Pappalardo 2020). In terms of negative relationships, 
there are six major drivers, of which distance to the sea is the most considerable driver. 
This means forest gains occur in regions close to the sea. This result may be explained 
by the fact that planting forests are considered an effective solution to prevent natural
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hazards and disasters. Several reports have shown that forests are planted in coastal 
areas for protecting erosion and typhoons (Hai et al. 2020; Nguyen et al. 2017). 

Forest loss Standardized coefficients corresponding to forest loss are shown in 
Fig. 32.5b and Table A.4 (Supplementary document) with seven positive relation-
ships and four negative relationships. The most interesting finding was that the topo-
graphic position index (TPI) also has the most positive relationship with forest loss, 
indicating that forest loss frequently occurs in regions that have high values of the 
TPI. However, we have not found studies that identify the relationship between defor-
estation and TPI while slope has been utilized instead (Chi et al. 2013; Meyfroidt 
2013). In this study, the slope has a strong positive correlation with forest loss. 

It is not surprising that agricultural shifting was found to cause a significant loss 
of forests. This finding broadly supports the work of other studies in this area linking 
agricultural expansion/shifting and deforestation (Jadin et al. 2013; Van Khuc et al. 
2018; Imai et al.  2018; Muller and Zeller 2002). There are several types of agricultural 
expansion/shifting. For example, in the Central Highlands (e.g., Dak Lak, Dak Nong, 
and Binh Phuoc), a large number of forests areas have been converted into coffee and 
rubber since the 1990s (Meyfroidt et al. 2013). Specifically, Dak Lak has relatively 
high elevation, fertile soil, and cool weather which offer a suited environment to 
coffee crops, especially Robusta coffee (Pohlan and Janssens 2010). In contrast, with 
a lower elevation and a higher temperature, Binh Phuoc offers a favorable condition 
to rubber plantations (Li and Fox 2012). Also, the quickly growing global demand 
for coffee and rubber resulted in the expansion of these crops. It is also supported 
by governmental policy to convert poor forests into coffee and rubber plantations 
(Meyfroidt et al. 2013; Li and Fox 2012). 

Other major positive drivers correlating to forest loss are accessi-
bility/infrastructure and increasing rate of precipitation. These results support 
evidence from previous observation (Chi et al. 2013; Muller and Zeller 2002; Castella 
et al. 2005; Sikor  2001). Particularly, Nguyen et al. found that forest loss occurs more 
frequently in remote access areas, for example, far from roads, drainage, and a densely 
populated residence (Nguyen 2019). Meanwhile, the positive relationship between 
deforestation and the increasing rate of precipitation indicates that wetter areas are 
favorable conditions for forest transition. A possible explanation for this might be 
that increasing rate of precipitation might introduce extreme climate conditions, such 
as typhoons and floods, which may reduce forest productivity and degradation, and 
thus may cause deforestation (Xiaoming et al. 2019; Rutten et al. 2014). Another 
possible explanation for this is that the major degradation or loss of forests results in 
changes in precipitation (O’Connor et al. 2021; Baudena et al. 2021; Molina et al. 
2019). The literature also reported an increase in extreme climate events, especially 
in the Central Highlands which is a hot spot of deforestation (Nam et al. 2018, 2019). 

Regarding the negative relationships between drivers and forest loss, there are four 
major drivers, namely distance to irrigation, distance to rivers, deviation of population 
growth, and mining/industry. It means that the loss of forest frequently happens in 
regions closer to rivers, irrigation systems, mining/industry zones, and diffusely 
populated areas. Although these drivers have not been mentioned in our synthesis of
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case studies on forest transition in Vietnam, these results match those observed in 
earlier studies in other regions (Rodriguez-Galiano et al. 2012; Siqueira-Gay et al. 
2020). 

32.3.4 Limitations and Future Work 

The generalisability of these results is subject to certain limitations. First, although we 
have collected the most essential drivers mentioned in our synthesis of the case studies 
and added new drivers, we could not quantify some important drivers such as forest 
management policy/tenure, globalization, disasters, and economy/market/price. 
These drivers may have profound effect the transition of forests (Meyfroidt and 
Lambin 2008; Nguyen 2019; Chi et al. 2013; Webb and Honda 2007; Liu et al. 
2020). In this study, the data of these drivers are not available at a proper spatiotem-
poral scale; or some have high multicollinearity, causing difficulties in the precise 
measurement of the impact of individual drivers; we, therefore, have excluded them 
from the analysis model. The lack of these drivers might impact our quantitative 
results. Secondly, the spatiotemporal difference of some collected drivers may cause 
uncertainties in the analysis of the drivers. Specifically, most of the drivers are derived 
from the General Statistics Office of Vietnam, which have been calibrated by the 
office; some are extracted from the WorldClim 2 database (Fick and Hijmans 2017) 
or the satellite-based information (e.g., the Shuttle Radar Topography Mission) (Farr 
and Kobrick 2000). These data may have relatively low quality and added further 
uncertainties in this work. However, the current shortage of the properly available 
data does not permit us to overcome this limitation. This would be a fruitful area for 
further work. 

32.4 Conclusion 

The present research aimed to analyze the changes and drivers of the land use/land 
cover changes focusing on forests in mainland Vietnam. To our best knowledge, this is 
the first work on the analysis of inter-annual dynamics of forests at the national scale 
from 1990 to 2020. Results have shown that Vietnam experiences a considerable 
change in LULC over the recent three decades. There is a significant transition 
between forests land and other lands, especially agriculture, grassland, and shrub-
land. One of the more significant findings to emerge from this research is that the 
forest change has occurred in differences in space and time. The North-West and 
Central Highlands are the most dynamic change areas, which are considered hot spots. 
The study has also shown that although a net gain of forests has been reported in a 
short period (e.g., 2005–2010), Vietnam has undergone a net loss of forests from 1990 
to 2020. The drivers of forest changes are various. Our synthesis of case studies on 
forest transition has indicated that previous studies mainly focused on socioeconomic
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drivers. However, our results show that biophysical drivers also have significantly 
contributed to forest changes. In general, both biophysical and socioeconomic drivers 
are highlighted in this study. The development of the economy requires more food 
and agricultural products, forcing the extensive conversion of forests into other land 
types if biophysical conditions are reasonable for production. The second major 
contribution of our synthesis was that it broadens a more general knowledge of the 
drivers of the forest changes. These findings have significant implications for the 
understanding of how effectively manage forest resources in Vietnam. They may be 
of interest to other countries. The identification of socioeconomic and biophysical 
drivers in this study is likely to help enhance the accuracy of the land use/land cover 
change prediction. 
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Chapter 33 
Monitoring Mangrove Forest Changes 
in Vietnam Using Cloud-Based 
Geospatial Analysis and Multi-temporal 
Satellite Images 

Quang Thang Le and Si Son Tong 

Abstract This study aims to use cloud computing and Sentinel-2 satellite data to 
map mangrove forests in Vietnam. To distinguish mangroves from other areas, it is 
necessary to rely on biological properties: water and vegetation cover. This study 
develops a method by analyzing the time series of water and vegetation cover in 
specific areas to determine criteria for accurate mangrove extraction. For more detail, 
5 criteria canopy, greenness, NDVI > 0.6, NDVI < 0.2, and LSWI > 0.45 are extracted. 
These 5 indices are considered to correlate with annual mean NDVI to set thresholds 
for mangroves. Besides, terrain elevation data is also considered to filter out the mixed 
vegetation close to mangrove. This approach is applied to coastal areas of Vietnam 
to produce a mangrove forests map in 2020 using Google Earth Engine. Then 47 
mangrove-reference points are used to check the mangrove map with an accuracy of 
about 85%. Finally, the mangrove map in 2020 is overlaid with the mangrove map 
in 2011 generated from Landsat images to determine the change of mangroves over 
9 years. The results show that after 9 years, 95,000 ha of mangrove was preserved, 
approximately 120,000 ha disappeared, and approximately 67,000 ha of new forests. 

Keywords Mangrove · Canopy · Greenness · NDVI · LSWI · GEE 

33.1 Introduction 

Vietnam has more than 3000 km of coastline with biodiversity. Mangroves are typical 
plant species of coastal areas. Large numbers of mangroves in Vietnam, which possess 
an important role in protecting the environment and reducing the effects of climate 
change. However, mangrove forests in Vietnam have declined sharply (up to 38%) 
during the Vietnam War and after that by economic development (Veettil et al. 2019). 
In order to face the issue of losing mangrove forest, Vietnam has been implementing
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policies in mangrove protection and restoration (Brown and Chu 2012). It is neces-
sary to have up to date and accurate information about the variation of mangrove 
forest in the whole territory of Vietnam for the purpose of those policies. Mangrove 
forest maps can be made by field measurement or using remote sensing data. The 
field measurement to investigate mangrove forests is hard to apply for such a large 
area as in Vietnam due to the high costs of transporting, traveling, time, and labor 
consumption. Only remote sensing techniques with the advantages of multi-temporal, 
multi-spectral, multi spatial resolutions can instantaneously map mangrove forests 
at regional or global scale. 

Previously, there were some studies that used satellite data to map mangrove 
forests in Vietnam: Mangrove mapping in Hai Phong city (Pham and Yoshino 2013), 
mangrove forest map in Ca Mau Peninsula (Nguyen et al. 2015) and mangrove forest 
map all over Vietnam in 2011 (Mangroves of Vietnam 2011). The disadvantages are 
that 2 out of 3 studies only mapped mangroves for a small region in Vietnam, and all of 
the above studies utilized Landsat satellite images with 30 m resolution. Therefore, 
the re-mapping of mangroves all over Vietnam is necessary because, after years, 
there were many changes affected by economic activities in Vietnam, and new Earth 
observation satellites provide better quality images. 

Google Earth Engine (GGE) is a cloud computation resource to solve the problems 
of processing spatial data with unlimited input data. Google Earth Engine combines 
multiple types of satellite imagery, it is simple to access and especially suitable 
for remote sensing projects. Some previous studies have used the time variation of 
Landsat and Sentinel data to perform satellite data processes such as cloud detection 
(Maiersperger et al. 2013), atmospheric correlation (Zhu and Woodcock 2012) using  
GGE. Chen et al. (2017) applied GGE for time series analysis on Landsat 7/8 and 
SAR images to map mangroves in China with high accuracy. Their method is based 
on the phenology analysis of the water and vegetation time series. Data from the 
spectrum channels on satellite images of a given area were obtained over a period of 
time to observe the change, from which characteristics were drawn. It is concluded 
that the GGE is a powerful tool for mapping mangrove methods at regional and global 
scales with high accuracy. However, the use of GGE to investigate mangrove forests in 
Vietnam has not been found in the literature. Besides, the parameters, thresholds, and 
algorithms used to extract mangrove information are not always the same in different 
areas in the world due to the different mangrove species, environment, climate, etc. 
The development of a method to extract information on mangrove forests in Vietnam 
is indispensable. 

This study aims to investigate the variation of mangrove forest in Vietnam between 
2011 and 2020 using the GGE platform. An algorithm based on the sequence of 
changes over time on Sentinel-2 images to create a mangrove map is developed for 
a specific study area such as Vietnam. The map will then be compared with ground 
reference data and very high-resolution satellite images for validation.
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33.2 Study Area 

The study area includes the coastal area that extends throughout the coastline of 
Vietnam within latitudes between 8° 33' N and 21° 32' N. The mangrove forests in 
Vietnam can be divided into three main areas: The Northern zone from Quang Ninh 
to Thanh Hoa province, The Central coastal zone between Thanh Hoa to Ba Ria Vung 
Tau provinces, The Southern zone from Ba Ria Vung Tau to Kien Giang provinces. 
The Northern zone has medium conditions (alluvium, wind, tides) for mangroves, 
and mangroves in this area are low (height smaller than 10 m) and sparse. The Central 
coastal zone lacks alluvial which limits the growth of mangroves, mangroves in the 
Central coastal zone only exist inside the river mouths and do not appear along the 
coastline. Mangroves in the Northern and Central coastal zones contain plenty of 
red mangroves, mangroves apple. The Southern zone has alluvium created by The 
Mekong River as well as suitable temperature and river flow, mangroves thrive and 
have large size (up to 20 m high) in Southern Vietnam (Phan 1991). Mangroves in 
the Southern area comprise numerous White and Blume species (Fig. 33.1).

33.3 Data in Use 

33.3.1 Sentinel-2 Data 

Sentinel-2 is an Earth observation mission that includes two satellites: Sentinel-2A 
and Sentinel-2B for acquiring optical imagery at space resolution from 10 to 60 m. 
Sentinel-2 was developed and used for remote sensing applications such as land 
monitoring, natural disaster mapping, urban mapping, agriculture management, etc. 
Two levels of pre-processing Sentinel-2 data are available for end users: Level-1C 
and Level-2A. Level-1C product receives the reflectance from the top of the atmo-
sphere (TOA). Level-2A products are images of the earth surface after systematically 
correcting atmospheric effects so called images from the bottom of the atmosphere 
(BOA). This study used only the Sentinel-2 Level-2A images, the characteristics of 
Sentinel-2 Level-2A are described in Table 33.1.

This study utilized Sentinel-2 Level 2A images covering Vietnam’s coastline. 
All images are automatically geo-corrected to reduce the effects of topography and 
standardized to WGS84 Zone 48 N projection. These images are available in GGE 
as image collections. In this research, we use totally 5135 Sentinel-2 images, taken 
from May 31, 2019 to May 31, 2020.
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Fig. 33.1 Three mangrove areas in Vietnam from North to South

33.3.2 Vietnam Mangrove Forest Map in 2011 

The Vietnam mangrove map was a part of the world mangrove map, data can be down-
loaded via website (https://vietnam.opendevelopmentmekong.net/) (Mangroves of 
Vietnam 2011). The 2011 mangrove map was built in 2011 based on Landsat 7 
ETM+ images acquired in 2011 with a resolution of 30 m but small mangrove patches 
(900–2700 m2) were difficult to identify (Mangroves of Vietnam 2011). The 2011 
Vietnam mangrove map was imported into GGE, mainly used as a reference dataset 
to validate mangrove positions and compare the results (Fig. 33.2).

https://vietnam.opendevelopmentmekong.net/
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Table 33.1 Bands characteristics of Sentinel-2 Level 2A (https://sentinels.copernicus.eu/) 

Sentinel-2 bands Central wavelength (nm) Bandwidth (nm) Spatial resolution (m) 

Band 1—coastal aerosol 442.2 21 60 

Band 2—blue 492.1 66 10 

Band 3—green 559.0 36 10 

Band 4—red 664.9 31 10 

Band 5—vegetation red 
edge 

703.8 16 20 

Band 6—vegetation red 
edge 

739.1 15 20 

Band 7—vegetation red 
edge 

779.7 20 20 

Band 8—NIR 832.9 106 10 

Band 8A—narrow NIR 864.0 22 20 

Band 9—water vapour 943.2 21 60 

Band 
10—SWIR—cirrus 

1376.9 30 60 

Band 11—SWIR 1610.4 94 20 

Band 12—SWIR 2185.7 185 20

Fig. 33.2 a Coverage of Sentinel 2 images and b mangrove forest map in 2011 in Vietnam 

33.3.3 Elevation Data 

Shuttle Radar Topography Mission (SRTM) digital elevation data represents the 
elevation of land surface within the range of latitude from 56° S to 60° N. The SRTM

https://sentinels.copernicus.eu/


548 Q. T. Le and S. S. Tong

data is provided by NASA JPL with resolution 30 m and can be imported directly 
in GGE. In this study, the elevation model is used to filter out mangrove segments 
errors classified in high elevation areas. 

33.3.4 Sample Points and Mangrove Boundary for Algorithm 
Development 

In total, 398 points were collected throughout Vietnam for sampling, identifying 
characteristic features, thereby setting thresholds to differentiate mangrove forests 
and other land covers. Points were collected based on mangroves and non-mangroves 
areas. To determine the exact points representing mangroves and non-mangroves 
areas, we used very high-resolution satellite images acquired in 2019 and 2020 in 
Google Earth service and some ground points (6 points in the Xuan Thuy national 
park). We used 47 points included 6 ground points for the accuracy assessment of 
the results. 

Besides, a boundary for mangroves is constructed based on a 15 km-distance from 
coastline because mangroves usually do not appear further than 15 km seaward from 
the coastline (Chen et al. 2017). The boundary of mangrove is relatively determined 
on very high resolution satellite images in the Google Earth service. The boundary 
is used to remove the inland that does not contain mangroves (Fig. 33.3). 

Fig. 33.3 a Sample points of mangrove forests and b the boundary for mapping mangrove forests
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33.4 Method 

33.4.1 Vegetation and Water Index 

Three indices including the Normalized Difference Vegetation Index (NDVI) (Tucker 
1979), the Land Surface Water Index (LSWI) (Gao 1996; Xiao  2004), and the 
Enhanced Vegetation Index (EVI) (Huete et al. 2002) are calculated by the equations 
below: 

NDVI = 
B8 − B4 
B8 + B4 

(33.1) 

LSWI = 
B8 − B11 
B8 + B11 

(33.2) 

EVI = 2.5 × (B8 − B4) 
B8 + 6 × B4 − 7.5 × B2 + 1 

(33.3) 

where B8, B4, B11, B2 are near infrared band (NIR: 0.842 µm wavelength), red 
(0.665 µm wavelength), short wave infrared (SWIR1: 1.61 µm wavelength) and 
blue band (0.49 µm wavelength) respectively of the Sentinel-2 data (Table 33.1). 

33.4.2 Discriminating Mangroves and Other Land Covers 

33.4.2.1 Characteristics of Mangroves 

To map mangrove forests, it is important to distinguish between mangroves and 
non-mangroves. Mangrove forests have a prominent feature that they possess high 
vegetation cover and high surface water index. Besides, the mangrove forests appear 
in low elevation (at sea level). Those characteristics are the keynotes to determine 
mangroves due to the evergreen species and usually submerged in seawater. 

In this study, the relations of mangrove forests with other land covers are divided 
into five pairs: (1) mangroves with low vegetated area (cities, ponds, river, etc.); (2) 
mangroves with low water area (normal forest, sand, whistling pine tree, etc.); (3) 
mangroves and agricultural land (rice crops); (4) mangroves with high water forests 
(such as Casuarina equisetifolia forests); (5) mangroves with hilly and mountain 
forests. The criteria indices and algorithm are developed to discriminate mangrove 
forest from the other land covers in each pair.
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33.4.2.2 Criteria Used to Determine Mangrove 

Sentinel-2 time series show the change of NDVI, LSWI, EVI over one year of the 
period 2019–2020. The first four relation pairs in the previous part can be solved by 
analyzing the phenology of mangrove based on the variation of NDVI, LSWI, and 
EVI. By comparing phenology of mangrove areas and non-mangrove areas at sample 
points, the necessary criteria is determined for differentiating mangrove forests. In 
this study, 5 criteria indices are drawn: greenness, canopy, NDVI > 0.6, NDVI < 
0.2, LSWI > 0.45 to distinguish mangrove. Besides, with hilly and mountain forests, 
SRTM data can limit the elevation because mangrove is low compared to sea level. 

33.4.3 Method Flow Chart 

The flow chart in Fig. 33.4 briefly describes the steps in the method to determine 
mangroves. Firstly, 3 indexes NDVI, LSWI, EVI are calculated from Sentinel-2 data. 
Then time series analysis of NDVI, LSWI, and EVI produces 5 criteria: Greenness, 
Canopy, NDVI > 0.6, NDVI < 0.2, and LSWI > 0.45. The frequencies of the 5 
criteria are computed and set thresholds for the mangrove forests. Those thresholds 
combined with the elevation threshold are used to build the algorithm applied to the 
Sentinel-2 image for extracting the mangrove forests.

33.5 Results and Discussions 

33.5.1 Criteria Indexes 

33.5.1.1 Greenness and Canopy 

This study uses two criteria introduced from Chen et al. (2017): Greenness and 
Canopy. The greenness index represents evergreen trees, the canopy index is specific 
to high leaf areas (Chen et al. 2017). Greenness is the condition that LSWI > 0 and 
EVI > 0.2 are applied to tropical regions of America, Africa, and Asia (Xiao et al. 
2009). Canopy condition NDVI > 0.3 and LSWI > 0.3 based on results from Chen 
et al. (2017) for mangrove in China. However, in statistical processes from the sample 
points of mangrove forests in Vietnam, it is shown that the majority of NDVI and 
LSWI values over one year also produce canopy conditions NDVI > 0.3 and LSWI > 
0.3 (Figs. 33.5 and 33.6). The canopy and greenness indexes are suitable to remove 
areas with low vegetation and low water cover.
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Fig. 33.4 Method flow chart

Fig. 33.5 Analyzing LSWI time series of 8 mangrove sample points within one year indicates that 
most of the LSWI values are higher than 0

33.5.1.2 Three Criteria Indices NDVI > 0.6, NDVI < 0.2, LSWI > 0.45 

Based on NDVI and LSWI time series analysis applied on mangrove and non-
mangrove areas, three criteria were also added: LSWI > 0.45, NDVI < 0.2, and NDVI 
> 0.6. Criterion LSWI > 0.45 is due to the fact that water in mangrove areas is always 
higher than other normal plant areas, especially plants located inland (rice field,
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Fig. 33.6 Analyzing NDVI time series of 8 mangrove sample points within one year show most 
of the NDVI values are higher than 0.3

Fig. 33.7 Analyzing NDVI time series within one year of 4 rice field sample points, NDVI values 
lower than 0.2 especially in April, May, and November (after harvest)

Casuarina equisetifolia forest). The reason is that mangroves are often submerged 
in seawater, so they have better water indexes. The criterion NDVI < 0.2 is used 
to distinguish mangroves from annual agriculture crops. For short-term crops (such 
as rice), there are times of the year after harvest, vegetation covers are very low 
(NDVI usually smaller than 0.2), therefore NDVI < 0.2 was set as the separation 
threshold. Criterion NDVI > 0.6 was added to the study, as several NDVI statistics 
of mangrove areas show that plenty of NDVI values in time series higher than 0.6 
because mangroves are evergreen over year (Figs. 33.7 and 33.8). 

33.5.1.3 Summary Table 

Summarize of five criteria canopy, greenness, NDVI > 0.6, NDVI < 0.2, LSWI > 
0.45 is listed in Table 33.2.
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Fig. 33.8 Analyzing LSWI time series within one year of 5 Casuarina equisetifolia sample points, 
LSWI values are mostly lower than 0.45

Table 33.2 Criteria summary table 

Number Criteria Conditions 

1 Canopy NDVI > 0.3 and LSWI > 0.3 

2 Greenness LSWI > 0 and EVI > 0.2 

3 NDVI > 0.6 NDVI > 0.6 

4 NDVI < 0.2 NDVI < 0.2 

5 LSWI > 0.45 LSWI > 0.45 

33.5.2 Developed Algorithm for Mangrove Extraction 

33.5.2.1 Cloud Removing 

The effect of clouds can be eliminated in Sentinel-2 images by the cloud band named 
QA60. This band uses different values for the amount of cloud on each pixel. When 
the band value is lower than 1024, it means that there is nearly no cloud on this pixel. 
Therefore, a threshold for cloud is the QA60 value smaller than 1024 was applied 
on Sentinel-2 image collection to reduce the dates in the time series (for each pixel, 
not the whole image) that cannot be analyzed by the influence of clouds. 

33.5.2.2 Frequencies of Greenness and Canopy 

The first condition of the Canopy is determined based on NDVI and LSWI higher 
than 0.3. 

Canopy = 
{ 
1 if  NDVI  > 0.3 and LSWI > 0.3 
0 other values 

(33.4)
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Frequency of canopy can be calculated as follow: 

Fcanopy = 
∑ 

Ncanopy∑
Ntotal − ∑ 

Ncloud 
(33.5) 

where Fcanopy is frequency of canopy index with scale from 0 to 1. For each pixel 
in image, with time series within one year (from May 31, 2019, to May 31, 2020),∑

Ncanopy is the number of observation counts that satisfy the canopy condition 
(NDVI > 0.3 and LSWI > 0.3). 

∑ 
Ntotal is the total number of obtained observations.∑

Ncloud is the number of observations affected by clouds. Besides, the annual mean 
NDVI needs to be calculated because it represents mangrove forest density (Jensen 
1991). Frequencies of canopy and greenness can be assumed that they have corre-
lation with mean NDVI (Chen et al. 2017). In total, 209 mangrove sample points 
were taken to calculate frequencies of canopy, greenness, and then the frequencies 
were plotted on the diagrams associated with its annual mean NDVI (Fig. 33.9). 
From the diagrams, thresholds are set up based on the lowest frequency values 
corresponding to the annual mean NDVI and the regression lines. The frequency 
threshold is constructed by first-order linear lines so that most of the blue points repre-
senting mangroves are above thresholds. The thresholds of canopy and greenness are 
highlighted with yellow lines in Fig. 33.9. 

The formulas used to construct the threshold are rewritten as inequality equations. 
These equations below describe the yellow lines on the diagrams: 

Fcanopy(x) = 
{ 
1.15x − 0.14 NDVI > 0.138 
0.02 NDVI ≤ 0.138 

(33.6)

Fig. 33.9 Thresholds of 
canopy frequency and 
greenness frequency 
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Fgreenness(x) ≥ 0.5x + 0.29 for all cases (33.7) 

where x is the mean NDVI. 

33.5.2.3 Frequencies of Three Indices NDVI > 0.6, NDVI < 0.2 
and LSWI > 0.45 

We used 125 sampling points taken within one year. The frequencies of three criteria 
NDVI > 0.6, NDVI < 0.2 and LSWI > 0.45 are calculated similarly with frequency 
Fcanopy in the previous part. Data are plotted on the diagram and set the thresholds 
(Fig. 33.10). 

The threshold formulas are also given:

Fig. 33.10 Thresholds of 
NDVI > 0.6, LSWI > 0.45 
and NDVI < 0.2 frequencies 
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FNDVI>0.6(x) ≥ 

⎧⎨ 

⎩ 

0 NDVI  < 0.467 
2.64x − 1.23 0.467 ≤ NDVI ≤ 0.77 
0.82 0.77 < NDVI 

(33.8) 

FLSWI > 0.45(x) ≥ 0.2 for all cases (33.9) 

FNDVI<0.2(x) ≥ 
{−4.13x + 1.31 NDVI ≤ 0.267 
0.24 NDVI > 0.267 

(33.10) 

where x is annual mean NDVI. 

33.5.2.4 Distinguish Between Mangroves and Casuarina Equisetifolia 
Forests 

Phenology analysis according to NDVI, LSWI of Casuarina equisetifolia and 
mangrove forests to separate these two types is difficult because phenology based 
on NDVI, LSWI of the Casuarina equisetifolia and mangrove forests show great 
similarities. However, in some areas of Casuarina equisetifolia forest during the 
analysis of canopy frequency, it is interesting to note that the difference between 
canopy frequency and correspond NDVI mean value is always lower 0.09, when 
comparing to mangrove forests, this difference is usually higher than 0.09 especially 
when NDVI is higher than 0.59, so an additional threshold is included: 

Fcanopy(x) ≥ x + 0.09 if NDVI ≥ 0.59 (33.11) 

where x is annual mean NDVI. 

33.5.2.5 Elevation Threshold 

To separate mangroves and forests on hills and mountains, an additional condition is 
the elevation limitation. Mangroves have relatively low elevations compared to hills 
and mountains. By statistics from sample points, mangroves enter a range of −4 m  
to 20 m above sea level. On the SRTM elevation map, the limitation is given: 

−4m < y < 20m (33.12) 

where y is the elevation of mangrove.
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33.5.3 Mangrove Forest Map of Vietnam in 2020 

Applying all 7 thresholds from (33.6) to (33.12) to Sentinel-2 image collection that 
contains coastline in Vietnam, in the time between May 31, 2019, and May 31, 2020, 
to generate the mangrove map. The calculations and processing are performed on 
Google Earth Engine. The 2020 mangrove map is exported as digital maps (TIFF 
file) with the red color shown for mangroves, while white color is defined as not 
mangroves. From the map obtained, the results show that in Northern Vietnam, 
mangroves mostly concentrate in the coastal area. Mangroves in Central Vietnam are 
small in number and scattered, making it difficult to observe on maps. Mangroves 
are most abundant in Southern Vietnam, distributed mainly in the two regions of Ca 
Mau Peninsula and Can Gio (Ho Chi Minh city). 

From the results, 47 points were selected for validation of the accuracy of 
the mangrove map. Those 47 points are chosen based on high-resolution satellite 
images (Google satellite maps) and ground reference data to make sure they are in 
mangrove areas. The results checked that 42/47 points were recognized as mangroves, 
accounting for approximately 85% (Fig. 33.11).

33.5.4 Mangrove Forest Changes 

The mangrove forest map generated in 2011 using Landsat data is overlaid the 
mangrove forest map in 2020 using Sentinel 2. The changes show that after 9 years, 
95,000 ha of mangroves were preserved, approximately 120,000 ha of forests have 
disappeared, and approximately 67,000 ha of new forests. 

The decrease of mangroves can be explained by several reasons. The first is due 
to errors in mapping methods in the 2011 map, for example in Xuan Thuy National 
Park, many patches of whistling pine trees and mudflats along with mangrove forests 
also appear in the map. Especially in Central Vietnam, mangroves appear in a large 
area in the 2011 mangrove map, which is inaccurate in reality. Secondly, due to the 
transition from mangroves to economic sectors such as aquaculture, this can be seen 
in mangrove forests near major cities in Central and South Vietnam. The third reason 
is that the mangroves are also reducing sharply in the Southern Coastal Area because 
of erosion (Veettil et al. 2019). 

Besides, the number of additional mangrove forests can be explained by three main 
reasons. The first reason is the amount of additional forests from mangrove conserva-
tion and development activities. The second reason is the number of mangroves that 
grow after 9 years. Finally, errors in methods did not display all mangrove forests in 
the 2011 map (Fig. 33.12).
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Fig. 33.11 Mangrove forest map in Vietnam, a Northern Vietnam, b Central Vietnam, c Southern 
Vietnam

33.6 Conclusion 

Mangrove maps give good quality with a high density of concentrated mangroves 
such as coastal areas in Tonkin Gulf and Mekong Delta. Mangroves are well displayed 
on the map. Land covers have low water or vegetation can easily be removed by 
the algorithm. The SRTM digital map also performed efficiently in order to detach 
mangroves and mountain forests. However, non-mangrove areas still appear on the 
map. Compared with the 2011 map, the 2020 map has eliminated many areas that 
are not mangroves such as whistling pine trees and mudflats along rivers.
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Fig. 33.12 a Errors by mudflats and whistling pine trees in Xuan Thuy National Park, b large 
mangrove areas appeared in North Central Vietnam is inaccurate by errors in mapping methods of 
2011 map, c mangroves declined along the South coast of Vietnam after 9 years due to erosion and 
the increase of aquaculture

The mangrove map with a resolution of 10 m gives results with high accuracy 
of over 85%, which can be used in mangrove management and conservation in 
Vietnam. In addition, the 2020 map also shows that besides the increase in mangrove 
forest areas due to conservation activities, mangroves in Vietnam are still decreasing 
for many reasons, but mainly due to economic development activities and climate
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change. Overall, the method using in this study based on the cloud computing and 
multi temporal satellite data is efficient solution for the investigation of mangrove 
forest not only in Vietnam but also in a global scale. 
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Chapter 34 
Analysis and Assessment 
of the Relationship Between Chlorophyll 
and Hydrodynamic Factors in Cu Lao 
Dung (Soc Trang) 

Pham Vu Phuong Trang and Vo Luong Hong Phuoc 

Abstract Nowadays, scientists have used chlorophyll (CHL) to study primary 
productivity and assess water quality. There are many environmental factors that 
affect the concentration of CHL in water. Especially in estuaries, the complex 
dynamics greatly affect to the CHL. However up to now, the current research on 
“the influence of hydrodynamics on CHL distribution” is rare and limited espe-
cially in Viet Nam. Particularly, the studies from the measured data have not been 
synchronized due to its complication as well as its implementation expense. There-
fore, the study can be considered as the pioneer on assessment of the relationship 
between chlorophyll (CHL) and hydrodynamic factors (tide, wave and flow) from 
the measured data in two monsoons (the Southwest and Northeast monsoons) in 
September 2014 and March 2015 at Cu Lao Dung offshore station (Soc Trang, Viet 
Nam). Data statistics, SPSS model and Matlab programming are used and applied 
to data process and analyze data. The results show that tide has an influence on 
the CHL concentration on the surface over time, especially, the CHL concentra-
tion gets highest at the low tide. The medium wave (wave height < 0.45 m) is the 
most suitable for phytoplankton growth (highest CHL concentration is 12.42 µg/l). 
However, the study could not find out the clear relationship between flow and CHL. 
The flow is influenced by many complex factors such as tides, waves, riverine flows or 
longshore currents. The study not only gives the high scientific significance on rela-
tionship between chlorophyll and hydrodynamic factors in Cu Lao Dung (Soc Trang 
province) but also has the real, actual application for any research institutions related
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to biology, environmental ecology and especially in the sustainable management of 
estuarine ecosystems. 

Keywords Chlorophyll · Hydrodynamic factors · Tide · Wave · Flow ·
Phytoplankton · Cu Lao Dung (Soc Trang) 

34.1 Introduction 

Phytoplankton are known as primary producers of the ocean, the organisms that form 
the base of the food chain that directly synthesizes organic matter through the process 
of photosynthesis. The major constituent of phytoplankton is chlorophyll (CHL), and 
CHL is widely used as a measure of biomass for phytoplankton. Today, scientists use 
CHL to study primary production productivity and assess water quality. However, 
phytoplankton is a suspended species, using nutrients (nitrogen, phosphorus, iron…) 
directly from water and barely able to move actively, hence their growth and distri-
bution depends generally on environmental factors. Environmental factors affecting 
CHL in water are mainly physical factors such as: temperature, DO, suspended sedi-
ment (characterized by turbidity), light, pH… and dynamic factors: tides, waves, 
currents…, in addition to many other biological, chemical and human factors. There 
are many studies on relationship between CHL and physical factors: “Wind-driven 
changes of surface current, temperature, and chlorophyll observed by satellites north 
of New Guinea” of Radenac et al. (2016), “The variability of chlorophyll-a and its 
relationship with dynamic factors in the basin of the South China Sea” of Yu et al. 
(2019). However, the studies of relationship between CHL and hydrodynamics are 
not popular. Mainly studies focused on the relationship between CHL and tides, such 
as: Mallin et al. (1999) studied the influence of tidal variation on the concentration 
of water quality parameters: CHL concentration and Fecal Coliform bacteria at loca-
tions in New Hanover County, North Carolina, USA; Blauw et al. (2012) analyzed 
the variability of coastal phytoplankton concentrations in relation to the tidal cycle, 
based on 9-year data with resolution from 12 to 30 min are automatically measured 
south of the North Sea, Fagherazzi et al. (2014) have studied the spatial relationships 
between tidal currents, sedimentary characteristics, CHL in sand bars and shoals in 
Plum Island Sound, Massachusetts, USA. 

The studies on the effects of waves and currents on CHL concentration are very 
limited. Especially in Vietnam, the relationship between CHL and hydrodynamics 
factors has not been studied yet. 

The aim of the study is to evaluate and analyze the relationship between the CHL 
concentration and the dynamic factors according to the two seasons of the SW and 
NE monsoon at the offshore station of Cu Lao Dung (Soc Trang).
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Fig. 34.1 The location of Cu Lao Dung and mooring station in September 2014 and March 2015 

34.2 Research Method 

34.2.1 Research Area 

Cu Lao Dung is an islet at the end of Hau River between two big mouths of river: 
Dinh An and Tran De—two of main gateways to the East Sea. Cu Lao Dung has 
17 km of coastline and more than 16,000 ha of coastal alluvial area.1 The eastern and 
northern boundary are bordered by Dinh An; the western boundary borders by Tran 
De and the south boundary borders by the East Sea. All three sides are surrounded 
by river water and sea water. 

The study site called ST0 station is located in 106° 17' 28.0'' E, 9° 28' 15.0'' N, 
more than 5 km from Cu Lao Dung islet to the Southeast, (Fig. 34.1). The study site 
is influent strongly on estuary and tidal regime. 

The average flow velocity is from 0.137 to 0.144 m/s.2 The average tidal current 
velocity is 0.11–0.12 m/s in both seasons in the southwest of the mudflat and 0.04 m/s 
in both seasons in the northeast of the mudflat (Fricke et al. 2017). 

The measuring station is located in an area with a tidal regime of mixed semi-
diurnal tides. The high tide period lasts about 6 h and the low tide period is about 6 h 
45 min to 7 h. In the month, there is there is two spring tide and two neap tide.

1 People’s Committee of Cu Lao Dung District – Soc Trang Province, https://culaodung.soctrang. 
gov.vn/ 
2 Soc Trang provincial department of science and technology, https://sokhcn.soctrang.gov.vn/ 
https://culaodung.soctrang.gov.vn/ 

https://culaodung.soctrang.gov.vn/
https://culaodung.soctrang.gov.vn/
https://sokhcn.soctrang.gov.vn/
https://culaodung.soctrang.gov.vn/
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34.2.2 Data Origin 

The data in the study were measured in two surveys at Cu Lao Dung (Soc Trang) 
under the Vietnam-United States cooperation project (2014–2016) between Depart-
ment of Oceanography, Meteorology and Hydrology and University of Washington: 
Hydrodynamics and sediments flux through the Cu Lao Dung mangrove forest, from 
September 19, 2014 to October 5, 2014 (during the SW monsoon season) and from 
March 2, 2015 to March 16, 2015 (during the NE monsoon season). Specific informa-
tion about the meter, measurement parameters and measurement time of the elements 
are shown in Table 34.1.

34.2.3 Data Processing 

Tide data. Using Matlab programming language, synthesize data and calculate 
average values of factors: physical factor (temperature, DO, turbidity, CHL) and 
hydrodynamics (water level, wave height and current speed) at the time intervals of 
5, 4, 3, 2, 1 h from the tidal peak, respectively, in the two cases of high tide and low 
tide to assess the relationship between tides and the CHL. 

Wave data. In order to find the correlation between the concentration of CHL and 
waves, a seasonal analysis and wave height were performed. Wave height at the 
measuring station during the survey period ranged from 0.01 to 0.84 m, classified 
into 3 levels as shown in Table 34.2.

Flow data. In order to assess the concentration of CHL transport, the flow is classi-
fied according to inshore currents (inflows) and flows from rivers (outflows). North 
direction is 0°, so inflow direction: from 0 to 45° and from 225 to 360°, outflow 
direction: from 45 to 225°. The program to filter data according to the flow direction 
is implemented on the basis of the Matlab programming language. 

Calculate correlation and compare averages. The results of calculating the correla-
tion coefficient Pearson r and the significance level p will be performed using the 
statistical tool SPSS 16.0 in the case of two-tailed test to analyze the relationship 
between CHL and the dynamics factors. In addition, to evaluate the change of factors 
according to the two monsoon seasons, mean comparison using Independent Samples 
T-Test method on the statistical tool SPSS 16.0 (Polar Engineering and Consulting).
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Table 34.2 Classification of 
waves type according to wave 
height 

Wave type Wave height 

Small-wave <0.1 m 

Medium-wave In the range of 0.1–0.45 m 

High-wave >0.45 m

34.3 Results and Discussions 

34.3.1 In the SW Monsoon Season 

Tide. The concentration of CHL and tide has average correlation and inverse ratio 
with coefficient r = −0.55. The concentration of CHL gradually lowers towards the 
tidal peak, the concentration at the tidal peak ranges from 2 to 5 µg/l. At the time 
near the tidal foot, the CHL concentration reached a value higher than 8 µg/l. The 
difference between the low tide at the low tide and at the high tide in a tidal cycle is 
quite large, about 6.5 µg/l. 

During high tide, the average concentration of CHL gradually decreased from 
8.29 to 3.65 µg/l; At low tide, this value increases gradually from 2.52 to 8.33 µg/l 
(Fig. 34.2). During the period of the SW monsoon season, the CHL concentra-
tion has a great dependence on tidal fluctuations. The lower the water level, the 
higher the amount of suspended sediment, providing a large amount of nutrients 
for phytoplankton development. As a result, the CHL concentration in the water 
increases.

Wave. The SW monsoon season is divided into two phases including the medium-
wave period and the small wave period. 

Compared with the small wave period, the concentration of CHL in the medium-
wave period has a huge dispersion (IQR: 4.56 > 1.95). The minimum value does not 
have a big difference, however, the maximum CHL concentration in the medium-
wave period can reach a value of 11.55 µg/l much larger than the small wave period, 
5.56 µg /l. The mean and median values also have a difference between the 2 periods, 
the medium-wave period, these values are higher than the other period (with average 
value: 5.39 > 3.00 µg/l, median value: 4.58 > 2.56 µg/l). 

The average wave height provides just enough energy to create disturbances in the 
water column at the measuring station, and that brings a large of amounts of nutrient-
filled sediments from the bottom to the upper and upper aquifers. At the surface layer 
with a large light source and abundant nutrients is a suitable environment for the 
growth of phytoplankton that increasing the CHL concentration. In contrast, when 
the wave height is low, the small waves energy cannot create disturbance, the amount 
of nutrients and suspended sediments are deposited, reducing the amount of nutrients 
at the surface, the phytoplankton is poorly developed, leading to low concentration 
of CHL. Therefore, in the SW monsoon, the CHL concentration in the small wave 
period is lower than in the medium-wave period.
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Fig. 34.2 Average value of factors at each time a at high tide and b at low tide in the SW monsoon 
season

Flow. The inflow and outflow velocities do not have a significant difference on all 
statistical values, the strongest inlet velocity (0.59 m/s) is equivalent to the strongest 
outlet velocity (0.56 m/s). 

The inflow CHL concentration is larger than the output CHL concentration on 
all statistical values. The average CHL concentration when the inflow was 5 µg/l 
was larger than the average CHL concentration at the outflow (3.8 µg/l). In the 
SW monsoon season, wave dynamics are not too strong (wave height < 0.4 m). 
Therefore, the coastal environment is relatively stable and rich in nutrients suitable 
for the development of phytoplankton, increasing the coastal CHL concentration. 
This amount of CHL concentration is carried by the flow into the estuary, increasing 
the CHL concentration at the measuring station (Table 34.3).
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Table 34.3 Statistical values of CHL concentration according to two wave periods in the SW 
monsoon season 

CHL_small wave CHL_medium-wave 

Minimum 1.62 1.85 

Maxima 5.56 11.55 

Average 3.00 5.39 

Medium 2.56 4.58 

IQR 1.95 4.56 

34.3.2 In the NE Monsoon Season 

Tide. The concentration of CHL and tide has a weak correlation and is inversely 
proportional to the coefficient r = −0.14. The CHL concentration gradually lowers 
towards the tidal peak, however, the difference between the CHL concentration at 
the high tide and the low tide in a tidal cycle is not too large, only about 3 µg/l. 

The average CHL concentration in the NE monsoon season does not show a great 
dependence on the average tidal level fluctuations. The average CHL concentration 
is about 6.50–8.77 µg/l at high tide, and about 5.18–7.07 µg/l at low tide. 

Wave. The NE monsoon season is divided into two phases as shown in Table 34.4, 
including the medium-wave period and the high wave period. 

Statistical values of CHL concentration by average wave phase and high wave 
phase are summarized on Table 34.4, it is found that: 

• The CHL concentration in the medium-wave period and the high wave period has 
almost the same dispersion (IQR: 2.76–3.05). 

• The minimum value has not much difference, however, the maximum CHL 
concentration in the medium wave period can reach a value of 12.42 µg/l larger 
than the high wave period, 8.39 µg/ l. 

In the NE monsoon season, high wave (wave height up to 0.85 m) make the 
coastal environment unstable, suspended sediments, and scattered nutrients. There-
fore, phytoplankton cannot thrive, so the coastal CHL concentration is not high 
affecting the amount of CHL concentration taken into the estuary by the flow. At

Table 34.4 Statistical values of CHL concentration according to two wave periods in the NE 
monsoon season 

CHL_medium-wave CHL_high wave 

Minimum 2.29 1.66 

Maximum 12.42 8.39 

Average 7.86 4.54 

Medium 7.79 4.39 

IQR 2.76 3.05 
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the same time, high wave creates a large source of energy when entering the shore, 
supporting the outflow to carry large amounts of nutrients and CHL concentration 
(Fig. 34.3). 

Flow. Under the random impact of waves, the relationship between flow and CHL 
concentration becomes more complicated. Specifically, when considering the flow 
velocities and CHL concentration in the inflow and outflow directions. The statistical 
values of the inlet velocity are much higher than the outlet velocity (except for the

Fig. 34.3 Average values of the factors at each time a at high tide and b at low tide in the NE 
monsoon season 
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smallest value, which is almost the same ~0.05 m/s). Meanwhile, the CHL concen-
tration when the outflow (in the range from 3.7 to 7.8 µg/l and the average value is 
5.9 µg/l) was higher when the inflow (in the range of 3–6.5 µg/l and the average 
value is 5 µg/l). 

34.4 Conclusions 

• In the SW monsoon season, there is a strong correlation and inverse ratio with the 
tidal level. In the NE monsoon season, when stronger-wave period has a strong 
impact on the CHL concentration, the correlation between the CHL concentration 
and tides is reduced. 

• For three wave periods, in the medium-wave period (wave height < 0.45 m), the 
CHL concentration reaches the highest value (up to 12.42 µg/l), the medium-wave 
period is the appropriate condition for the development of surface phytoplankton. 
In the period of high wave (wave height < 0.84 m), the CHL concentration has 
the highest value ~8.39 µg/l, phytoplankton can still develop when the waves are 
strong but not as strong as in the medium-wave period. In the period of small wave 
(wave height < 0.1 m), the CHL concentration is very low (the highest value is less 
than 5.56 µg/l), small wave are not suitable for the development of phytoplankton 
at the surface. 

• Current consists of three components: tidal current, other factor is current and 
wave current. These three factors affect the lineage, making the relationship 
between the line and the CHL concentration not clearly shown. In the SW 
monsoon season: CHL concentration from coastal sources predominates; in the 
NE monsoon season: CHL concentration is supplied mainly from mudflats and 
mangroves. 

Limitation 

Estuaries are dynamic environments in which is strongly influenced by dynamic 
factors from both the sea and the river. In this study, we focus on examining the 
relationship of CHL concentration with the action of wave, tidal currents and coastal 
currents. The influence of river discharge on CHL concentration has not mentioned 
in this research. 

Due to the lack of measured data, this study focus on the correlation of surface 
CHL concentration with those dynamic factors has mentioned above. The influence 
of dynamic factors on CHL concentration by depth (vertical profile) has not been 
considered. 

Further Study 

With the current data, we could develop the empirical models for simulating and 
forecasting the change of CHL concentration over time under the influence of the 
dynamic factors within the study area and its vicinity.



34 Analysis and Assessment of the Relationship Between Chlorophyll … 571

In addition, the combination of survey data of CHL concentration with analyzing 
it through multi-time remote sensed images will help the prediction of the change in 
CHL concentration become more accuracy and sensitivity in the research area. This 
result is the premise for studies in biological processes in the research area in the 
future. 

Acknowledgements The authors would like to express the sincere thanks to Office of Navy 
Research (ONR, USA) for field dataset. 
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Chapter 35 
Flash Flood Hazard Mapping Based 
on Analytic Hierarchy Process 
for a Complex Terrain: A Case Study 
of Chu Lai Peninsula, Vietnam 

Thi Lan Pham , Si Son Tong , and Viet Nghia Nguyen 

Abstract Flooding prediction for a large scale area has been popularly carried out, 
nevertheless flood hazard assessment for a small, complex terrain for planning indus-
trial constructions needs more detailed studies. This study aims to: (1) determine 
forcing factors and their roles in the flood hazard using the Analytic Hierarchy 
Process (AHP), and (2) generate the flood hazard map using spatial analysis in Chu 
Lai peninsular, Vietnam. The study shows that 6 important forcing factors on flood 
hazard include drainage density, infiltration rate, soil saturation, elevation, slope, and 
land cover. The factor which most impacts on the flood hazard is the elevation with 
the detected weight of 0.438. The infiltration rate plays the least importance with a 
weight of 0.066. Consequently, a flood hazard map is generated with 5 levels very 
low, low, medium, high, and very high hazard of flood. The very high hazard occupies 
7.16% area of the peninsula focusing on the regions covered by concrete surface, 
permanent and temporal water cover, bare soil, and very low slope from 0° to 8°. 
The map provides critical information to make a plan for one of the most important 
industrial complexes in the center of Vietnam. 

Keywords AHP · Flood hazard · Chu Lai
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35.1 Introduction 

Floods are the most frequent type of natural events. Flood events occur every year 
worldwide. Vietnam is one of the countries that has suffered strongly from negative 
effects because of a flood. There are about 196 million people in more than 90 coun-
tries that are exposed to catastrophic flooding (Karki et al. 2011). Recently, floods in 
Vietnam occur regularly with severe consequences such as great loss of life, prop-
erty, and facilities Infrastructure. The Chu Lai peninsula, Vietnam is located in Nui 
Thanh district, Quang Nam province. Its geographical setting and geomorphologic 
and climatological conditions make it prone to several types of natural disasters such 
as floods, landslides, and wind storms. Among these, floods have been identified 
as the most frequent natural disaster that savages the economic and social activities 
of the affected areas. Therefore, it is necessary to establish a flood hazard map to 
ensure healthy and sustainable economic development, and flood hazard assessment 
has become worldwide one of the hot issues in the field of natural science and tech-
nology (Zou et al. 2013). The mapping can be linked to formulating policies for 
disaster reduction. It is also an advantage for the community and decision-makers to 
prepare and implement effective measures (Elkhrachy 2015). Climate change projec-
tions for 2030 indicate that the number of people exposed to flooding will increase 
[source: (Parsian et al. 2021)]. There are different approaches to establish flood hazard 
maps, including geomorphological, historic, and remote sensing (Díez-Herrero et al. 
2009). To select an appropriate method, the availability of relevant data is the most 
critical element. Remote sensing data can be an adaptive data source (Koem and 
Tantanee 2020). Remote sensing methods are usually more effective for flood hazard 
mapping because remote sensing data are acquired frequently with various spatial 
resolutions and cost-effective. However, the acquisition of aerial photographs or 
satellite images is limited by weather conditions. Therefore, the image of unmanned 
aerial vehicles (UAV) is becoming increasingly popular due its flexibility (Karamuz 
et al. 2020). The UAV image is used to extract land cover, elevation and slope. The 
flood hazard information is determined by appropriate and sufficient criteria. Several 
studies determined the flood hazard mapping using multi-criteria analysis (Koem and 
Tantanee 2020; Hoque et al. 2019; Bathrellos et al. 2016; Nguyen et al. 2021). Analyt-
ical Hierarchy Process (AHP) is one of the most useful approaches of MCA in the 
field of flood hazard evaluation (Koem and Tantanee 2020). Impact factor layers are 
analyzed in the AHP environment that provides weighting and ranking with the guid-
ance of experts and users (Fernandez et al. 2015). However, AHP has been proposed 
to apply for flood hazard mapping at the region level. In previous research, it was 
difficult to find a detailed flood hazard mapping in a small complex terrain. This 
study aims to evaluate a multi-criteria-integrated approach to establish detailed flood 
hazard mapping using AHP incorporating information produced from UAV images 
and spatial analysis integrating GIS. This study proposes the integrated AHP and 
spatial analysis encompassed six parameters in the flash flood hazard assessment: 
drainage density, infiltration rate, soil saturation, elevation, slope, and land cover.
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35.2 Study Area 

The survey area belongs to Tam Quang commune, Nui Thanh district, which is 
located to the South of Quang Nam province. The North borders Ky Ha port, and the 
South borders Chu Lai airport, the West borders the center of Nui Thanh District, 
and the East borders the East Sea (Fig. 35.1). 

In general, Tam Quang commune has hilly terrain along the coast. The area is flat 
and low, with stable sand dunes; a part of the delta is deposited by rivers on the sand. 
This region is located to the east of the Truong Giang River. Sandy soil occupies the 
largest area in the soil composition of this area. Also, this area has many sedimentary 
rocks protruding from the sea surface from 10 to 12 m in the commune such as the 
islands of Ngang, Hon Dua, and Ban Than. 

In the survey area, the average annual temperature in the coastal plain ranges from 
25.5 to 26 °C. The yearly average wind speed in the coastal plain is 1.3–1.6 m/s. The 
highest wind speed reaches 34 m/s in the dry season and 25 m/s in the rainy season. 

Storms that occur in the area are usually formed from the South China Sea, moving 
into the area slowly, and the wind speed is low due to the high mountains of the Truong 
Son mountain range. High winds, and typhoons focus on low-lying areas, which is 
also the cause of flooding in downstream areas. In upstream areas, floods appear 
and withdraw very quickly, and flash floods often occur during the rainy season. In 
Quang Nam province, the rainy season usually takes place from late September to

Fig. 35.1 Location of the survey area 
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December, the dry season is from January to August every year. In particular, there 
are two months in the dry season that often have heavy rains, which are May and 
June every year. 

The river system in the study area includes Tuc river, An Tan river, and Trau river 
These rivers originate from the west, the northwest. They flow to the east and reach 
into the sea through An Hoa and Lo estuaries. All rivers have small basins, from 50 
to 100 km2, with significant slopes, from 20 to 40 km in length, and the water flow 
varies with the seasons. The amount of water in the rivers is abundant in the rainy 
season from September to December and drought in the dry season from February 
to August. Some rivers are prevented from being upstream to make reservoirs such 
as Phu Ninh Lake on the Tam River. Ky and Thai Xuan lake on Trau River, of which 
Phu Ninh Lake is a major irrigation project of Vietnam, responsible for irrigating 
20,000 ha of rice in coastal districts south of the Thu Bon River as well as supplying 
domestic water to Tam Ky and surrounding areas. The downstream river has wetland 
ecosystems in Tam Quang, Tam Anh Nam, Tam Anh Bac, Tam Hoa, Tam Giang, 
Tam Hai, and Tam Tien communes. No rivers are flowing through the study area. 
But numerous small streams and trenches flow from the center of the study area to 
the east and west of the survey area. 

35.3 Data and Methodology 

35.3.1 Data 

The assessment of the flash flood hazard required the data of dynamic criteria, 
including UAV image, soil (rate of soil permeability and saturation of soil), hydrology 
(drainage density) and terrain (elevation and slope). We used data from various 
sources for creating spatial criterion layers using geospatial techniques. The list of 
data used for flood hazard assessment is shown in Table 35.1. 

Table 35.1 List of data used in flash flood hazard assessment of Chu Lai peninsula 

No Name of data Date Type (format) Sources 

1 Drainage system 2019 Shape file Blue whale project, PVE 
company 

2 Watersheds 2019 Shape file Blue whale project, PVE 
company 

4 UAV image 30/11/2019 Tiff file Blue whale project, PVE 
company 

5 Soil permeability 30/11/2019 Text file Blue whale project, PVE 
company 

6 National ground control 
points 

30/11/2019 Text file Field observation



35 Flash Flood Hazard Mapping Based on Analytic Hierarchy Process … 577

The WGS 1984 UTM with the coordinate system of zone 48 was projected for 
all impact factor maps in this paper. The UAV image was used to extract land cover 
and create a digital elevation model (DEM). Field measurement data, UAV orthoim-
ages, and DSM produced by UAV images are used to produce the land cover map. 
Field measurement provides information about land cover classes existing on the 
field, the samples for the classification. Moreover, field data gives the global view 
and the ideas to construct the theme of the land cover map as well. The extremely 
high-resolution orthoimage acquired by the UAV technique is the good condition to 
determine accurately the edges of land cover classes. The DSM simulates the eleva-
tion of all objects such as the rooftop of houses, tree canopy. Elevation information 
from the DSM is used to recognize the difference between objects related to relative 
height as high trees and lower trees, dense shrubs, and grass. DEM was used to build 
slope and elevation map spatial analysis methods in GIS. The data of soil is provided 
by the Blue whale project, PVE company with 63 locations of infiltration rate and 
26 positions of soil saturation. The spatial analysis method was used to establish 
soil permeability and saturation map. Finally, the hydrology system is interpolated 
to create drainage density. 

35.3.2 Methodology 

Methodology for flood hazard mapping hazards can be seen in Fig. 35.2. There are 
four main steps in this process such as the data collection of impact factors, natural 
break classification, process AHP and building flood hazard map.

35.3.2.1 Impact Factors of Flood Hazard in Chu Lai Peninsula, Nui 
Thanh District, Quang Nam Province, Vietnam 

The definition of the impact factor of a flood potential is crucial. There are many 
factors that contribute to flood hazard, but the study focuses on the criteria of physical 
geography hazard. The impact factor of flood potential includes two conditions: 
(1) prerequisites including precipitation reaches the maximum that it causes flow 
strongly. (2) Sufficient conditions such as topography, geomorphology, watershed, 
pedology, land cover, the drainage system, and soil permeability. 

The selection of factors affecting flood hazard depends hazard on the study area. 
According to Dung et al. (2021a), there are six group of the criteria leading to the 
formation of a flood, namely (1) criteria related to hydrological and orographic char-
acters; (2) factors related to the geomorphologic character; (3) parameters related 
to the meteorological character; (4) elements related to cover characters; (5) factors 
related to soil characteristics; (6) variables related to infrastructure and socioeco-
nomic characters (Dung et al. 2021a). Most studies used expert methods or Delphi
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Fig. 35.2 Flowchart of the methodology

methods to determine criteria affecting flood formation (Dung and Tuyet 2021; Dung 
et al. 2020). However, impact factors are used widely including slope, precipitation, 
land cover, drainage, stream density, and soil permeability (Nguyen et al. 2021; Dung 
et al. 2021b). 

Chu Lai peninsula located in Nui Thanh district, Quang Nam. The peninsula 
covers an area of 340 ha and distributes the same amount of precipitation. Thus 
when determining potential flood, we will not care about precipitation. 

In conclusion, there are six impact factors for flood hazard in the Chu Lai peninsula 
including elevation stratification, slope, land cover, drainage density, infiltrate rate 
of the soil, and saturation of the soil.
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35.3.2.2 Classification of Factors Affecting Flood in Chu Lai Peninsula, 
Nui Thanh District, Quang Nam Province, Vietnam 

In this study, impact factors classification comprises six parameters: Drainage density 
(Dd), Rate of soil permeability (Ps), Saturation of soil (Sa), Slope (Sl), Elevation 
stratification (El) and Land cover (Lc). These parameters have been manipulated 
in GIS using natural break classification with five risk levels namely very low, low, 
medium, high and very high risk zones of flood. The physical parameters are assigned 
values 1, 3, 5, 7, and 9 respectively as rating scores. The rating scores have been used 
in the calculation of the relative significance of each criterion as a pairwise matrix 
comparison to produce corresponding weighting factors (w). 

1. The classification of land cover affecting to flood hazard 

The ability to influence flood hazards of land use and land cover will vary for different 
geographic areas. 

According to Tehrany, rain-water on bare land will be stronger than on agricultural 
land and plantation forest. In the Residence area, urban areas with impervious surveys 
will have more intense flow than the regions covered by vegetation and woodland 
(Tehrany et al. 2013). This indicates that the hazard of flooding will be higher in 
vacant areas and residential areas than in areas covered with vegetation, forests or 
agricultural land. 

This conclusion was also proved in the study (Tehrany et al. 2013) with the 
frequency (frequency) (FR) floods in the non-vegetated bare land areas being the 
maximum and the dense areas with FR value will be the minimum. In many studies, 
the authors have classified the hazard of affecting land cover on flood hazard in 
ascending or descending order based on the above analysis. 

In Yasooj, Iran, Rahmati said that the most vulnerable land to floods is the river 
zone, the second is residential land and roads, followed by vacant land, agricultural 
land, and finally forest land at hazard (Rahmati et al. 2016). The influence of land 
cover on flood hazard in the Kassandra Peninsula, Greece was divided into three 
levels according to influence from low to high in the following order: forest land, 
shrubs, and grasslands, agricultural land. And vacant land (Stefanidis and Stathis 
2013). According to Sekac, Jana and Pal, the influence of land cover on the hazard of 
flooding decreases gradually in the order of water surface land, bare land, construction 
land, agricultural land, open forest, dense forest (Sekac et al. 2015). 

Detail the ability to affect the flood hazard of land use and overlay factors in a 
study (Elkhrachy 2015), the author assessed that the water surface is most at hazard 
of flooding, followed by wet soil, urban land, industrial parkland, agricultural land, 
land with sparse vegetative cover, grassland and finally forest land. Besides the land 
cover, the type of forest and its quality also affect the potential flood. According to 
Ngo Dinh Que, forest cover in the basin is an important indicator to manage water 
resources in the basin in a rational and sustainable manner. When the forest cover is 
low, the water regulation capacity of the forest in the basin is poor, so in the rainy
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season, the water flow in the river basins will be large and concentrated so it is easy 
to cause floods (Que 2011). 

Thus, the water regulation capacity of multi-storey, high coverage forest (rich and 
medium forests) is better than that of planted forests, bamboo forests and natural 
forests with low coverage, low canopy floors (poor forest). In addition, because the 
permeability under the forest canopy is often higher than the condition covered by 
shrubs, the possibility of generating groundwater flow is much lower than that of the 
shrub (Dung 2016). It means that the forested area is less likely to be flooded than 
the area covered by shrubs. The greater the level of the impact on flood hazards is the 
lower the capacity to retain water and protect the land of different land cover/land use 
types. According to the above statements, the land covers affecting flood potential 
are stratified into 5 levels and they are assigned with values 1, 3, 5, 7, 9 as seen in 
Table 35.2 and Fig. 35.3. 

2. The classification of slope effecting to flood hazard 

It is necessary to classify the slope according to the level that affects the hazard of 
flooding. Some flood hazard studies show that it depends on the largest and smallest 
slope in the study area. These studies stratified the slope into an equal interval as 
3°, 5°, 9°, 18° (Saini and Kaushik 2012; Schultz 1995; Ouma and Tateishi 2014). 
Besides, the slope is lower the hazard of flood is higher (Moglen et al. 1998; Kazakis 
et al. 2015). The slope was separated into 5 levels: 

• Flat area (<3°) 
• Low slope (3°–8°) 
• Medium slope (8°–15°) 
• High slope (15°–25°) 
• Steep slope (>25°). 

The classification of slope is suitable for the geographic characteristics of the 
study area. Thus, with 5-level sloped terrain in the study area, the area with the lowest 
slope is considered to have the lowest flood hazard, and vice versa, the region with 
the highest slope will have the highest flood hazard (Van Hoan et al. 2019; Costache 
et al. 2021; Shawaqfah 2020). It means that the more flood hazard increases, the

Table 35.2 Hierarchy of land cover effecting to flood hazard 

No Land cover Mark Level of flood hazard 

1 Dense shrubs, Acacia trees 1 Very low 

2 Eucalyptus trees, coniferous trees, spare shrubs, grass 3 Low 

3 Resident area, construction, cemetery 5 Medium 

4 Bare land, concrete surface, roads, laterite holes 7 High 

5 Temporal water, permanent water, sandy area 9 Very high
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Fig. 35.3 Map of land cover (a) and slope (b) effecting to flood hazard

more slope rises, and the score corresponding to the level of influence will vary from 
1 to 9 as shown  in  Table  35.3 and Fig. 35.3. 

Using Digital Terrain Model—DTM (DTM is provided by Contractor) and spatial 
analysis methods to do slope interpolation. The resolution of the DEM determines the 
accuracy and detail of the slope map. However, because ArcGIS software interpolates 
and assigns the range of slope values automatically, the values of the slope thresholds 
do not match the standard slope scale. Therefore, in order to classify the gradients 
in accordance with the requirements, it is necessary to reclassify with the Reclassify 
tool.

Table 35.3 Hierarchy of slope effecting to flood hazard 

No Slope Mark Level of flood hazard 

1 >25° 1 Very high 

2 15°–25° 3 High 

3 8°–15° 5 Medium 

4 3°–8° 7 Low 

5 <3° 9 Very low 
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Table 35.4 Hierarchy of elevation stratification affecting to flood hazard 

No Elevation stratification (m) Mark Level of flood hazard 

1 37–52.54 1 Very low 

2 28–37 3 Low 

3 25–28 5 Medium 

4 15–25 7 High 

5 −0.5–15 9 Very high 

3. The classification of elevation stratification affecting to flood hazard 

Elevation stratification has a significant impact on environmental modeling. Several 
studies have also been done to demonstrate the effect of the DTM characteristics in 
hydrological studies. 

There are seven methods to reclassify DTM: manual interval, defined interval, 
equal interval, quantile, natural breaks, geometrical interval and standard deviation. 
These methods were tested for creating the DTM of the study area. The natural 
breaks method is used for this work because its result well represents the distribution 
of topographic stratifications. The Digital Terrain Model (DTM) of the study area is 
reclassified to five levels which show the level of flood hazard in the following Table 
35.4 and Fig. 35.4.

4. The classification of drainage density affecting to flood hazard 

The drainage density relates to the runoff and the gathering water potential as well. 
The natural breaks method was used to create the hierarchy of drainage density 
affecting flood hazard because it produces the most appropriate results compared to 
other methods. The levels of flood hazard caused by drainage density are shown in 
Table 35.5. Figure 35.4 illustrates the effect of drainage density on flood potential. 
The drainage density is calculated for each pixel with the size of 1 m2. In regulation, 
the higher the value of drainage density is, the amount of water simultaneously 
gathering in the area of pixel size is. Thus, the floods tend to occur in the area with 
higher drainage density. In this case, the flood develops in a gradual ponding or 
build-up of water in low-lying, flood-prone areas as well as creeks and streams.

5. The classification of Soil (soil permeability rate and soil saturation) effecting to 
flood hazard 

Soil permeability data can provide an early warning of soil degradation, flood hazard, 
and erosion. In this study, we use two parameters of soil to assess flood-prone areas 
such as infiltrate rate and saturation. The higher the permeability of a soil layer, 
the faster water can infiltrate through and avoid flooding. In addition, the higher 
the saturation of the soil, the lower the flood potentialis. The rest area is equally 
divided into four particle-size classes (Clay; Clay Loam; Loam and Sandy Loam)
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Fig. 35.4 Map of elevation (a) and drainage density (b) affecting flood hazard

Table 35.5 Hierarchy of drainage density affecting flood hazard 

No Drainage density (m/ha) Mark Level of flood hazard 

1 0.031–0.065 1 Very high 

2 0.021–0.031 3 High 

3 0.013–0.021 5 Medium 

4 0.004–0.013 7 Low 

5 0–0.004 9 Very low

with infiltration rate varies from 0.2 to 2.5 cm/h (source: Report on the results of soil 
permeability and infiltration rate). Table 35.6 shows the hierarchy of infiltrating rate 
and saturation affecting flood hazard. The hierarchy of infiltrating rate is based on the 
regulation that the higher particle size is the lower level of the flood potentialis (Table 
35.6). The soil saturation tends to affect the flood potential in the linear negative 
trend thus the equal interval separation method is used to build the hierarchy of soil 
saturation (Table 35.6) (Fig. 35.5b).
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Table 35.6 Hierarchy of infiltrating rate and saturation of soil affecting to flood hazard 

No Permeability rate (distribution of 
infiltration rates for certain 
particle-size classes) 

Saturation Mark Level of flood hazard 

1 Sand 75.08–93.86 1 Very low 

2 Loam 56.31–75.08 3 Low 

3 Sandy loam 37.54–56.31 5 Medium 

4 Clay loam 18.77–37.54 7 High 

5 Clay 0–18.77 9 Very high 

Fig. 35.5 Map of infiltrating rate (a) and saturation rate (b) of soil affecting flood hazard 

35.3.2.3 Analytical Hierarchy Process (AHP) 

Flood hazard is formed and developed by the impact of many factors, this section 
refers to six factors that the author assessed as the main factors. With the use of AHP, 
the study was able to obtain a relative significance of the relevant factors after the 
pairwise-comparison matrix have been constructed. Impact factors of flood hazard 
have different roles, so a quantitative assessment of the importance of the influencing 
factors is necessary. This paper assesses with the determination of weights, based on 
statistical results analysis of architectural components or based on the knowledge of 
experts.
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Table 35.7 The scores of a pairwise comparison matrix (Saaty 1980) 

Scale Meaning 

1 Equally more important (EQ) 

3 Moderately important—WeaKly more important (WK) 

5 Important—STrongly more important (ST) 

7 Very strongly more important (VS) 

9 Extremely important—ABsolutely more important (AB) 

Table 35.8 Pairwise comparison matrix 

Land cover Slope Elevation Drainage 
density 

Permeability 
rate 

Saturation 

Land cover 1 1/7 1/7 7 9 9 

Slope 7 1 1/7 1 1/3 1/3 

Elevation 7 7 1 7 9 9 

Drainage 
density 

1/7 1 1/7 1 5 1/3 

Permeability 
rate 

1/9 3 1/9 1/5 1 1 

Saturation 1/9 3 1/9 3 1 1 

For each criterion, a pairwise comparison matrix is created. The scores to be used 
in the matrix are based on the Saaty scale (1980) as shown Table 35.7: 

The pairwise comparison matrix is shown in Table 35.8 using a 6  × 6 matrix, where 
diagonal elements are equal to 1. The values of each row are compared with each 
column to define the relative importance to obtain a rating score. For example, Table 
35.2 shows that elevation is significantly more important than slope and therefore 
assigned the value 7. Row describes the importance of slope. Therefore, the row has 
the inverse value of the pairwise comparison (1/7). 

The consistency of the created eigenvector matrix for AHP needs to be evaluated. 
The required level of consistency is evaluated using the following index: 

The consistency index (CI) is calculated using Eq. (35.1) where calculated λmax 

= 6.57. 

C I  = 
Ymax − n 
n − 1 

(35.1) 

where: the number of parameters (n = 6) 

Ymax the maximum Eigenvalue 

C.I. = 0.114;
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Table 35.9 Weights of 
factors 

Evaluation items Weights 

Land cover 0.19 

Slope 0.16 

Elevation 0.44 

Drainage density 0.06 

Rate of soil permeability 0.07 

Saturation of soil 0.08 

We then determine the consistency ratio (CR) by the formula: 

CR  = 
C I  

R I  
(35.2) 

where 

CR the consistency ratio 
CI the consistency index 
RI random index (1.7). 

Eventually, the calculated consistency ratio is 0.07 that is lower than the threshold 
of 0.1, the weights’ consistency is affirmed and the weights are acceptable (Table 
35.9). 

35.4 Results 

After developing the impact criteria maps, and determining the weight of the factors 
affecting the flood, building maps of flood hazard zoning by spatial analysis method 
in the GIS environment. It is the integration of the component maps (map of impact 
criteria) based on the general equation for calculating the hazard score according 
to the hierarchical point of each element and the weight of each specific element. 
Determination of potential flooding in the Chu Lai peninsula was calculated using 
the Map Algebra in ArcGIS 

Y = 0.19 ∗ Lc + 0.16 ∗ Sl + 0.44 ∗ El 
+ 0.06 ∗ Dd + 0.07 ∗ Ps + 0.08 ∗ Sa (35.3) 

where

Lc Land cover 
Sl Slope 
El Elevation 
Dd Drainage density
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Fig. 35.6 Map of flood hazard (non-stratification) (a) and map of flood hazard stratification in Chu 
Lai peninsula (b) 

Ps Rate of soil permeability 
Sa Saturation of soil. 

The flowing Fig.  35.6 shows the value of flood potential in the Chu Lai peninsula. 
Assessment flood-prone needs to classify the flood potential into five classes. In 

this study, there was a significant leap between the frequency of very low potential 
value and the frequency of the very high potential value. Thus we use the natural 
breaks classification method to reclassify the flood potential as shown in Table 35.10. 
Besides, Fig. 35.6 illustrates the flood potential in Chu Lai Peninsula, Nui Thanh, 
Quang Nam. 

Figure 35.6 shows that the flood potential is predominated by low and medium 
potential classes. The low flood potential ranged 3.6–5.08 covers 34.68% of the whole

Table 35.10 Stratification of the flood potential area 

Number Mark of potential flood Class % 

1 0–3.60 Very low 13.88 

2 3.60–5.08 Low 34.68 

3 5.08–5.97 Medium 27.83 

4 5.97–6.77 High 16.45 

5 6.77–9.0 Very high 7.164 
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area (Table 35.10). Four other classes medium, high, very low, and very high flood 
potential occupy 27.83%, 16.45%, 13.88% and 7.16%, respectively. These numbers 
indicate that most of the Chu Lai peninsula area has a low vulnerability to floods. 
Flood events are concentrated in certain areas only. The very high and high potential 
floods have small area where distribute land covers composing of spare shrubs, 
residents, concrete surface, bare land, laterite holes, eucalyptus trees, temporal water 
and permanent water. The area with very low and low slope, high drainage density, 
and the low elevation of less than 15 m are also available for high flood potential. The 
area of the medium flood potentialis relatively large. The vegetation of these areas is 
spare shrubs, dense shrubs, concrete surface, bare land, acacia trees, and eucalyptus 
trees. In addition, the areas have medium slope and elevation. Besides, most of the 
study area is very low and low flood potential where are covered by spare shrubs, 
dense shrubs, bare land, and acacia trees. 

In sum, the flood potential strongly depends on the elevation (0.437991 affecting 
weight), the land cover and the slope with the affecting weight of 0.192821 and 
0.158047, respectively. Whereas, the drainage density, infiltration rate and saturation 
of soil insignificantly affect the flood-prone. 

35.5 Conclusions 

This study presents a multi-criteria-incorporated approach of spatial flood hazard 
mapping using UAV images, spatial analysis and field data at a detailed scale. The 
UAV was used to extract land cover and DEM. Geospatial techniques were used to 
map all selected criteria under each component of hazard flood. The AHP model was 
applied to integrate multi-criteria in a spatial decision-making process. The Chu Lai 
peninsular, Vietnam was used for examining the suitability of the method. 

A detailed scale study integrated with multi-criteria evaluation is required to 
achieve accurate and detailed flood hazard information. However, collecting spatial 
data at the detail scale is highly challenging. The AHP was a useful model for 
weighting the selected multi-criteria and spatial decision-making process. This paper 
presented a framework for the overall spatial flood hazard assessment that integrates 
six impact factors. The generated information from this study could be applied by 
planners and administrators to develop effective flood effect mitigation strategies. 
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Chapter 36 
A Comparative Flood Susceptibility 
Assessment in a Norwegian Coastal City 
Using Feature Selection Methods 
and Machine Learning Algorithms 

Lam Van Nguyen , Dieu Tien Bui , and Razak Seidu 

Abstract Identification of significant input factors plays a crucial role in optimizing 
the predictive model performance of floods. A good predictive model is a model that 
can predict the outcome with the best accuracy but using the least input parameters. 
In this study, the Bayesian Model Averaging (BMA) method was applied instead 
of the traditional stepwise regression method for determining flood-conditioning 
factors. In general, the BMA method had higher accuracy than the stepwise regression 
method. Fourteen flood conditioning factors were used to compare feature selection 
capacity using the LR and BMA methods, including altitude, slope, aspect, curva-
ture, normalized difference vegetation index (NDVI), normalized difference snow 
index (NDSI), rainfall, stream power index (SPI), topographic wetness index (TWI), 
modified normalized difference water index (MNDWI), distance from rivers (DFR), 
soil types, land cover, and geology. By applying the BMA method, the input parame-
ters were reduced from 14 to 4 (altitude, slope, rainfall, and NDVI) but the accuracy 
of predicted models was maintained. This research applied three machine learning 
algorithms namely Logistic Regression (LR), Naïve Bayes (NB), and Support Vector 
Machine (SVM) using the above significant flood-conditioning factors to produce 
flood susceptibility maps for the coastal city of Ålesund, Norway. A total of 182 
flood events were used to develop and evaluate the machine learning models, and
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the accuracy and performance of predicted models were tested by employing the 
area under the curve (AUC) and some statistical indices. Among the input factors, 
altitude and rainfall in Ålesund were the most important factors that significantly 
influenced flood events. The studied results indicated that SVM (AUC = 1.0) was 
the best algorithm for building flood susceptibility in Ålesund, followed by the NB 
(AUC = 0.996) and LR (AUC = 0.984) algorithms, respectively. 

Keywords Flood risk assessment · Logistic regression · Naïve Bayes · Support 
vector machine · Bayesian model averaging · Machine learning · Ålesund ·
Norway 

36.1 Introduction 

In recent years, extreme weather events such as floods, droughts, hurricanes, earth-
quakes, tsunamis, El Niño and La Niña episodes, etc., have appeared with a higher 
frequency (Vojtek and Vojteková 2019; Gizaw and Gan 2017; Kjeldsen 2010) and 
have been seen as an obvious consequence of climate change and global warming 
(Wang et al. 2019; Mukherjee et al. 2018; Dinan 2017; Usman  2016; Shao et al. 
2019; Hu and Fedorov 2017; Lian et al. 2018). Among these natural disasters, floods 
have been one of the most extreme hazards (Wang et al. 2019; Bui et al. 2019a; 
Costache et al. 2020). Flood has been implicated in significant damages to infras-
tructure and properties, destruction of natural ecosystems, environmental pollution, 
and loss of lives (Wang et al. 2019; Sahana et al. 2020; Pham et al. 2020; Chen et al. 
2020; Youssef and Hegab 2019; Paul et al. 2019; Nguyen et al. 2022). For example, 
an amount of agricultural and residential areas near the main rivers were seriously 
destroyed (Weydahl 1996); several million NOK were lost and many people were 
dead or the homeless situation to flooding in 1789, 1860, and 1995 in Norway (Rauken 
and Kelman 2010; Næss et al.  2005). To mitigate the impacts of floods, there is a need 
for robust tools for early flood warnings. Flood risk mapping can play a crucial role in 
early flood warning systems to help determine the most vulnerable areas of flooding 
(Vojtek and Vojteková 2019), and for the development of optimal flood mitigation 
strategies concerning land use planning, and infrastructure development (Zhao et al. 
2019; Rahman et al. 2019; Liuzzo et al. 2019). 

Flood susceptibility maps can be developed using either physically based methods, 
statistical and data-driven methods, or machine learning (ML) methods (Wang et al. 
2019; Dodangeh et al. 2020). Physically-based methods combine a suite of hydro-
logical and hydrodynamic models to identify flood-prone areas (Wang et al. 2019; 
Zhao et al. 2019). However, Tang et al. (2020) showed that hydrodynamic models 
are time-consuming and require complex data inputs while hydrological models 
significantly depend on the drainage pipe network data. Moreover, these models also 
require an abundance of computational resources (Zhao et al. 2019) and have a very 
complex construction (Wang et al. 2019). These requirements limit the application of 
these models. A combination of some statistical and data-driven methods (i.e., such as
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analytical hierarchy process (AHP) (Dano et al. 2019; Nguyen et al. 2020), frequency 
ratio (FR), or weights-of-evidence) and Geographic Information System (GIS) was 
widely applied for flood-susceptibility assessment. However, these approaches exist 
some drawbacks such as uncertainties due to ambiguous judgments, depending on 
sample size or experts’ knowledge (Zhao et al. 2019; Dodangeh et al. 2020). 

The reliability and accuracy of the flood susceptibility maps mainly depend on 
the quality of input factors and used ML models (Bui et al. 2012a). Remote Sensing 
(RS) data is widely used for natural hazard studies because of its significant role in 
the disaster management cycle (Joyce et al. 2009). Therefore, various factors of this 
type of study were extracted from RS data in previous studies (Bui et al. 2018a). In 
this study, RS data (satellite images) were used to compute hydrology-related factors 
[e.g., normalized difference snow index (NDSI) and modified normalized difference 
water index (MNDWI)] and a physical-related factor [e.g., normalized difference 
vegetation index (NDVI)]. These input factors were processed using GIS. 

In recent years, ML approaches have been used for flood susceptibility assess-
ments because they can handle complex nonlinear problems without statistical 
assumptions (Wang et al. 2019) and have good compatibility with Remote Sensing 
(RS) and GIS (Bui et al. 2019a). ML algorithms can accept many different types 
of data including continuous, categorical, discrete, dichotomous, or a mix of any of 
these (Bui et al.  2011). Its outcomes are flexible, for example, the linear regression 
algorithm can return the continuous values, or the logistic regression algorithm gives 
multiple categorical variables. Many ML algorithms have been applied for studying 
flood risks such as Logistic Regression (LR) (Mind’je et al. 2019), Decision Tree (DT) 
(Chen et al. 2020), Support Vector Machine (SVM) (Costache 2019; Choubin et al. 
2019), Naïve Bayes (NB) (Khosravi et al. 2019), Artificial Neural Networks (Falah 
et al. 2019), Random Forest (Zhao et al. 2018; Wang et al. 2018), Analytical Hierarchy 
Process (Vojtek and Vojteková 2019; Youssef and Hegab 2019; Talha et al. 2019), 
hybrid methods (Wang et al. 2019; Bui et al. 2018b), semi-supervised ML (Zhao et al. 
2019) or integrated algorithms (Costache et al. 2020; Rahman et al. 2019; Bui et al. 
2019b, c). Because flood characteristics highly depend on flood-conditioning factors, 
the accuracy and reliability of flood susceptibility maps are significantly influenced 
by the input factors and ML algorithms used. Various methods were developed in 
the literature to select significant features for ML models (Li et al. 2020; Tang and 
Zhang 2020; Yan and Zhang 2015). However, the different feature selection algo-
rithms produce different results depending on particular datasets and case studies. 
Therefore, determining sensitive factors for a particular case study plays a vital 
role in developing predictive models. These factors not only increase the prediction 
performance of the model but also reduce time and expense (e.g., reducing field 
measurements, eliminating redundant variables, etc.,). The sensitive factors can be 
obtained by using the effective feature selection algorithm. As a result, finding a 
useful feature selection method is critical. The main objective of this study is to 
compare the performance of the traditional stepwise regression method widely used 
in flood risk assessment (Bui et al. 2011; Ranganathan et al. 2017; Abraham et al. 
2017; Chun et al. 2016; Nazarpour et al. 2016; Zhang 2016; Wang et al. 2016; Gu
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et al. 2017), and the Bayesian Model Averaging (BMA) method for choosing the 
critical flood-conditioning factors for flood susceptibility in Ålesund, Norway. 

36.2 Materials and Methods 

36.2.1 The Study Area 

The study area is Ålesund which is a coastal municipality of Møre and Romsdal 
County in Norway (Fig. 36.1). It is located between longitudes 6° 05' E and 6° 42' 
E and latitudes 62° 25' N and 62° 32' E with an area and population of 633.6 km2 

and 66.148, respectively in 2019 (https://www.ssb.no/kommunefakta/). Ålesund’s 
climate is a heavily moderated oceanic type with mild winters. Because Ålesund is 
surrounded by the ocean, it is significantly affected by changes in climate, especially 
sea-level rise and rainfall (Simpson et al. 2100). The average annual rainfall of the 
city is approximately 123 mm (https://www.weather-atlas.com/en/norway/alesund-
climate#rainfall). 

The topography of Ålesund city gradually increases from the central area to the 
western and eastern areas. Two mountainous regions have altitudes of 300 m and 
500 in the West and East, respectively. The central area has an altitude range from 0 
to 100 m.

Fig. 36.1 The location of the study area 

https://www.ssb.no/kommunefakta/://www.ssb.no/kommunefakta/
https://www.weather-atlas.com/en/norway/alesund-climate#rainfall
https://www.weather-atlas.com/en/norway/alesund-climate#rainfall
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36.2.2 Flood Susceptibility Assessment Framework 

The development of the flood susceptibility assessment framework for the study area 
involved the following interlinked steps: (1) Data collection and pre-processing; (2) 
Dividing the flood and non-flood database into training and testing data sets; (3) 
Building ML models using three different ML algorithms; (4) Validating models’ 
performance and accuracy; (5) Generating flood susceptibility map. This procedure 
was shown in Fig. 36.2. The different components of the methodological framework 
are presented in the subsequent sections. 

36.2.2.1 Flood Inventory Maps 

The accuracy and reliability of flood susceptibility maps depend largely on compre-
hensive historical flood data (flood inventory) (Bui et al. 2019a; Pham et al. 2020; 
Paul et al. 2019; Choubin et al. 2019). In this study, a total of 182 flood locations 
in Ålesund were randomly generated from flood zones provided by the Norwegian 
Water Resources and Energy Directorate (NVE) (Fig. 36.3a).

Studies have shown that choosing an equal number of flood and non-flood loca-
tions can reduce uncertainties and bias caused by unequal proportions in flood suscep-
tibility mapping (Bui et al. 2011, 2012b). Babyak (Babyak 2004) showed that to avoid 
overfitting, the number of observations should be 10 times more than the number 
of independent variables. For the model development, a total of 364 flood and non-
flood locations were randomly selected from the flood inventory map and divided 
into training (70%) and testing (30%) data sets. Specifically, 254 flood and non-flood 
locations were used for building and constructing (training) the model, and 110 of

Fig. 36.2 The flowchart for establishing a flood susceptibility assessment in the study 
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Fig. 36.3 a The flood zones obtained from NVE and b data for developing and validating machine 
learning models

the flood and non-flood locations were used for testing and validating the model 
(Fig. 36.3b). 

36.2.2.2 Flood Conditioning Factors 

Flood is caused by a myriad of geographically specific conditioning factors. Accu-
rate data on these conditioning factors are critical for the accuracy and reliability of 
flood susceptibility mapping (Sahana and Patel 2019). There is currently no universal 
guideline for selecting flood-conditioning factors for flood susceptibility mapping 
(Dodangeh et al. 2020). The flood-conditioning factors, to a large extent, vary from 
one location to another depending on the physical attributes and socio-economic char-
acteristics of the area. Therefore, the selection of flood-conditioning factors for flood 
susceptibility maps in this study was based on the literature, specific site context, field 
investigations, and experts’ knowledge (Chen et al. 2020; Zhao et al. 2019; Sahana 
and Patel 2019). In this study, a total of 14 flood-conditioning factors were considered. 
These were: (1) altitude, (2) slope, (3) aspect, (4) curvature, (5) normalized difference 
vegetation index (NDVI), (6) normalized difference snow index (NDSI), (7) rainfall, 
(8) stream power index (SPI), (9) topographic wetness index (TWI), (10) modified 
normalized difference water index (MNDWI), (11) distance from rivers (DFR), (12) 
soil types, (13) land cover, and (14) geology. These conditioning factors are further 
categorized into (a) topography-related factors; (b) hydrology-related factors, and 
(c) physical-related factors. 

The Sentinel-2 images used in this study were obtained in the same period as 
getting the flood inventory map to ensure data consistency. The images down-
loaded from the website of Copernicus Open Access Hub (https://scihub.copern 
icus.eu/) with the spatial resolution of the data is 10 m × 10 m and no cloud 
cover over the study area (i.e., cloud cover of 4.8% mainly focuses on the ocean). 
As the Level 1C products, the used Sentinel-2 images have been processed the 
geometric and radiometric corrections (https://sentinels.copernicus.eu/web/sentinel/ 
technical-guides/sentinel-2-msi/level-1c/product-formatting). After that, the down-
loaded images were used to create a land cover map using supervised classification

https://scihub.copernicus.eu/
https://scihub.copernicus.eu/
https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-2-msi/level-1c/product-formatting://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-2-msi/level-1c/product-formatting
https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-2-msi/level-1c/product-formatting://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-2-msi/level-1c/product-formatting
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in ArcGIS Pro software. More specifically, a Google satellite image was put over 
the Sentinel-2 image to identify classification sample regions (e.g., forest areas, 
roads, residential areas, etc.,). Samples of different land cover types were taken and 
assigned specific values, and different bands of the Sentinel-2 image (depending on 
the specific purpose) were overlapped. Finally, the object-based classification was 
applied to cluster areas in the image into different objects based on given samples. 

(a) Topography-related factors 

The topography of an area plays a significant role in flood incidence. It is generally 
known that low altitude areas are more prone to floods than high altitude areas. 
Therefore, the topography of an area and its derivative factors have to be accounted 
for in flood susceptibility mapping (Fernández and Lutz 2010). In this study, a DEM 
with a spatial resolution of 10 m × 10 m obtained from the Norwegian Mapping 
Authority (Kartverket) was used to produce slope (Fig. 36.4a), aspect (Fig. 36.4b), 
and curvature (Fig. 36.4c) maps using ArcGIS Pro software. The altitude, slope, and 
curvature were introduced into the model as continuous variables, while aspect was 
introduced as a categorical variable with 9 classes in the models.

(b) Hydrology-related factors 

The hydrology-related factors are the topographic wetness index (TWI), stream 
power index (SPI), rainfall, distance from rivers (DFR), the normalized difference 
snow index (NDSI), and the normalized difference water index (NDWI). 

TWI measures the effect of topography on runoff flow direction and accumulation 
at any location in the catchment and stream power index (SPI) is a measure of the 
erosive ability of water runoff (Bui et al. 2019a). They were calculated using the 
following equations (Bui et al. 2019a): 

TW  I  = ln 
(

α 
tan β 

) 
(36.1) 

SP  I  = α × tan β (36.2) 

where α is the specific area of the catchment in meters with a slope angle of β 
(Bui et al. 2019a; Khosravi et al. 2019). The values of TWI and SPI are shown in 
(Fig. 36.4d) and (Fig. 36.4e), respectively. 

Rainfall data were obtained from annual average precipitation from 1900 to 2019 
at 11 weather stations inside and outside of the study area, provided by the Norwegian 
Climate Service Center. The Inverse Distance Weighting (IDW) method was used to 
interpolate rainfall values in the study area (Fig. 36.4f). 

DFR has a significant effect on the distribution and magnitude of floods (Bui et al. 
2019a). The river network in this study was provided by the Norwegian Mapping 
Authority and divided into five classes: 0–500, 500–1000, 1000–1500, 1500–2000, 
and >2000 m (Fig. 36.4g). 

NDSI is an important flood-conditioning factor for areas impacted by snow such 
as the study area (Fig. 36.4h). Flood events happen with a higher frequency when
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Fig. 36.4 (continued)

heavy rainfall is combined with snow melting resulting from increased temperatures 
(Musselman et al. 2018; Sui and Koehler 2001). Kulkarni, et al. (2002) showed that 
NDSI reflects different characteristics of snow on the earth’s surface. In this study, 
the NDSI values were prepared from the Sentinel-2 image (September 08th, 2019) 
and calculated using the following equation (Kulkarni et al. 2002): 

NDS  I  = 
Green − SW I  R  

Green + SW I  R  
(36.3) 

where Green and SWIR are the spectral reflectance observations in the green and 
the shortwave infrared bands of the electromagnetic spectrum, respectively. With 
Sentinel-2 image, Green and SWIR correspond to Band 3 and Band 11, respectively. 

The normalized difference water index (NDWI) is very sensitive to water (Paul 
et al. 2019) and it is used to classify water, vegetation, and soil (Xu 2006). However, 
this index is significantly influenced by noise from built-up areas and has been 
replaced by the modified normalized difference water index (MNDWI) (Sahana and 
Patel 2019; Xu  2006; Du et al.  2016). In this study, the MNDWI (Fig. 36.4i) was 
calculated from the Sentinel-2 image (September 08th, 2019) using the following 
equation: 

MN  DW  I  = 
Green − MI  R  

Green + MI  R  
(36.4) 

where MIR is the spectral reflectance observations in the middle infrared band of the 
electromagnetic spectrum corresponding to Band 12 of the Sentinel-2 image. 

(c) Physical-related factors 

NDVI is an index of vegetation cover on the earth’s surface and is an important factor 
in flood events (Mind’je et al. 2019; Khosravi et al. 2019), NDVI values are between 
−1 and +1. The NDVI values for the study area (Fig. 36.4k) were computed based 
on the Sentinel-2 image using the following equation:
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NDV  I  = 
N I  R  − RE  D  

N I  R  + RE  D  
(36.5) 

where NIR and RED are the spectral reflectance observations in the near-infrared 
and red bands of the electromagnetic spectrum, respectively. In the Sentinel-2 image, 
NIR and RED correspond to Band 8 and Band 4 of the Sentinel-2 image, respectively. 

Land cover affects flood events by mediating factors such as soil infiltration rate, 
evapotranspiration, or surface runoff, and has been considered an important factor in 
flood susceptibility mapping (Paul et al. 2019; Rahman et al. 2019). In this study, a 
land cover map for the study area was prepared using Sentinel-2 image in combination 
with supervised classification. This resulted in 5 classes of landcover for the study 
area (Fig. 36.4l). 

Bui et al.  (2019a) showed that the geological characteristics of an area play a vital 
role in determining flood susceptibility. In this study, a geology map of the study 
area was provided by the Norwegian Mapping Authority and divided into 4 classes 
(Fig. 36.4m). 

The soil type in an area affects runoff generation, flood processes, and flood events 
(Sahana and Patel 2019). Information on the soil types of the study area was obtained 
from the Norwegian Mapping Authority showing 14 classes of soil (Fig. 36.4n). 

Finally, all these factors were resampled to the same spatial resolution and 
transformed into a grid spatial database using GIS before running ML models. 

36.2.3 Flood Susceptibility Modeling Techniques 

36.2.3.1 Multicollinearity Problem 

Identification of a multicollinearity problem is necessary for the logistic regression 
(LR) to the correlation of independent variables (Bui et al. 2019a, 2011). In the 
multicollinearity analysis, tolerance (TOL) and variance inflation factor (VIF) were 
used to check multicollinearity. The values ≥0.2 for TOL and ≤5 for  VIF were  
recommended (Bui et al. 2011), in some special situations, a value of 0.1 for TOL 
and 10 for VIF are considered acceptable (Tang et al. 2020; Bui et al. 2011; Al-Juaidi 
et al. 2018). 

36.2.3.2 Feature Selection Methods 

The forward and backward are used for selecting significant variables in regression 
models based on some statistical tests such as Wald chi-square, t-test, or signif-
icant correlation (Bui et al. 2019a; Zeng et al. 2020). The forward selection and 
backward elimination were implemented using Statistical Package for the Social 
Sciences (SPSS) version 26.
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Bayesian Model Averaging (BMA) method uses multiple models to predict the 
probability of the event (Sun et al. 2019). This method incorporates uncertainty in the 
estimation of parameters and prediction by averaging over many different competing 
models. The BMA method has been efficiently applied to linear regression, general-
ized linear models, Cox regression models, and discrete graphical models to improve 
model prediction performance (Fang et al. 2016). The R software was employed for 
running the BMA model. 

In this study, significant flood-conditioning factors are determined using the 
forward, backward, and BMA methods. These factors, after that, are entered into 
different ML algorithms. The AUC values and statistical indices are used to assess 
algorithms’ performance. 

36.2.3.3 Machine Learning Algorithms 

(a) Logistic Regression Algorithm 

Logistic Regression (LR) is classified into the supervised ML algorithms and used 
for predicting the probability of the presence or absence of an event based on the rela-
tionship between the dependent and independent variables (Bui et al. 2011; Phong 
et al. 2019). LR algorithm is especially suitable for classification problems because 
the dependent variables are binary and independent values can be continuous, cate-
gorical, or both. Additionally, input data used for the LR algorithm do not need to 
have a normal distribution (Rahman et al. 2019; Bui et al. 2011). 

The relationship between the probability of presence or absence of flood events 
using the LR algorithm is given by the following equation: 

ln 

(
p 

1 − p 

) 
= 1 

1 + e−z 
(36.6) 

where p is the probability of flood or non-flood event, which has values from 0 to 1; 
z is a linear function of the dependent variables, which has values from −∞ to +∞ 
and was calculated as follows: 

z = a0 + a1x1 + a2x2 +  · · ·  +  anxn (36.7) 

where a0 is the intercept of the z function, xi (i = 1, 2, . . . ,  n) are the flood-
conditioning factors, n is the number of flood-conditioning factors, and ai are the 
coefficients of the xi variable. 

(b) Naïve Bayes Algorithm 

Naïve Bayes (NB) is a classification algorithm that belongs to the simple Bayes’ 
theory that determines the relationship between flood-conditioning factors and flood 
events based on the assumption that these factors are completely independent of the
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output class (Bui et al. 2012b). This algorithm does not: (1) require the complex struc-
tures, (2) significantly depend on noise irrelevant attributes, and (3) need artificial 
parameters requirements (Tang et al. 2020; Bui et al. 2012b). 

Assume that the output class c (is flood or non-flood), xi (i = 1, 2, . . . ,  n) are the 
flood-conditioning factors, n is the number of flood-conditioning factors. The clas-
sification probability using NB classifier based on the highest posterior probability 
is as follows: 

pNB  = argmax 
c∈{ f lood,non− f lood} 

P(c) 
k∏ 

i=1 

P(xi |c) (36.8) 

where P(c) is the classification probability of flood-conditioning factors into class 
c. P(xi |c) is the conditional probability of an attribute xi , which is calculated using: 
Gaussian Naïve Bayes (GNB), Multinomial Naïve Bayes (MNB), or Bernoulli Naïve 
Bayes (BNB) as follows: 

PGN  B  (xi |c) = 1 √
2πσ  2 

e− (xi −μ)2 

2σ 2 (36.9) 

PMN  B  (xi |c) = Ni∑k 
i=1 Ni 

(36.10) 

PBN  B  (xi |c) = P(i |c)xi ]1 − P(i |c)1−xi
]

(36.11) 

where σ is the standard deviation and μ is the mean of xi , Ni and P(i |c) are the 
number and probability of occurrence of the ith factor in the output class c, respec-
tively. GNB is normally used for models with variables that are continuous and 
large enough (Jahromi and Taheri 2017) while MNB and BNB are used for text 
classification (Jiang et al. 2016; Singh et al. 2019). 

(c) Support Vector Machine Algorithm 

Support Vector Machine (SVM) is a supervised learning algorithm and is widely 
used for flood susceptibility mapping (Sahana et al. 2020; Zhao et al. 2019; Choubin 
et al. 2019; Sachdeva et al. 2017; Tehrany et al. 2015). It creates an optimal separating 
hyperplane, which is determined by maximizing the distance classification in a given 
labeled training data set, to classify new examples (Bui et al. 2018a). The SVM 
formulates a high-dimensional feature space from the original input space based on 
a nonlinear transformation (Bui et al. 2012b; Phong et al. 2019). 

The form of separating hyperplane can be defined as follows (Camps-Valls et al. 
2004): 

{
yi 

(
w.φT (xi ) + b

) ≥ 1 − ξi 
ξi ≥ 0, i = 1, 2, . . . ,  n 

(36.12)
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where n is the training dataset, xi ∈ Rn, yi ∈ R, x , and y are vectors that contain flood-
conditioning factors and output (including flood or non-flood), respectively; w and 
b are coefficient vector and bias of the hyperplane in the feature space, respectively; 
φ is the non-linear mapping function, and ξi are positive slack variables. 

Because the coefficient vector w is in the high-dimensional feature space, an 
optimal hyperplane can be solved through its Lagrangian dual problem (Camps-Valls 
et al. 2004; Samui 2008): 

⎧⎪⎪⎨ 

⎪⎪⎩ 

Maximising  : 
n∑ 

i=1 
αi − 1 2 

n∑ 
i=1 

n∑ 
j=1 

αi α j yi y j φ(xi ) · φ
(
x j 

) 
n∑ 

i=1 
αi yi = 0, 0 ≤ αi ≤ C, ∀i = 1, 2, . . . ,  n 

(36.13) 

where auxiliary variables αi are Lagrange multipliers, and C is the regularization 
parameter. 

The decision function used for the classification is presented as follows (Camps-
Valls et al. 2004): 

f (x) = sign 

( 
n∑ 

i=1 

αi yi K (xi , x) + b 

) 

(36.14) 

where K(x, xi ) is kernel function which can be linear SVM (LN-SVM), (polyno-
mial SVM (PL-SVM), radial basis function SVM (RBF-SVM), or sigmoid SVM 
(SIG-SVM) according to the following equations (Bui et al. 2012b; Suykens and 
Vandewalle 1999): 

KLN−SVM(x, xi ) = xT xi (36.15) 

KPL−SVM(x, xi ) = 
(
γ xT xi + 1

)d 
(36.16) 

KRBF−SVM(x, xi ) = e−γ ∥x−xi∥2 (36.17) 

KSIG−SVM(x, xi ) = tanh
(
γ xT xi + r

)
(36.18) 

where d is the degree of polynomial kernel function (d > 0), γ is the kernel width, 
and r is the coefficient in kernel projection. Optimizing the parameters C, γ  ,  d, and r 
will lead to optimizing the kernel function and therefore improve the predicted SVM 
performance. These parameters can be determined by using the cross-validation 
technique combined with the grid-search method (Bui et al. 2012b; Liu and Yang 
2013).
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36.2.3.4 Performance Validation of Machine Learning Algorithms 

The ML algorithms use the training data to build models. The performance of these 
models is validated using the testing data. A testing result with a higher accuracy 
reflects a good model. The predicted models are completely worthless and have 
no scientific significance without validation (Bui et al. 2012c). In this study, the 
efficiency of the models was assessed using the receiver operating characteristic 
(ROC) curve. The success rate of the model was validated by using the area under 
the curve (AUC). In addition, other statistical indices such as sensitivity, specificity, 
accuracy, kappa, and root mean square error (RMSE) on the testing data set were 
used for validating the models’ performance. Table 36.1 shows the range of AUC 
(0.5–1.0) and their assessment degrees (Zeng et al. 2020). 

36.3 Result 

36.3.1 Multicollinearity of Flood Conditioning Factors 

Results of the multicollinearity analysis of the flood-conditioning factors were shown 
in Table 36.2. As shown in Table 36.2, the TOL values for NDSI and MNDWI 
were less than 0.1 and were therefore eliminated from the modeling process. The 
remaining 12 flood-conditioning factors were used in developing the models for the 
flood susceptibility maps.

36.3.2 Determination of Flood-Conditioning Factors 
for Models 

The optimal models determined using the stepwise linear regression and BMA 
methods were presented in Table 36.3. The BMA method resulted in 14 different 
optimal models for flood prediction and the best 5 models were chosen in this study 
(Fig. 36.5). Based on the BMA method, the best-performing model (BMA1) had a 
posterior probability of 40.9%. There was one best performing model each for the

Table 36.1 The assessment degree of AUC values (Zeng et al. 2020) 

AUC range Assessment degree 

0.5–0.7 Poor predictive ability 

0.7–0.8 Moderate predictive ability 

0.8–0.9 Good moderate predictive ability 

0.9–1.0 Excellent predictive ability 
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Table 36.2 The TOL and VIF values for independent variables 

No Independent variables TOL VIF No Independent variables TOL VIF 

1 Altitude 0.512 1.953 8 MNDWI 0.077 12.931 

2 Slope 0.583 1.715 9 NDVI 0.183 5.471 

3 Curvature 0.810 1.235 10 Aspect 0.907 1.103 

4 TWI 0.767 1.304 11 DFR 0.540 1.851 

5 SPI 0.833 1.200 12 Soil type 0.701 1.427 

6 Rainfall 0.441 2.268 13 Land cover 0.623 1.605 

7 NDSI 0.049 20.564 14 Geology 0.853 1.173

Table 36.3 Comparison of significant factors received from the stepwise and BMA methods 

Method Factors for optimal models Post-probability (%) 

Stepwise regression Forward Altitude, rainfall, soil type, and geology – 

Backward Altitude, SPI, rainfall, aspect, DFR, and 
soil type 

– 

Bayesian 
Model 
Averaging 

BMA1 Altitude, slope, rainfall, and NDVI 40.9 

BMA2 Altitude, slope, SPI, rainfall, and NDVI 6.9 

BMA3 Altitude, slope, rainfall, NDVI, and 
geology 

6.3 

BMA4 Altitude, slope, rainfall, NDVI, and 
landcover 

6.0 

BMA5 Altitude, rainfall, NDVI, and landcover 5.7

forward or backward stepwise linear regression method. The results in Table 36.3 
also showed that altitude and rainfall were the most important determinants of flood 
events in the study area as they appeared in all the best-performing models. 

In Fig. 36.5, the blue color showed that the regression coefficients had a negative 
relation with flood events while the red color presented a positive relationship. The 
results in Fig. 36.5 showed that, in 5 models, altitude, rainfall, NDVI, and slope were 
the most significant flood-conditioning variables on flooding events; SPI, land-cover, 
and geology had less influence on the flood; and the remaining factors (curvature, 
TWI, aspect, distance from rivers, and soil type) did not affect flooding events. 

The eight flood-conditioning factors set included a full dataset with 12 variables, 
one dataset obtained from forward and backward methods (called LR-FR and LR-
BR respectively), and five datasets obtained from the BMA method (BMA1, BMA2, 
BMA3, BMA4, and BMA5) were used to develop and validate three different ML 
models in Sect. 3.3.
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Fig. 36.5 The optimal 5 models proposed by the BMA method

36.3.3 Model Validation 

36.3.3.1 Validation of Logistic Regression Model 

The accuracy and performance of the LR models are presented in Table 36.4 and 
Fig. 36.6. All obtained LR models had high accuracy, and it is not significantly 
different between eight data sets in the training phase (with all the AUC values >0.9) 
(Fig. 36.6a). However, results in Fig. 36.6b showed that in the validating phase, 
the model with the full data set did not have the best accuracy and performance 
although it accounted for the largest number of flood-conditioning factors. The data 
set obtained from the backward method was the worst model. The models BMA1, 
BMA2, and BMA3 had equal classification accuracy on the testing dataset. In general, 
models based on the BMA method had slightly higher classification accuracy and 
performance than the LR stepwise models. 

Table 36.4 Some statistical indices of the logistic regression model on the testing data set 

Model No. variables Sensitivity (%) Specificity (%) Accuracy (%) Kappa RMSE 

Full dataset 12 91.2 94.3 92.7 0.86 0.27 

LR-FR 4 98.1 94.7 96.4 0.93 0.18 

LR-BR 6 89.7 94.2 91.8 0.84 0.29 

BMA1 4 94.6 96.3 95.5 0.91 0.18 

BMA2 5 98.1 96.4 97.3 0.95 0.17 

BMA3 5 94.5 94.5 94.5 0.89 0.19 

BMA4 5 98.1 93.1 95.5 0.91 0.20 

BMA5 4 98.1 93.1 95.5 0.91 0.21
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Fig. 36.6 Logistic regression model validation using a success rate and b prediction rate 

Although the BMA2, BMA3, and BMA4 models had the same number of (5) 
flood-conditioning factors, the BMA2 model had the best accuracy and performance, 
followed by the model BMA3 and BMA4, respectively. This showed that the SPI 
conditioning factor was an important predictor of floods than geology or land cover 
(Table 36.3). This result revealed land cover had less effect on flood events than 
geology. Similarly, the BMA1 model (RMSE = 0.18) was better than the BMA5 
model (RMSE = 0.21) on the testing dataset, indicating that slope was a more 
important predictor of a flood than the landcover. Although the BMA1 model had 
slightly less classified accuracy than the BMA2 model, the posterior probability of 
this model was significantly higher than the BMA2 model (40.9% and 6.9% for 
BMA1 and BMA2 models, respectively). The BMA2 model was therefore selected 
for building a flood susceptibility map for the study area. 

36.3.3.2 Validation of Naïve Bayes Model 

Table 36.5 and Fig. 36.7 presents the classification accuracy and performance of 
the NB models. In the NB model, the stepwise regression models had higher accu-
racy than the full and the BMA 4 models. The full model with the largest flood-
conditioning factors was the worst in the prediction phase. The full data set could 
develop a high accuracy model in the training phase (Fig. 36.7a) but it had the lowest 
accuracy in the testing phase (Fig. 36.7b). The remaining data sets had high accuracy 
in both the training and testing phases.

The AUC values also showed that the NB models have higher accuracy than the 
LR models. Among these models, the forward regression and BMA2 models had the 
same AUC value (AUC = 0.996) and were the best model, followed by the remaining 
BMA models, and the full model was the worst (AUC= 0.984) (Fig. 36.7b). Although 
having the same AUC value, the BMA2 model reached higher classification accuracy
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Table 36.5 Some statistical indices of the Naïve Bayes model on the testing data set 

Model No. variables Sensitivity (%) Specificity (%) Accuracy (%) Kappa RMSE 

Full dataset 12 85.5 95.8 90.0 0.80 0.27 

LR-FR 4 91.5 98.0 94.5 0.89 0.20 

LR-BR 6 91.5 98.0 94.5 0.89 0.22 

BMA1 4 96.4 98.1 97.3 0.95 0.16 

BMA2 5 93.2 100.0 96.4 0.93 0.16 

BMA3 5 91.7 100.0 95.5 0.91 0.17 

BMA4 5 91.4 96.2 93.6 0.87 0.20 

BMA5 4 98.1 96.4 97.3 0.95 0.18 

Fig. 36.7 Naïve Bayes model validation using a success rate and b prediction rate

than the forward regression model. Therefore, the BMA2 model was used for the 
flood susceptibility mapping. 

36.3.3.3 Validation of Support Vector Machine Model 

The results of the SVM models are shown in Table 36.6 and Fig. 36.8. In general, 
the performance and predictive accuracy of SVM models were significantly better 
than LR and NB models in both the training and testing phases (Fig. 36.8). Table 
36.6 showed that the BMA2 model had the least classification accuracy, followed by 
the model with a full dataset and the backward regression model. The 4 remaining 
BMA and the forward regression models had the same classification accuracy. The 
AUC values on the testing set for the SVM in Fig. 36.8b showed that the backward 
regression model was the worst (AUC = 0.968 and RMSE = 0.22), while the forward 
regression, BMA1, BMA3, BMA4, and BMA5 had the same AUC values (AUC =
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Table 36.6 Some statistical indices of the support vector machine model on the testing data set 

Model No. variables Sensitivity (%) Specificity (%) Accuracy (%) Kappa RMSE 

Full dataset 12 98.1 94.7 96.4 0.93 0.18 

LR-FR 4 98.2 100.0 99.1 0.98 0.09 

LR-BR 6 96.4 96.4 96.4 0.93 0.22 

BMA1 4 98.2 100.0 99.1 0.98 0.09 

BMA2 5 98.1 93.1 95.5 0.91 0.18 

BMA3 5 98.2 100.0 99.1 0.98 0.09 

BMA4 5 98.2 100.0 99.1 0.98 0.09 

BMA5 4 98.2 100.0 99.1 0.98 0.09 

Fig. 36.8 Support vector machine model validation using a success rate and b prediction rate 

1.0) and were the best performing models. Among the best SVM models, the BMA1 
required the least flood-conditioning factors; therefore, this model was chosen for 
the flood susceptibility mapping. 

36.3.4 Building Flood Susceptibility Map 

From the aforementioned analyses, the models developed by employing the SVM 
algorithm had more stable accuracy and performance than the LR and NB algorithms. 
In this study, the input parameters corresponding to the best accurate models were 
chosen for building flood susceptibility maps for the Ålesund area. Specifically, the 
BMA2 model with 5 conditioning factors (altitude, slope, SPI, rainfall, and NDVI) 
was used for the LR and NB algorithms whereas the BMA1 with 4 conditioning
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factors (altitude, slope, rainfall, and NDVI) was used for the SVM to conduct the 
flood susceptibility mapping. 

The entire study area was converted to pixels of 10 m × 10 m and the significant 
flood-conditioning factors of the three ML models were used to build three separated 
flood susceptibility maps. In this study, the natural breaks (Jenks) method, which is 
an optimal method for classifying geographic data (North 2009; Khamis et al. 2018; 
Chen et al. 2013), was used to divide the flood susceptibility probabilities into five 
classes (No/Very Low, Low, Moderate, High, and Very High) in ArcGIS Pro software. 
The flood susceptibility maps are shown in Fig. 36.9.

36.4 Discussion 

Several ML algorithms have been efficiently applied to study and produce flood 
susceptibility maps. The different algorithms have pros and cons and require different 
input data. Moreover, the flood is a consequence of a combination of many flood-
conditioning factors, some of them are more important than others (Chen et al. 2020; 
Khosravi et al. 2019). Therefore, identification of the significant input factors for 
producing flood susceptibility maps is very important. If the optimal input factors 
are determined correctly, the model will get the highest accuracy and quality with 
the least required input data. In this study, the results showed that full models with 
all more conditioning factors had lower accuracy and performance than models with 
limited conditioning factors. It also presented the important role of significant flood 
conditioning factors in developing statistical models and machine learning models 
as well. 

The results in this study presented the BMA method was more effective than the 
conventional forward and backward regression methods in determining significant 
flood-conditioning factors, especially in the regression models. For instance, the 
LR models using the BMA algorithm (AUC ≥ 0.966) produce higher prediction 
performance compared to the LR-BR (AUC ≥ 0.925) (Fig. 36.6b). Similarly, for the 
SVM models in Fig. 36.8b, the AUC values of all models using the BMA as the feature 
selection algorithm were higher than the forward and backward regression algorithms 
(AUC ≥ 0.993 for the BMA and AUC≥ 0.968 for the LR-BR algorithms). For the ML 
models, the significant flood-conditioning factors had no significantly decisive role 
in the predictive accuracy of the model. Moreover, while the conventional forward 
or backward methods gave only one significant flood-conditioning factor, the BMA 
method gave many significant flood-conditioning datasets thereby allowing more 
flexibility for model selection and implementation. 

Based on the forward, backward, and BMA methods, altitude and rainfall were 
the most important determinants of flood events in the study area. These factors 
appeared in all the flood-conditioning datasets (Table 36.3). This is sensible because 
flood events more frequently occur as a result of heavy rains (Kay et al. 2006; 
Guhathakurta et al. 2011). Tehrany et al. (2015) showed that the areas with low 
altitude and slope would be more vulnerable than other areas. Altitude had been seen
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Fig. 36.9 Flood susceptibility maps of the models: a logistic regression, b Naïve Bayes, and c 
support vector machine

as the most flood conditioning factor that affected flood events using ML techniques 
in the work of Tehrany et al. (2019). Rainfall data (even in a short-term period) was 
seen as an important source for forecasting flash-flood (Toth et al. 2000). Several 
studies focused on studying rainfall as one of the most popular factors related to the 
flood phenomenon (Ulbrich et al. 2003; Norbiato et al. 2008; Nayak et al. 2005). 
Digital elevation models were used as the main data source for determining or doing 
research on flood events in many previous studies (Sande et al. 2012; Zwenzner and 
Voigt 2009; Ettritch et al. 2018; Manfreda et al. 2011). Flood conditioning factors 
such as curvature and TWI least affected flood susceptibility in the study area.
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The significant dataset obtained from the BMA method seems to be more efficient 
when used in the LR algorithm (Fig. 36.6). However, there was an insignificant 
difference between the BMA and the forward and backward methods in SVM models 
(Fig. 36.7 and Fig. 36.8). This is because the LR models depend significantly on the 
input parameters, while the ML models, are flexible and can account for various 
types of input data (Bui et al. 2012a; Lv and Tang 2011). The conclusion of the SVM 
model has higher accuracy than statistical models in creating a flood susceptibility 
map is suitable with many previous studies (Sahana et al. 2020; Choubin et al. 2019; 
Tehrany et al. 2019, 2014). 

There is no significant difference between AUC values in NB and SVM algorithms 
in both the training and testing phases (Figs. 36.7 and 36.8). These results are sensible 
because many historical studies showed that the difference in classification accuracy 
between ML algorithms was marginal (Tehrany et al. 2019). For example, several 
studies showed the DT model had more effective prediction capabilities than the 
SVM model (Hong et al. 2015; Singh et al. 2009), otherwise, the SVM model had 
marginally higher predictive capacity than DT or NB model (Bui et al. 2012b; Pradhan 
2013). 

36.5 Conclusion 

In this study, we proposed the using BMA method instead of the traditional step-
wise regression method to identify the significant flood-conditioning factors for 
producing flood susceptibility maps in Ålesund, Norway. Three different ML algo-
rithms namely LR, NB, and SVM were applied to conduct flood susceptibility maps. 
The flood database including 182 floods were used to generate and validate the 
models’ accuracy and performance employing ROC, AUC, and some statistical 
indices. 

The spatial database included 14 flood-conditioning factors that were considered 
to develop a predictive model. Tolerance and variance inflation factor methods used 
for checking the multicollinearity problem, NDSI, and MNDWI revealed no influ-
ence on flood occurrence in the study area and were eliminated from the model. 
The remaining 12 flood-conditioning factors (altitude, slope, curvature, TWI, SPI, 
rainfall, NDVI, aspect, distance from the river, soil type, land cover, and geology) 
were used. 

The stepwise regression and BMA methods were employed for identifying signif-
icant flood-conditioning factors. The predictive models’ performance was validated 
on the testing dataset using some statistical indices and AUC values. The valida-
tion analysis showed that the BMA models had higher accuracy than the traditional 
stepwise regression, especially for the LR model. With ML models such as NB or 
SVM, changing significant input parameters had no significant influence on the final 
predictive models’ ability in the study area. 

The AUC showed that the SVM was the best predictive model in terms of accu-
racy, followed by the NB and LR models, respectively. However, the reliability
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and accuracy of flood susceptibility maps are not only depending on the signifi-
cant input parameter but also influence the ML algorithms used. Therefore, several 
new ML algorithms such as hybrid algorithms or optimization techniques should be 
implemented to improve the map’s quality. 
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Chapter 37 
Application of Fuzzy and Geospatial 
Analysis for Identifying Water Pollution 
Zone in the Can Gio Coastal Mangrove 
Biosphere Reserve Area 

Son V. Lam, Phong V. Nguyen, Kien T. Ta, Chau P. T. Nguyen, Hoa T. Le, 
and Phu L. Vo 

Abstract Can Gio Mangrove Forest (CGMF), the World Biosphere Reserve Area, 
is located in Can Gio coastal district in the Southeastern area of Ho Chi Minh City. 
Aquaculture cultivation practices is one of the main livelihood activities the Can 
Gio coastal zone in which aquacultural sector plays a main contributor to the local 
economic development. However, surface waterbodies have been exacerbated due 
to intensive aquaculture practices over the past decade. The purpose of this paper is 
to identify surface water pollution zones in order to facilitate the local management 
practices of water resources. In this study, water quality zones were identified by 
using Fuzzy Comprehensive Evaluation (FCE) technique and geospatial analysis. 
Thirty-five (35) water samples were collected from aquaculture farms. The results 
indicated that the quality of surface water sources is being deteriorated by wastewater 
generated from aquaculture cultivation activities. Further, water quality zones were 
classified from non-pollution (level 1) to moderate pollution (level 3) according to 
FCE algorithm calculation based on different groups of monitoring water quality 
parameters as regulated by decision 1460/QD-TCMT of the Vietnam Environmental 
Protection Agency. These results are useful to assist local authorities in identifying 
water pollution areas (zones) influenced by aquaculture activities. More importantly,
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this finding is an implication for planners and managers at the top level of manage-
ment to put aquaculture planning in place in Can Gio for the long-run management 
practices of coastal water resources towards sustainable livelihood activities. 

Keywords Can Gio coastal zone · Aquaculture cultivation activities · Fuzzy 
comprehensive evaluation · Water quality · Water pollution zone 

37.1 Introduction 

In parallel with the urbanisation and industrialisation, the fast socio-economic devel-
opment has posed considerable impacts on environmental components, in which the 
most affected sector is water resources (Tuan et al. 2017; Vinh  2014). Many river 
basins are being seriously contaminated due to a great deal of pollutants gener-
ated from socio-economic activities that caused the deterioration of environments 
and resources such as the degradation of water quality, decline of biodiversity, and 
depletion of groundwater resources, etc. (Vinh 2014). 

Can Gio, a coastal district, is located in southeastern of Ho Chi Minh City, and 
comprises can Thanh town and 6 communes, including: Binh Khanh, An Thoi Dong, 
Ly Nhon, Tan Thon Hiep, Long Hoa, and Thanh An (UNESCO/MAB 2000; Nam  
et al. 2014; Tuan and Kuenzer 2012). Can Gio is a resources hub for the develop-
ment of local livelihoods, including onshore-offshore fishing, aquaculture cultivation 
(shrimp, crab, fish, and other aquatic products), salt-works, forest guarding, farming, 
livestocks, and tourism services (Lan 2016; Pho 2016).1 However, these livelihood 
activities have had adverse impacts on the environment and natural resources of Can 
Gio Mangrove Forest (CGMF). In fact, the variation of climate conditions such as 
increasing temperature, heavy rains, abnormal tropical storms, saltwater intrusion, 
and high level of river water had resulted in a profound loss of livelihood activities 
(Tuan and Dung 2015). In addition, changes in natural and man-made resources for 
socio-economic development have placed constraints and disturbance on local liveli-
hood activities. Infrastructure development projects on transportation network, Binh 
Khanh bridge (connecting Nha Be district—Can Gio district), Can Gio urban recla-
mation development, etc. have posed profound effects on local livelihood activities 
which are still far from expectation. Therefore, enhancing management practices 
and zoning surface water quality in Can Gio is a decisive task which not only for 
environmental management, but also for sustainable water resources utilisation and 
planning in the Can Gio Mangrove Forest. 

Presently, the assessment of water quality and classification of water quality zones 
are carried out mainly using WQI and comparing with QCVN 08-MT:2015/BTNMT 
(Hung 2017). However, this approach to water quality assessment replies on moni-
tored water quality indicators which were merely desultory and temporal (depending

1 Clough, B.: Continuing the journey amongst mangroves ISME Mangrove Educational Book Series 
No 1 International Society for Mangrove Ecosystems (ISME) Okinawa Japan and International 
Tropical Timber Organization (ITTO) Yokohama, Japan. 
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on sites and time of monitoring practices), and thus, this probably results in inad-
equate and improper determination of water quality status (Hung 2017). In order 
to surmount this hurdle, Fuzzy Comprehensive Evaluation (FCE) technique was 
deployed based on fuzzy logic to overcome the reality of environmental issues by 
“translating” the information of natural factors into mathematical formula. Basically, 
the meanings of the same context are combined such as severe pollution, heavy pollu-
tion, moderate pollution, lightly pollution, and non-pollution or types of pollution 
1, 2, 3, 4, and 5. Accordingly, the FCE technique is applied for translating these 
meanings into mathematical values and expressing the ultimate results in forms of 
understandable ways to state what kind of water quality is (Ly 2019). It can be 
certainly said that “fuzzy” logic is a superset of traditional logic which was used to 
identify the real value between “completely true” and “completely wrong”. In other 
ways, the FCE technique helps to process or to omit some multivariates, uncertain, 
and incoherent monitoring data, and therefore, it is able to create logical, transparent, 
and reliable information (Hung 2017; Ly  2019; Tran et al.  2014). 

The purpose of this study is to assess water quality and classify water pollution 
zone in the coastal aquaculture cultivation area of Can Gio district by using FCE 
algorithm based on the Decision 1460/QD-TCMT. The results of water quality zoning 
will be an effective support tool for the management practice and the ultilisation of 
surface water resources for the sustainable development of aquaculture livelihoods 
in Can Gio district. 

37.2 Study Area and Methods 

37.2.1 Study Area 

The study area is Can Gio coastal district, Ho Chi Minh City, Vietnam. The location 
of study area is shown in Fig. 37.1, in which aquaculture cultivation activities (shrimp 
farming, crab, fish, and other aquatic products) are the majority of local livelihoods.

37.2.2 Methods 

37.2.2.1 Water Sampling and Analysis 

A total of 35 surface water samples at receiving water bodies of wastewater 
discharging from aquaculture cultivation activities (shrimp, crab, fish, and other 
aquatic products) were surveyed and collected. Water samples were collected in 
the dry and rainy seasons of 2020. Water sampling and storing were conducted in 
accordance with TCVN 6631-1:2011 and transported to the lab at HUTECH within 
24 h (Table 37.1).
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Fig. 37.1 Map of coastal areas with surface water of Can Gio district

The quality of surface water was compared with QCVN 02– 
19:2014/BNNPTNT—National Technical Regulation on Brackish Water Shrimp 
Culture Farm—Conditions for Veterinary Hygiene, Environmental Protection and 
Food Safety and QVCN 08-MT:2015/BTNMT—National Technical Regulation on 
Surface Water Quality. 

37.2.2.2 Fuzzy Comprehensive Evaluation (FCE) Technique 

According to Decision 1460/QD-TCMT on technical guidelines for calculation of 
water quality in Vietnam (so-called VN_WQI), parameters of water quality are 
divided into five groups, including: Group I—pH; Group II—pesticides; Group III— 
heavy metals; Group IV—organic matter and nutrients; and Group V—microbiology 
(QD-TCMT 2019). The VN_WQI can be built when having 03/05 groups of param-
eters are suitable to the characteristics of a specific study area. Son et al. (2021) 
claimed that aquaculture cultivation is a lion share of local livelihood activities, 
accounting for 52%, and is responsible for the poor quality of coastal waters in 
Can Gio. Accordingly, organic matter, nutrients, and microorganisms are the main 
source of pollutants. Therefore, the parameters used for water quality assessment 
consist of Group I (pH), Group IV (organic matter and nutrients), and Group V 
(microorganisms). Furthermore, the application of fuzzy algorithm (FCE technique) 
for classifying pollution level (type) based on 3 above-mentioned groups of water 
quality parameters from 35 collected surface water samples is consistent with the 
regulation of Decision 1460/QD-TCMT. 

Practically, steps to perform a water quality classification by using FCE technique 
as described in Fig. 37.2.
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Table 37.1 Analysis methods for water quality 

Parameter Analysis 
method/protocol 

Permissible limits (B1) Measurement and analysis 
instruments 

pH TCVN 6492:2011 
Water quality—pH 

5.5–9 Model seven compact 
S220-K 

DO 
(mg/L) 

TCVN 7324:2004 
Water quality—DO 
measurement, electrode 
probe 

4 Model Oxi 7310 

BOD5 
(mg/L) 

TCVN 6001-2:2008 
Water 
quality—non-dilution 
protocol 

15 Model Oxi 7310 

50 

COD 
(mg/L) 

TCVN 6491:1999 
Water quality—COD 
analysis 

30 Elox portable meter 

150 

NH4 
+-N 

(mg/L) 
TCVN 6179-1:1996 
Water 
quality—spectrometer 

0.9 AmmoniTor 

10 

NO3
−-N 

(mg/L) 
TCVN 6180:1996 
Water quality—UV Vis 

10 UV Vis 730 

NO2
−-N 

(mg/L) 
TCVN 6178:1996 
Water quality—UV Vis 

0.05 UV Vis 730 

PO4 
3−-P 

(mg/L) 
TCVN 6202:2008 
Water quality—UV Vis 
(amoni molipdate) 

0.3 UV Vis 730 

Total P TCVN 6202:2008 
Water quality—UV Vis 
(amoni molipdate) 

6 UV Vis 730 

TOC 
(mg/L) 

TCVN 6634:2000 
Water quality—TOC 

4 (A1) TOC Ultra 

Coliform 
(MPN) 

TCVN 6187-2:1996 
Water quality—most 
probable number 

7500 Most probable number 

5000

37.2.2.3 GIS Technique and Geostatistical Analysis 

GIS techniques coupled with ArcGIS 10.4 software were applied for building models. 
In addition, group data of information on natural conditions, environmental informa-
tion on inland and coastal areas collected from government agencies, departments, 
and institutes were processed and analyzed by using geostatistical analysis (an inte-
grated tool on GIS). The results of FCE calculation are deployed for overlaying 
and mapping water pollution classification. Finally, the classification map of water 
quality in the coastal zone of Can Gio was constructed (Fig. 37.3).
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Step 1. Determine the set of 
parameters for assessing water quality 

using the objective function U 

Step 3. Determine the type of 
probability distribution based on the 

monitoring data 

Step 2. Building a hierarchy of water 
quality for evaluation factors 

Step 5. Integrate weights into 
probability, output fuzzy matrix R on 

evaluation results 

Step 4. Building fuzzy 
rating matrix 

Step 6. Evaluation of 
conclusions 

Fig. 37.2 Steps of hierarchical evaluation by using fuzzy algorithm (Tran et al. 2014)

Fig. 37.3 Inverse distance 
weighting method (IDW) 

Further, the inverse distance weighting method—a geostatistical analysis tech-
niques—was used to determine the value of unknown points by averaging the distance 
weights of the values of the points. Known values in the neighborhood of each pixel 
(Watson and Philip 1985). The further points which are far away from the point
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to be calculated have little influence on the calculated value, the closer points, the 
greater weight. Therefore, it is possible to interpolate the spatial distribution of pollu-
tion levels according to FCE at monitoring points based on calculated water quality 
index by using Fuzzy algorithm to mapping zones of water pollution in Can Gio 
district. The IDW weighted interpolation formula is expressed as follows: 

z(x) =
Σ	

i 

wizi/
Σ	

i 

wi 

whereas Wi the weights depend on the distance. Interpolation calculations were 
performed by using ArcGIS 10.7. software. 

37.3 Results and Discussion 

37.3.1 Current Status of Coastal Water Quality in the Can 
Gio District 

According to Economic Department of Can Gio District People’s Committee (2019), 
the total value of seafood production in the period 2015–2019 reached 7109 billion 
VND, a growth rate of 19%/year, corresponding to the total production of aquacul-
ture and marine products are 134,322 tons (average 26,864 tons/year) (Department 
Economy 2021; Department of Statistics 2018). The ratio of income and profit from 
the main livelihoods of aquaculture activities is relatively high. Households’ income 
comes from various livelihood activities such as shrimp farming (prawn and white 
leg shrimp), fish, crab, mollusk farming (clams, oysters, oysters) which occupy the 
planned area of 5035 ha. Son et al. (2021) indicated that the impact of livelihood 
activities on water environment was identified at medium level. However, the impact 
of aquaculture cultivation practices on the quality of water environment ranges from 
the level of medium to minor impact (from 3 to 4) compared to other livelihood 
activities. Water quality at receiving waterbodies was assessed by 35 water samples 
collected at locations of wastewater discharged from aquaculture activities is shown 
in Figs. 37.4 and 37.5 (Son et al. 2021).

The results showed that the contents of DO, BOD5, COD, NH4 
+-N, NO3

−-N, 
NO2

−-N, from most of water samples meet the allowable levels of surface water 
quality—QCVN 08-MT:2015/BTNMT (Class B1) and the quality of shrimp farming 
water—QCVN 02-19:2014/BNNPTNT (see Figs. 37.4 and 37.5). However, the 
concentration of total organic carbon (TOC) at the same sampling sites exceeds 
permissible limits of QCVN 08-MT:2015/BTNMT (>4 mg/L) (Fig. 37.4). The 
content of P-PO4 

3− at sampling site NM34 is the highest (0.45 mg/l) exceeding 
the permitted level of QCVN 08-MT:2015/BTNMT (with (PO4 

3−-P < 0.3 mg/L) 
(Fig. 37.5). The contents of NH4 

+-N, NO3
−-N, NO2

−-N meet the allowable
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Fig. 37.4 The content of DO, BOD5, COD và TOC from surface water at receiving waterbodies 

Fig. 37.5 The content of NH4
+-N, PO4 

3−-P, NO3
−-N và NO2

−-N from surface water at receiving 
waterbodies of aquaculture cultivation practice
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levels of surface water quality QCVN 08-MT:2015/BTNMT (Fig. 37.5). However, 
aquaculture activities are posing negative impacts on the water environment. 

37.3.2 The Quality of Surface Water in Can Gio Coastal Area 
Using FCE 

Based on the steps of performing hierarchical evaluation according to the Fuzzy 
algorithm and grading parameters based on Decision 1460/QD-TCMT, water quality 
was evaluated by FCE through the following 8 steps: 

Step 1 Statistically remove some parameters that are not suitable for WQI. From 
Table 37.2, select and remove some unsuitable parameters for the calculation 
process. There are 10 factors participating in water quality selected to be 
included in the assessment model, including: pH, DO, BOD5, COD, TOC, 
NH4 

+-N, NO3
−-N, NO2

−-N, PO4 
3−-P, Coliform (Fig. 37.6). 

Step 2 Calculate DO % saturation. The DO parameter is calculated according to 
the interval so it will be converted according to formula (37.1) 

DOsaturation = A/(14.652 − 0.41022.T + 0.007991.(T)2 

− 0.00007774.(T)3 ) × 100. (37.1) 

wherein, A is the DO value; T is the water temperature at the time of 
monitoring (°C) (Fig. 37.7)

Step 3 Calculate the case of multiple thresholds. For pH and DO, there will be 
3 threshold levels (high, middle, and low), for the remaining parameters,

Table 37.2 Calculation of multiple thresholds 

Parameter High Middle Low 

pH 9 7 5.5 

DO 158.3 100 20 

COD 51 

BOD5 20 

NH4 
+-N 1.42 

PO4 
3−-P 1.02 

Coliform 7000 

NO3
−-N 9.4 

NO2-N 0.02 

TOC 20
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Fig. 37.6 Statistics of some suitable parameters for WQI

Fig. 37.7 Calculation of DO % saturation 

only the middle threshold level will be calculated by the average sum of the 
hierarchy (I + II + II + IV +) V)/5 (Fig. 37.8).

Step 4 Calculate Ci/Si flexible weighting for all parameters. For the pH and DO 
values, they are calculated as formula (37.2): 

IF(B < 4.5, (Z)/B, IF(AND(B > 4.5, B < 9.5), B/Y, 

IF(B >= 9.5, B/X))) (37.2) 

If  B < 4.5,  then  the weighted  value is the  low threshold;  if  4.5 < B < 9,  
then the weighted value is the middle threshold, otherwise if B ≥ 9.5 then 
the weighted value is the high threshold.
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Fig. 37.8 Calculation of multiple thresholds

For BOD5, COD, TOC, NH4 
+-N, NO3

−-N, NO2
−-N, PO4 

3−-P, Coliform param-
eters, they are calculated as formula (37.3): 

B/Y (37.3) 

whereas B is the calculated parameter value from DO % saturation; X is the high 
threshold; Y is the middle threshold; Z is the low threshold (Fig. 37.9). 

Step 5 Normalize the weights for the parameters participating in the evaluation as 
formula (37.4): 

C/W (37.4)

Fig. 37.9 Calculation of Ci/Si flexible weighting for all parameters 



630 S. V. Lam et al.

Fig. 37.10 Normalizing weights for the parameters of evaluation 

wherein C is the Ci/Si value of each parameter; W is the sum of the weights. 
The sum of the normalized weights for all parameters with a value of 1.00 
is correct (Fig. 37.10). 

Step 6 Calculate the membership function value for each parameter. 

For a membership function with a hierarchical level I (non-polluted) is calculated 
as formula (37.5) below: 

Hierarchical level I = IF(AND(B >= 6.5, B <= 7.5), 1, 
IF(AND(B > 6, B < 6.5), (6 − B)/(66.5), 
IF(AND(B > 7.5, B < 8), (8 − B)/(8 − 7.5), 0))) (37.5) 

If (6.5 ≤ B ≤ 7.5)  then  give  the value  1,  if  (6  < B < 6.5) give the  value ((6  − B)/(6 − 
6.5)), if (7.5 < B < 8) then give value ((8 − B)/(8–7.5)), the remaining conditions 
give value 0. 

For a membership function with a hierarchical level II (lightly polluted)—III 
(moderately polluted)—IV (heavy polluted) is calculated as formula (37.6): 

Hierarchical level II = IF(AND(B >= 6, B <= 6.5), (B − 6.5)/(6 − 6.5), 
IF(AND(B > 5, B < 6), (5 − B)/(5 − 6) , 
IF(AND(B > 7.5, B <= 8), (B − 7.5)/(8 − 7.5), 
IF(AND(B > 8, B < 9), (9 − B)/(9 − 8), 0)))) (37.6)
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If (6 ≤ B ≤ 6.5) give the value ((B − 6.5)/(6 − 6.5)), if (5 < B < 6) give the value 
((5 − B)/(5 − 6)), if (7.5 < B ≤ 8) give the value ((B − 7.5)/(8 − 7.5)), if (8 < B < 
9) give the value ((9 − B)/(9 − 8)), the remaining conditions give value 0. 

Hierarchical level III = IF(AND(B >= 5, B < 6), (B − 6)/(5 − 6), 
IF(AND(B > 4.5, B < 5), (4.5 − B)/(4.5 − 5) , 
IF(AND(B > 8, B <= 9), (B − 8)/(9 − 8) , 
IF(AND(B > 9, B < 9.5), (9.5 − B)/(9.5 − 9), 0)))) 

(37.7) 

If (5 ≤ B < 6.5) give the value ((B − 6)/(5 − 6)), if (4.5 < B < 5) give the value 
((4.5 − B)/(4.5 − 5)), if (8 < B ≤ 9) give the value ((B − 8)/(9 − 8)), if (9 < B < 
9.5) give the value ((9.5 − B)/(9.5 − 9)), the remaining conditions give value 0. 

Hierarchical level IV = IF(AND(B >= 4.5, B < 5), (B − 5)/(4.5 − 5), 
IF(AND(B > 9, B < 9.5), (B − 9)/(9.5 − 9), 0)) (37.8) 

If (4.5 ≤ B < 5) give the  value ((B  − 5)/(4.5 − 5)), if (9 < B < 9.5) give the value 
((B − 9)/(9.5 − 9)), the remaining conditions give value 0. 

For a membership function with a hierarchical structure V (severely polluted) is 
calculated according to formula (37.9): 

Hierarchical level V = IF(B < 4.5, 1, IF(B > 9.5, 1, 0) (37.9) 

If (B < 4.5) then give the value 1, if (B > 9.5) then give the value 1, the remaining 
conditions give value 0. The sum of membership function values with a hierarchy of 
each parameter in order will give a value of 1.00 which is correct (Fig. 37.11). 

Fig. 37.11 Calculate the membership function value for each parameter
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Step 7 Multiply the membership function matrix by the weight vector, which is 
calculated according to formula (37.10): 

BoR = D.V (37.10) 

whereas D is the normalized value from the weighted normalization calcu-
lation of parameters; V is the value of each parameter of hierarchical {I, II, 
III, IV, V}. The sum of the values of the parameters by hierarchical and the 
sum of the values of the five hierarchies will have a value of 1.00 which is 
correct (Fig. 37.12). 

Step 8 Conclusion of hierarchical pollution level. 

To conclude that the sampling point belongs to which hierarchical level of 
pollution, it is calculated as formula (37.11) 

IF((E1 = MAX(F)), $U1, IF((E2 = MAX(F)), 

$U2, IF((E3 = MAX(F)), $U3, F((E4 = MAX(F)), 

$U4, IF((E5 = MAX(F)), $U5))))) (37.11) 

If (E1 = MAX(F)) then give the value of non-polluted—I, if (E2 = MAX(F)) then 
give the value of lightly polluted—II, if (E3 = MAX(F)) then give the value of 
moderately polluted—III, if (E4 = MAX(F)) then give the value of heavy polluted— 
IV, if (E5 = MAX(F)) then give the value of severely polluted—V. 

The max probability is calculated as formula (37.12)

IF((E1 = MAX(F)), E1, IF((E2 = MAX(F)), E2, 

IF((E3 = MAX(F)), E3, IF((E4 = MAX(F)), E4,

Fig. 37.12 Multiply the membership function matrix by the weight vector 
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IF((E5 = MAX(F)), E5))))) (37.12)

If (E1 = MAX(F)) give the value E1, if (E2 = MAX(F)) give the value E2, if (E3 = 
MAX(F)) give the value E3, if (E4 = MAX(E)) give the  value E4,  if  (E5  = MAX(F)) 
give the value E5. 

Wherein E1, E2, E3, E4, E5 is the value of each parameter of hierarchical {I, II, 
III, IV, V}; F is the total value of E1 + E2 + E3 + E4 + E5; U1, U2, U3, U4, U5 is 
the value corresponding to the hierarchical level of pollution. 

In order to conclude hierarchical level of pollution of monitoring site, it is 
calculated as formula (37.13): 

IF((S = $U1), 1, IF((S = $U2), 2, IF((S = $U3), 3, 
IF((S = $U4), 4, IF((S = $U5), 5))))) (37.13) 

If (S = $U1) then give the value 1, if (S = $U2) then give the value 2, if (S = $U3) 
then give the value 3, if (S = $U4) then give the value 4, if (S = $U5) then give the 
value 5. 

Whereas S is the result of the calculated value of pollution hierarchy (Fig. 37.13). 
In order to ultimate conclusion for each sampling point (including results from 2 

monitoring seasons), it is necessary to calculate the overall average in different ways 
as follows Table 37.3:

The final conclusion of water pollution hierarchy is calculated by formula (37.14) 

IF(P < 1.5, $U1, IF(AND(P > 1.5, P < 2.5), $U2, 

IF(AND(P >= 2.5, P < 3.5), $U3, 

IF(AND(P >= 3.5, P < 4.5), $U4, IF(P > 4.5, $U5))))) (37.14)

Fig. 37.13 Conclusion of pollution hierarchy 
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Table 37.3 Calculation of overall average in different ways 

Overall average calculation Average value for 2 measurements 

Trimmean =TRIMMEAN((R),10%) 

Average =AVERAGE(R) 

Geomean =GEOMEAN(R) 

Median =MEDIAN(R) 

Overall average =AVERAGE(Q)

If (P < 1.5) then give the value of non-polluted (Level I), if (1.5 < P < 2.5) then 
give the value of lightly polluted (Level II), if (2.5 ≤ P < 3.5) then give the value 
of moderately polluted (Level III), if (3.5 ≤ P < 4) corresponding to value of heavy 
polluted (Level IV), if (P > 4.5) corresponding to value of severely polluted (Level 
V). 

Whereas R is the total value of 2 monitoring periods of the pollution hierarchy 
conclusion; Q is the average sum of (Trimmean + Average + Geomean + Median); 
P is the overall average of pollution hierarchy conclusion (Fig. 37.14). 

According to the above-mentioned steps, the calculation result of the pollution 
hierarchy of Can Gio coastal waters in 2020 is presented in the following Table 37.4.

Water quality in aquaculture areas ranges from non-polluted to moderately 
polluted in which 18 monitoring points are classified as level 1 (non-polluted), 13 
points are level 2 (lightly polluted), and 4 sampling points are ranked as level 3 
(moderate polluted). Considering the spatial distribution, three (03) communes are 
likely to be considered affected by wastewater from aquaculture activities, including 
Tam Thon Thiep, An Thoi Dong, and Ly Nhon. Particularly, three sampling points 
in Ly Nhon commune are moderately polluted with pollution hierarchical level III.

Fig. 37.14 The pollution hierarchy conclusion 
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Table 37.4 Results of pollution hierarchy calculated by using FCE technique 

Sample code Coordinates Commune FCE calculation Conclusion 

NM1 10° 38' 09.8'' N; 106° 
48' 20.5'' E 

Binh Khanh 1 Non-polluted—I 

NM2 10° 37' 43.2'' N; 106° 
47' 11.4'' E 

Binh Khanh 1 Non-polluted—I 

NM3 10° 37' 34.5'' N; 106° 
47' 40.5'' E 

Binh Khanh 1 Non-polluted—I 

NM4 10° 37' 08.4'' N; 106° 
47' 20.4'' E 

Binh Khanh 1 Non-polluted—I 

NM5 10° 37' 12.8'' N; 106° 
48' 35.9'' E 

Binh Khanh 2 Lightly 
polluted—II 

NM6 10° 36' 20.0'' N; 106° 
49' 09.7'' E 

Binh Khanh 1 Non-polluted—I 

NM7 10° 35' 04.5'' N; 106° 
49' 22.5'' E 

An Thoi Dong 1 Non-polluted—I 

NM8 10° 35' 03.2'' N; 106° 
48' 23.6'' E 

An Thoi Dong 2 Lightly 
polluted—II 

NM9 10° 35' 29.0'' N; 106° 
47' 57.6'' E 

An Thoi Dong 1 Non-polluted—I 

NM10 10° 37' 06.8'' N; 106° 
50' 49.4'' E 

Tam Thon Hiep 2 Lightly 
polluted—II 

NM11 10° 37' 07.0'' N; 106° 
51' 05.9'' E 

Tam Thon Hiep 1 Non-polluted—I 

NM12 10° 36' 26.3'' N; 106° 
51' 42.9'' E 

Tam Thon Hiep 2 Lightly 
polluted—II 

NM13 10° 36' 08.1'' N; 106° 
51' 27.1'' E 

Tam Thon Hiep 1 Non-polluted—I 

NM14 10° 36' 23.0'' N; 106° 
51' 14.4'' E 

Tam Thon Hiep 2 Lightly 
polluted—II 

NM15 10° 35' 15.8'' N; 106° 
50' 29.4'' E 

Tam Thon Hiep 1 Non-polluted—I 

NM16 10° 35' 14.5'' N; 106° 
50' 08.8'' E 

An Thoi Dong 3 Moderately 
polluted—III 

NM17 10° 35' 03.9'' N; 106° 
49' 42.4'' E 

An Thoi Dong 1 Non-polluted—I 

NM18 10° 33' 51.8'' N; 106° 
48' 38.1'' E 

An Thoi Dong 2 Lightly 
polluted—II 

NM19 10° 23' 50.8'' N; 106° 
54' 26.2'' E 

Long Hoa 1 Non-polluted—I 

NM20 10° 27' 46.0'' N; 106° 
46' 24.6'' E 

Ly Nhon 2 Lightly 
polluted—II 

NM21 10° 28' 07.3'' N; 106° 
46' 05.7'' E 

Ly Nhon 1 Non-polluted—I

(continued)
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Table 37.4 (continued)

Sample code Coordinates Commune FCE calculation Conclusion

NM22 10° 28' 46.9'' N; 106° 
45' 42.6'' E 

Ly Nhon 2 Lightly 
polluted—II 

NM23 10° 27' 48.3'' N; 106° 
46' 49.8'' E 

Ly Nhon 1 Non-polluted—I 

NM24 10° 28' 40.8'' N; 106° 
46' 27.2'' E 

Ly Nhon 1 Non-polluted—I 

NM25 10° 28' 51.6'' N; 106° 
46' 08.7'' E 

Ly Nhon 2 Lightly 
polluted—II 

NM26 10° 29' 14.8'' N; 106° 
45' 57.6'' E 

Ly Nhon 3 Moderately 
polluted—III 

NM27 10° 29' 33.3'' N; 106° 
45' 45.0'' E 

Ly Nhon 1 Non-polluted—I 

NM28 10° 30' 10.0'' N; 106° 
45' 47.5'' E 

Ly Nhon 1 Non-polluted—I 

NM29 10° 30' 09.8'' N; 106° 
45' 47.4'' E 

Ly Nhon 2 Lightly 
polluted—II 

NM30 10° 30' 53.0'' N; 106° 
45' 54.4'' E 

Ly Nhon 2 Lightly 
polluted—II 

NM31 10° 31' 22.9'' N; 106° 
46' 32.9'' E 

Ly Nhon 2 Lightly 
polluted—II 

NM32 10° 31' 02.1'' N; 106° 
46' 32.7'' E 

Ly Nhon 2 Lightly 
polluted—II 

NM33 10° 32' 27.0'' N; 106° 
45' 42.1'' E 

Ly Nhon 3 Moderately 
polluted—III 

NM34 10° 33' 22.3'' N; 106° 
45' 31.1'' E 

Ly Nhon 3 Moderately 
polluted—III 

NM35 10° 33' 06.3'' N; 106° 
46' 31.4'' E 

An Thoi Dong 1 Non-polluted—I

37.3.3 Identification of Water Pollution Zone in Can Gio 

FCE analysis is used to comprehensively assess water quality through sampling 
points to determine pollution hierarchies based on suitable selected parameters. 
The FCE results showed that nutrients and organic matter generated by aquacul-
ture activities are the main potential factors affecting water quality in the study 
area. Therefore, the inverse distance weighting (IDW) method is used to interpolate 
the sampling points according to the pollution hierarchies. The interpolation results 
of IDW enabled to identify the current spatial distribution of polluted areas in the 
coastal zone of Can Gio district as shown in Table 37.5 and Fig. 37.15 with 3 levels: 
non-pollution (0.00–0.29); lightly pollution (0.29–0.45); and moderately pollution 
(0.45–0.61). Importantly, the FCE calculation and analysis showed that non-pollution 
zones are riverine areas of Soai Rap River, Long Tau River, and surface water bodies
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in the coastal area. Further, the FCE analysis of water quality parameters are also 
homogenous between sampling points. Most of the monitored parameters are below 
the allowable limits of QCVN 08-MT:2015/BTNMT. 

The lightly polluted areas [with low IDW weights (0.29–0.45)] are agricultural 
and aquaculture areas, where the exchange of water flow is small and slower than 
in the river and coastal areas. In addition, the spatial distribution of regions with 
numerical values of the average IDW weights (0.45–0.61) is located in the hinterland 
where water exchange and flow velocities are slow. This results in an increase in 
sedimentation and higher accumulation of pollutants than other areas. It can be 
concluded that water quality is generally stable, meanwhile the water quality of 
surrounding aquaculture areas is poor and worse than other areas. Organic matter 
and non-biodegradable pollutants are the main cause of water pollution.

Table 37.5 Score of the IDW weight according to FCE analysis 

Range Score Area (ha) 

Non-pollution 0.00–0.29 4421.12 

Lightly pollution 0.29–0.45 18,307.71 

Moderately pollution 0.45–0.61 47,717.54 

Fig. 37.15 Classification of water quality zone according to pollution hierarchical level in the study 
area 
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37.4 Conclusion 

The quality of surface water in the Can Gio district is being affected by aquaculture 
cultivation practices—the majority of the local livelihood activities. Water quality of 
receiving bodies is deteriorated by wastewater discharged from aquaculture cultiva-
tion activities in which the concentration of phosphate (PO4 

3-P), total organic carbon 
(TOC) and total Coliform exceeds the allowable limits for aquaculture cultivation. 
Households treat input water to suit farming practices upon the type of aquaculture 
cultivation activities (shrimp, fish, crabs, and other aquatic products). In addition 
to the massive development of aquaculture activities in terms of scale and density, 
the lack of planning on farming areas has placed constraints on the sustainable 
development of aquaculture cultivation activities. 

The identification of water pollution zones is an important task to the manage-
ment practices of local authorities in planning aquaculture activities for sustainable 
livelihoods in the Can Gio district. Therefore, the quality of surface water sources in 
and surrounding aquaculture areas was classified by different pollution hierarchical 
level using FCE technique. Accordingly, water quality in aquaculture areas ranges 
from non-polluted to moderately polluted with 18 monitoring points were classified 
as level 1 (non-polluted), 13 points are level 2 (lightly polluted), 4 sampling points 
are ranked as level 3 (moderate polluted). Spatially distribution, three (03) out of five 
(05) communes are likely to be considered affected by wastewater from aquaculture 
activities, including Tam Thon Thiep, An Thoi Dong, and Ly Nhon. Particularly, 
three sampling points in Ly Nhon commune are moderately polluted with pollution 
hierarchical level III. This unveils that surface water sources in the coastal zone of 
Can Gio would be further exacerbated by the boom development of aquaculture 
cultivation activities in association with coastal urbanisation in recent years. More 
importantly, this finding is useful to local authorities, planners, and managers at the 
top level of management to put aquaculture planning in place. 
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Chapter 38 
Closed Chain System for Plastic Wastes 
Model Toward Circular Economy, Case 
Study in Co to, Quang Ninh, Vietnam 
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Abstract The market of plastics has increased by 23% in 7 years (from 2008 to 
2015) due to their versatile properties and cheap production. Combating the menace 
of plastic waste pollution has become a global environmental challenge and the plastic 
waste disposal is a major obstacle for waste management and recycling all over the 
world. In Vietnam, It is a common practice to see a large number of waste plastic 
products not collected in waste bins for further processing, recovery and standard 
disposal via recycling centers, incinerators or landfills, rather, they are carelessly 
scattered or discarded into regions that are inaccessible for waste collection and 
hence terminating the possibility of recovery/recycling. The usual practices include 
plastic bottles and containers being thrown on the ground, thrust out of vehicles, 
hipped around narrow passages or blown away by wind which litter the surroundings 
and subsequently pollute the immediate ecosystem. This paper therefore seeks to the 
appropriated closed chain system for plastic wastes toward to circular economy in 
Vietnam, the special case model was applied in Co To district with the participation of 
community, social organizations, local authorities and 02 collected vendors to collect, 
reuse and recycle from plastic waste. The model has contributed to improve the 
tourism environment, reduce the plastic waste disposal and change the inhabitant’s 
awareness and consumption habits. 
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38.1 Introduction 

Plastic plays a very important role in the fast-paced life today. This common polymer 
product is very important to all aspect of social. With the development of chemical 
engineering technique, many convenient and useful product was come to the human 
life, and plastic is one of outstanding invention. Plastics are made from petroleum 
by-products, most common sourced from natural gas-producing countries at very 
affordable prices. Plastic waste management and recycling capabilities will be far 
exceeded in next two decades with the enormous increase of plastic production 
which was foreseen to double at that time (Plastics Europe 2018). Because plastic 
is a product of the oil industry, as the industry grows, so does the plastic produc-
tion. The plastics industry explains that this increase in production is driven by an 
increase in demand for disposable plastics, such as soft drinks and packaging, and 
that this market is particularly flourishing in developing countries. This means that 
most plastics produced are planned to be exported to developing countries, where 
waste management services may not be properly equipped for disposal. Nowadays, 
plastic waste was existing in every part of environment, ocean, earth, soil, … With 
approximate 730,000 tons of plastic waste discharged to the ocean annually and 
a lot of other mismanaged plastic waste, Vietnam which ranked number 15 in the 
list of countries (and dependencies) by population took a 4th position on the list 
of countries which discharge the largest amount of plastic (Ghisellini et al. 2016). 
On both land and sea, plastic waste damage the environment and cause the harmful 
consequence to the life and health of animal and aquatic species, as well as human 
health. In Vietnam, in 1990, the average amount of plastic consumption in Vietnam 
was 3.8 kg/person/year, after 10 years (2019), the amount of plastic consumption has 
increased more than 10 times in comparison to 1990 and reached 41 kg/person/year 
(Le et al. 2019) The most common single-use plastics are caps—plastic bottles, food 
wrappers, plastic bags, straws, etc. Plastic waste when released into the environment 
not only affects the landscape and cause environmental pollution, but also have great 
effects on animals and humans, for example, about 267 marine species have been 
entangled or eaten by microplastics in the sea (Kühn and Franeker 2020; Moore 
2008); about 1 million seabirds, 100,000 marine mammals sea turtles and countless 
fish species die from plastic waste each year (Susanti et al. 2020). The marine debris 
is being considered as one of the most remarkable environment pollutants. People 
dispose enough plastic waste to surround the Earth four times each year, particularly 
oceans suffer more than 8 million tons, but just only 27% of them are processed and 
recycled, this number for Vietnam is just 10% (Thuy 2019). However, the govern-
ment and other social organizations in Vietnam have taken actions to improve the 
recycling efficiency of plastic waste over the years. For example: (1) waste sorting, 
(2) turning plastic into energy for industrial companies, (3) study into application of 
waste plastic in construction and environmental treatment. 

Currently, the circular economy and economic and technical (technological) solu-
tions were proposed to move away from the traditional way of managing the economy
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in a linear (Linearity Economy), for example, from the “cradle” (exploitation, produc-
tion, consumption) straight to the “grave” (burial) to a way of managing the economy 
in a “circular” (revolving) style through reuse, recycling all waste generated before 
returning to the environment (burial). Hence, this paper aimed to set up the general 
closed chain system for plastic wastes management which includes stakeholders, 
achieved activities and measurable factors aspects of sustainability. This model was 
applied in Co To with the participation of community, social organizations, local 
authorities and 02 collected vendors to collect, reuse, recycle and recover energy 
from plastic waste. The goal of the model will be expressed in 03 factors: (i) improve 
the living environment, (ii) reduce the plastic waste disposal and (iii) the inhabitant’s 
awareness, consumption and disposal of plastic wastes. 

38.2 Closed Chain System for Plastic Waste Management 

38.2.1 Research Hypothesis 

• Based on the actual situation of plastic waste generation, plastic waste manage-
ment system and polluted generation from plastic waste, the needs reduce and 
recycle plastic waste for living conditions improvement are achieved. 

• Plastic wastes are mostly collected together with domestic solid waste and other 
wastes without being sorted, so the efficiency of recycling plastic waste is almost 
non-existent. From there, the adequate closed chain system for plastic waste 
management including management, collection, treatment and reduction from 
supply to consumption and collection, recycling and reuse need to be conducted. 

• Model-based approach to using environmentally friendly green products, reducing 
and moving towards no use of single-use plastic products. From there, provide 
policy, technology and management solutions as well as specific implementation 
plans to replace single-use plastic products with environmentally friendly green 
products such as products made from starch, paper, wood, … 

38.2.2 Design Closed Chain System for Plastic Waste 
Management Model 

The closed chain system for plastic waste management model comprises types of 
economic and social development which protect and enhance the natural environ-
ment and social equity. Hence, general model of plastic waste management, which 
offers a comprehensive theoretical framework integrating of approach, stakeholders, 
achieved activities and measurable factors aspects of sustainability. The model 
exhibits the underlying ethical principles, broad goals and measurable objectives.
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Stakeholders 

Fig. 38.1 Plastic waste management model toward circular economy. Local communities, (2) 
tourists, (3) local management agencies, (4) collection-recycle-treatment enterprise, (5) plastic 
wastes vendor 

The closed chain system for plastic waste management model was built based 
on a product lifecycle-based approach that integrates reduction, reuse and recycling 
activities in the production process, exchange and consumption. The plastic waste 
management model was shown in Fig. 38.1. 

The principle of closed chain system for plastic waste management model was 
based on 7Rs approach, as following: 

Rethink: Change public awareness on using, selection and disposal of plastic 
wastes by understanding the impact of plastic wastes on environment and human 
health; 

Refuse: Refuse plastic products which are not recyclable or reusable; 

Reduce: Reduce the demand of using plastic products to reduce the plastic waste 
disposal, especially single-use plastic products; 

Reuse: Reuse to prolong the life cycle of plastic products before replacing. 

Recycle: Recycle discarded plastic products into other useful products. 

Repair: Repair to reuse plastic products to prolong life, reduce waste, and save 
costs.
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Replace: Replace non-biodegradable plastic products by other friendly environ-
ment and reusable products such as from craft paper, fabric, etc. 

Based the 7Rs approach, the achieved activities were defined to reach the goals of 
the model (i) improve the living environment, (ii) reduce the plastic waste disposal 
and (iii) the inhabitant’s awareness, consumption and disposal of plastic wastes; 
as follows: (1) Public awareness activities for Rethink, Refuse and Reduce such 
as: design leaflets and propaganda materials on impact of plastic waste to environ-
ment and human health and information on non-biodegradable plastics, organize 
the workshop for guidance plastic waste collection classification and simple solu-
tion for recycle, reuse, repair the plastic waste, introduce the successful case study 
on utilization of plastic wastes; (2) Design and finding friendly environmental and 
reusable products for Refuse and Replace; (3) Classification and collection activ-
ities for Reuse, Recycle such as: sorting directly as sources in households; (4) 
Provide the potential chances to use plastic waste as resources and raw materials 
for Recycle and Repair; (5) Provide the solutions to modify plastic wastes into 
useful products for Recycle and Repair; (6) Provide regulation and policy to support 
collection—classification—treatment activities for Refuse, Reduce, Reuse. 

Base on the 7Rs approach and achieved activities above, the 5 groups of stake-
holders who decided the successful of model, were defined as given: (1) Local 
communities: were the key stakeholders that will join in the Rethink, Refuse and 
Reduce approach; their active participation will effectively give more successful 
chances of the model; (2) Tourists: were also join in the model in Rethink, Refuse 
and Reduce approach; (3) Local management agencies: were join in the model by 
supported policy and management, will join in Reuse, Recycle and Repair approach, 
the appropriated policy, regulation also decided the successful chances of the model; 
(4) Collection—recycle—treatment enterprises: were join in the model in Reuse, 
Recycle and Repair approach; the use the plastic waste as their products materials 
will reduce the plastic waste disposal and achieved benefits from the waste; (5) 
Plastic vendors: were join in this model by changing their selling products to friendly 
environment products, and will join in Rethink, Replace and Repair approach. 

The inputs of closed chain system for plastic waste management model were 
current status conditions in case study such as: (1) the generation, collection, recycle 
and treatment of plastic waste, (2) the infrastructure conditions for collection, recycle 
and treatment of plastic waste, (3) social and economic conditions, (4) public aware-
ness. From these inputs, the activities and stakeholders should be designed to reach 
the goals model. After applying designed activities in case study, the effective of the 
closed chain system for plastic waste management model were measured by factors: 
(i) percentage of plastic waste reused, (ii) percentage of plastic waste recycle, (iii) 
number of inhabitants use reusable products instead of plastic products, (iv) number 
of social enterprises joining in recycle activities.
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38.3 Applied Closed Chain System for Plastic Waste 
Management  Model in Co To District,  Quang Ninh  
Province, Vietnam 

38.3.1 Methodologies 

38.3.1.1 Case Study 

Quang Ninh is a coastal province in the Northeast region of Vietnam, one of the key 
areas in the socio-economic development strategy of the Gulf of Tonkin. Statistics of 
the Department of Natural Resources and Environment showed that the total amount 
of domestic solid waste generated in the province is more than 1200 tons/day, of 
which plastic waste accounts for a very large proportion, an average of about 13.5% 
(Department of Natural Resources and Environment 2020). 

Co To is an island district located in the East of Quang Ninh province with an 
area of 47.5 km2 including Dong Tien, Thanh Lan and Co To town with about 
6768 people. Co To is considered as a tourist “paradise” with dozens of pristine 
beaches such as Van Chay, Hong Van, and Vung Tien…. However, the solid waste, 
plastic bottles, and plastic bags are not properly collected in Co To island district, 
causing landscape and biodiversity deterioration, and adversely affecting human 
health and living conditions in the island. According to statistics in 2020, the total 
amount of plastic wastes generated about 2.8 tons/day, equivalent to 1012 tons/year, 
of which 89.9 tons/year equivalent to about 8.9% of plastic wastes were not collected 
(Department of Natural Resources and Environment 2021). 

Co To island district was selected for testing closed chain system for plastic wastes 
pilot toward to circular economy, following by three main reasons: 

1. Co To is an island district, hence, the pilot applied had higher reliability in 
comparison with other areas due to its isolation. 

2. The spearhead of economic development of Co To island district is based on 
tourism; moreover, Co To sea is part of the Co To—Tran Island Marine Protected 
Area with high biodiversity. 

3. Solid waste treatment in Co To district is mainly buried and dumping, accounting 
for about 80%. Therefore, the closed chain system for plastic wastes will has the 
important meaning on improving the living conditions and utilization the plastic 
waste, toward to circular economy. 

38.3.1.2 Data Acquisition 

Collecting information through questionnaires, 200 questionnaires were used to 
survey and interview households and tourists related to the plastic supply vendors; 
plastic management agencies, collection and treatment plastic wastes vendors in Co 
To district. The content of the questionnaire focused on the following issues:
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• People’s awareness on the problem of plastic waste pollution. 
• Awareness of the utilization plastic waste toward circular economy. 
• People’s understanding of Vietnam’s policies and action plans to reduce plastic 

waste. 
• Channel to receive information about plastic waste. 
• Should CONTINUE or BANN the use of single-use plastic products? 
• Willing to change the habit of using single-use plastic products. 

Field investigation and survey were carried out by interview the plastic supply 
vendors (composition, quantity and type); end users (the life cycle of using plastic 
products, plastic waste generation); collection, treatment and recycling of plastic 
waste; plastic waste disposal to the sea, … in Co To district. 

38.3.1.3 Stakeholders 

• Local communities included inhabitants in Thanh Lan commune, Dong Tien 
commune and Co To town including farmers, scrap collectors, traders and 
tourists, trading at markets, supermarkets and commercial centers in Co To town, 
fishermen, boat owners… 

• Tourists: During survey time, there were no international tourists, only domestic 
tourists because of affecting of Covid-19 epidemic. 

• Local management agencies: Including staff of the Department of Natural 
Resources and Environment; People’s Committee of Co To district, People’s 
Committee of Co To town and People’s Committee of 2 communes Dong Tien 
and Thanh Lan and social organizations such as youth union, women’s union. 

• Enterprises related to collect, recycle and treat plastic waste, including: Co To 
Urban Environment Joint Stock Company (the current waste collection enter-
prise in Co To district); SEIDO Import–Export and Production Co., Ltd (plastic 
waste collection and recycle enterprise); Ha Long Cement Joint Stock Company 
(plastic waste collection and other scraps as input materials for the factory’s clinker 
production process). 

• Plastic product vendors. 

38.3.2 Surveyed the Input of Closed Chain System for Plastic 
Waste Management Model in Co To District, Quang 
Ninh Province, Vietnam 

38.3.2.1 Surveyed the Community Behavior on Recycle Collection, 
Transportation and Treatment of Plastic Wastes 

Plastic plays a very important role in the fast-paced life today. This common polymer 
product is very important to all aspect of social. With the development of chemical
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engineering technique, many convenient and useful product was come to the human 
life, and plastic is one of outstanding invention. Plastics are made from petroleum 
by-products, most common sourced from natural gas-producing countries at very 
affordable prices. The plastic type was associated with the number based on the SPI 
(Society of Plastics Industry) code to identify what they were made from (Table 
38.1). 

The results of the field investigation and survey in 2021 in Co To district 
showed that the volume of solid waste generation were about 17 tons/day. In 
which, the proportion of plastic waste in domestic waste accounts for about 12.5% 
with 06 main types of plastic: Poly ethylene terephthalate (PET), High density 
polyethylene (HDPE), Polyvinyl chloride (PVC), Low density polyethylene (LDPE), 
Polypropylene (PP) and Polystyrene (PS). 

The diagram of collection, transportation and treatment of plastic waste in the 
district was given in Fig. 38.2, with the collection rate reaching 98%. The collected 
plastic wastes were treated by incinerator and dumping site. In the district, 01 incin-
erator with a capacity of 7 tons/day (EST-100S incinerator) is treated plastic wastes 
in Dong Tien commune and Co To town. Especially in Thanh Lan commune, the 
temporary burial is main treatment method (Fig. 38.3).

Table 38.1 SPI resin identification codes 

SPI code Polymer Structure Uses 

1 Poly(ethylene terephthalate) 
(PET) 

Soda bottles, water bottles, 
medicine jars, and salad 
dressing bottles 

2 High density polyethylene 
(HDPE) 

Soap bottles, detergent and 
bleach containers, and trash 
bags 

3 Polyvinyl chloride (PVC) Plumbing pipes, cables, and 
fencing 

4 Low density polyethylene 
(LDPE) 

Cling wrap, sandwich bags, 
and grocery bags 

5 Polypropylene (PP) Reusable food containers, 
prescription bottles, and 
bottle caps 

6 Polystyrene (PS) Plastic utensils, packaging 
peanuts, and styrofoam 



38 Closed Chain System for Plastic Wastes Model Toward … 649

00
2 

00
3 

00
2 

05
0 

01
0 01

3 02
0 

00
1 

00
1 

00
1 

02
5 

00
5 

00
6 01

0 

P E T H D P E P V C L D P E P P P S O T H E R  
G A R B A G E  

CO TO DISTRICT 
Proportion (%) Mass (Kg) 

Fig. 38.2 Composition of plastic waste in Co To district 
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Fig. 38.3 Diagram of collection, transportation and treatment of plastic wastes in Co To district 

Although the plastic wastes collection rate reaches 98%, whatever the treatment 
of domestic waste in general and plastic waste in particular still faces many difficul-
ties due to the unsatisfactory infrastructure, low costs for collection, transportation 
and treatment. In addition, the promoting the 5R model and developing sustainable 
tourism without plastic wastes were not implemented. The classification, recycling 
and reuse of plastic wastes were carried out at the individual and household scale 
without specific policies and sanctions. 

38.3.2.2 Surveyed Public Awareness Related on Plastic Wastes 

Survey results, assessing people’s awareness of plastic waste based on 200 sociolog-
ical survey questionnaires, showed that Co To inhabitants were aware that the plastic 
wastes were harmful effects on the environment and health, human and biological 
health as well as policies and plans on reducing plastic waste and single-use plastic 
products. Inhabitants knew the information mainly through such as radio and tele-
vision. Most of inhabitant supported to ban the single-use plastic products and were 
basically ready to use more environmentally alternatives. 67% of inhabitants were 
aware of the local plastic wastes pollution, but the level of concern is very low, only 
4% (Fig. 38.4).
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Fig. 38.4 Public perception 
of plastic waste pollution 

4% 
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Impact assessment of plastic wastes on the environment resulted as following: 
75% of respondents agree that plastic waste is a serious environmental pollution, 
only 12% disagree, and 13% have different opinions (Fig. 38.5). 

Perception of impact assessment of plastic wastes in living environment resulted 
as following: 50% said plastic wastes were cause of the environmental landscape 
deterioration and 41% said plastic wastes affected organisms and only 4% said that 
plastic wastes affected the environment to human health and 5% said plastic wastes 
were cause of drainage blockage. It can be seen that most of inhabitants do not 
know the harmful effects of plastic waste on human health, especially the harmful 
of micro-plastic (Fig. 38.6).

Fig. 38.5 Impact 
assessment of the plastic 
wastes on the environment 

75% 

12% 

13% 

Agree Disagree Another idea 
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Fig. 38.6 Impact assessment of plastic waste in living environment 

People’s understanding of Vietnam’s policies and action plans to reduce plastic 
waste resulted as given: 37% inhabitants were aware and interested in information 
about Vietnam’s policies and action plans to reduce plastic waste; 29% inhabitants 
knew but have little interest and 23% do not know about these issues. This shows 
that the locality needs to propagate more about policies and plans on reducing plastic 
waste (Fig. 38.7).

The channel to receive information on plastic waste survey resulted as given: 
about 80% inhabitants knew plastic waste through radio and television, and only 
about 6% inhabitants knew through posters, newspapers, online newspapers and 
7% inhabitants were through direct communication launched by the neighborhood 
group and environmental programs. Thus, the form of propaganda through important 
information channels (Television station, radio station, newspaper…) still has the 
largest role that needs to be further promoted and maintained (Fig. 38.8).

Should CONTINUE or BANN the use of single-use plastic products such as plastic 
bags, cups, cups, food foam boxes, plastic straws…. Most inhabitants realized the 
harmful effects of single use plastic waste disposal with 76% agreeing and wanting 
to use these products (Fig. 38.9).

Ready to change the habit of using single-use plastic products survey results 
showed that 51% inhabitants were ready to change the habit of using single-use 
plastic products and 42% inhabitants were not ready but will be prepared to change 
in the future (Fig. 38.10).
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Fig. 38.7 Understanding Vietnam’s policies and action plans to reduce plastic wastes
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Fig. 38.8 Community outreach channels on plastic waste
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Fig. 38.10 Willing to change the habit of using single-use plastic products
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38.3.3 Activities 

38.3.3.1 Designed Activities 

Due to the current condition, the designed activities for closed chain plastic 
management in Co To district, Quang Ninh province, Vietnam were given, as 
following 

• Develop leaflets and propaganda materials to guide the people of Co To district 
on the collection and classification of plastic waste at the source; 

• Design and choose friendly environment products to replace single-use or non-
decomposition plastic products; 

• Set up, guide and train local garbage collection teams to collect and classify 
plastic. 

• Set up and design a plastic waste sorting container. 

38.3.3.2 Achieved Activities 

• Distributing leaflets, documents and instructing people in Co To district to collect 
and classify plastic waste at arising sources (Figs. 38.11 and 38.12). 

Fig. 38.11 Leaflets and documents guiding the collection and classification of plastic waste



38 Closed Chain System for Plastic Wastes Model Toward … 655

Fig. 38.12 People collect and sort plastic waste at several sources 

• Reuse discarded plastic products into decorative model products with economic 
value (Fig. 38.13). 

• Plastic waste recycling: The volume of plastic wastes which collected, sorted, 
treated and recycled from the pilot, were 3293 kg with the participation of the 
inhabitants, social organizations, and local authorities in the area. 02 enterprises: 
SEIDO Import–Export and Production Company Limited and Ha Long Cement 
Joint Stock Company are provide the service on treatment, recycling and reuse 
plastic wastes (Fig. 38.14).

• Replace disposable, hard-to-decompose plastic products with environmentally 
friendly products: plastic bags with cloth bags; plastic bottles, plastic cups with 
glass bottles; plastic straws with bamboo straws (Fig. 38.15).

Fig. 38.13 Reusing plastic bags and plastic bottles into decorative models 
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Fig. 38.14 Plastic waste collection and transportation by enterprises

Fig. 38.15 Alternative products are designed with a logo with a message to change the consumption 
habits of plastic products for the community 

38.3.4 Measured Factors of the Model 

The results which achieved after three months running were given: 

• 02 types of leaflets and propaganda materials were developed with 3000 printed-
version leaflets and propaganda materials to guide the people of Co To district on 
the collection and classification of plastic waste at the source. 

• 03 friendly environment products to replace single-use or non-decomposition 
plastic products were chosen and applied such as: 1500 cloth bags, 1500 500 ml 
glass water bottles, 20,000 bamboo straws. 

• 15 persons in local garbage collection teams were guided and trained to collect 
and classify plastic, such as: 6 persons in Co To town, 5 persons in Thanh Lan 
commune and 4 persons Dong Tien commune. 

• 02 private enterprises joined in collection-classification and reusing plastic wastes, 
such as: (1) SEIDO Import–Export and Production Co., Ltd. is a unit that imports
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and purchases plastic scrap as input materials for the production of plastic prod-
ucts; (2) Ha Long Cement Joint Stock Company is a unit that collects plastic waste 
and other scraps to use as input materials for the factory’s clinker production 
process. 

• 82% plastic wastes were collected and 100% plastic wastes were reused. 

The circular economy model of plastic waste management in Co To district 
has brought certain effects, contributing to improving the environmental landscape, 
reducing pressure on waste treatment, changing awareness and consumption habits 
for the people. 

38.3.5 Lessoned Learnt 

• The main key point for successful closed chain system pilot in plastic waste 
management is the actively participation from all levels of the Party Committee, 
local authorities, local social organizations and especially the participation of the 
local community. 

• The collection and classification of plastic waste from domestic solid wastes need 
to be supported by national and local policy. 

• The utilization of plastic wastes should have clearly policy that will attract the 
participation of enterprises used plastic waste as their product materials. 

• It is necessary to propagate and raise awareness for inhabitants to change their 
habits and behaviors of using non-degradable plastic bags and disposable plastic 
products. 

• It is necessary to study and come up with products to replace plastic products 
such as plastic bags and disposable plastic products because of being convenient 
and low-cost. 

38.4 Recommendation 

38.4.1 Building a Link Mechanism Between Vendors 
of Environmentally Products to Replace Single-Use 
Plastic Products 

• There are preferential sanctions to attract suppliers of environmentally products 
to replace disposable plastic products. 

• Create a mechanism to encourage tourism, restaurant and service businesses to 
use environmentally products from potential suppliers. 

• Build a public–private partnership (3P) mechanism to promote the commitment 
to provide environmentally products, ensure sufficient supply and have a wide 
and easily accessible distribution network.



658 H. S. Pham et al.

• Develop an environment product distribution system, at least 01 store to introduce 
products to a market/commercial center/communal/ward/neighborhood (can take 
advantage of the same system of convenient supermarkets Circle K, Vinmart + 
…). 

• There should be a mechanism to support taxes and production inputs for units 
producing disposable plastic products to contribute to lowering product costs 
corresponding to disposable plastic products very common in daily life. 

38.4.2 Building a Linkage Mechanism Between Inhabitants, 
Private Waste Collectors and Transporting, Recycling, 
and Reusing Plastic Waste Enterprises 

• Establish the cooperation network of classification, collection and recycling 
plastic waste including households, collection—transportation and recycling 
enterprises. 

• Build up the reward system such as: voucher, gifts… for participating in sorting 
and classifying garbage. 

• Local government should play the role of catalyzing and managing the cooperation 
mechanism between stakeholders, ensuring the commitment and cooperation of 
the stakeholders. 

38.4.3 Develop Supported Regulations on Collection, 
Transportation and Utilization of Plastic Waste 

• Supported regulations in terms of transportation, treatment and recycling costs of 
plastic wastes should be clearly developed. 

• Stakeholders involved in the closed chain system: classification → collection → 
recycling is prioritized in local support policies, recognized and rewarded. 

• Develop communication programs by example, good practice to honor typical 
households and individuals participating in the network of classification, collec-
tion and recycling. 

38.5 Conclusion 

The study has built up a model of plastic waste management toward circular economy 
model with specific criteria and implementation steps. This pilot applied in Co To 
district initially brought certain effects, contributing to improving the tourism envi-
ronment for the island district, reducing the pressure on waste treatment, changing 
the perception and habits of the island consumption habits for the people.
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Chapter 39 
Evaluation of the Possibility 
of Application of Porous Asphalt 
Concrete Containing Steel Slag to Road 
Construction 

Van Long Nguyen, Duc Sy Nguyen, Thi Hanh Nguyen, and Thuy-Linh Le 

Abstract The fast speed of urbanization has led to an increasingly scarce supply 
of construction materials while the increasing volume of construction and industrial 
waste has adversely affected of the environment in Vietnam. To solve these two 
issues, the study uses steel slag aggregate to produce the porous asphalt concrete 
(PAC). The experiments show that PAC containing steel slag aggregate can be used 
as a foundation for high quality pavement layers or road surface layers. 

Keyword Steel slag · Porous asphalt concrete · Waste materials · Mechanical 
properties of materials · Aggregate 

39.1 Background 

The rapid development of infrastructure construction has resulted in a massive 
increase in material demand in Vietnam. However, the government has strictly 
limited raw material extraction, exacerbating the shortage of construction materials. 
As a result, it is critical to find alternative material sources to replace traditional 
construction materials. 

There are many steel factories in Vietnam. During steelmaking processes, most 
steel slag is discharged into the environment with 10–20% of the steel billets in 
volume. In fact, 07 steel factories in Ba Ria-Vung Tau province’s Phu My Industrial 
Park discharged approximately 0.29 million tons of steel slag per year (Du 2017).
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Based on previous studies (Ta 2014; Tran  2011; Das et al. 2012; Manso et al. 
2004; Patel 2008), this study aims to evaluate the ability of PAC to construct road 
surfaces using steel slag aggregate. It addresses the scarcity of construction materials 
and utilizes waste materials to protect the environment (http://www.asa-inc.org.au/ 
knowledge/technical-literature/technical-guides; Rohde et al. 1819; Aiban 2005). 

39.2 Research Information 

39.2.1 Steel Slag 

In this study, steel slag are provided by Green Material—Ba Ria Vung Tau Co., Ltd. 
The chemical compositions and hazardous components of the steel slag are analyzed 
at the Institute of Chemical Technology. 

After sampling the steel slags, the study conducts experiments on mechanical 
properties and determines the particle size distribution. They meet the Vietnamese 
standards for aggregates in asphalt concrete mixtures, allowing the study to evaluate 
the ability of steel slag aggregate to produce PAC. 

39.2.1.1 The Particle Size Distribution of Steel Slag 

The particle size distribution of unclassified steel slag samples does not meet the 
requirements for the road foundation layers. For example, the tested steel slag has 
a lower proportion of fine particles (<0.425 mm) than was required (Nguyen 2014; 
Pasetto and Baldo 2007; Hisyamudin and Yokoyama 2012; Yi et al.  2012). However, 
if the material requirements for various purposes are determined in advance, it is 
possible to determine aggregate grading requirements. Then, steel slag is classified 
into different sizes before mixing according to the predetermined grades, the particle 
sizes and the aggregate grading requirements. As a result, the particle size distribution 
issue of steel slag can be easily solved (Yi et al. 2012; Qasrawi  2014). 

After sampling, the authors conduct the experiments to determine the parameters 
of the particle size distribution based on TCVN 7572-2: 2006, and the mechanics. 
The experimental results are shown in Table 39.1.

39.2.1.2 The Mechanical and Physical Properties of Steel Slag 

The mechanical and physical properties of steel slag taken at Green Material 
Company are shown in Table 39.2.

Table 39.2 shows that the values of the properties of steel slag are much higher 
than gravel. Therefore, steel slag is much heavier and denser than gravel. The steel 
slag has better durability and mechanical properties than the gravel.

http://www.asa-inc.org.au/knowledge/technical-literature/technical-guides
http://www.asa-inc.org.au/knowledge/technical-literature/technical-guides
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Table 39.1 Result of determining the particle size distribution of steel slag 

Sieve 
size 
(mm) 

Mass % 

Steel slag size of 
19 mm × 25 mm 

Steel slag size of 
9.5 mm × 19 mm 

Steel slag size of 
4.75 mm × 9.5 mm 

Steel slag size of 
0.6 mm × 2.36 mm 

Accumulate 
on sieve 

Sieving Accumulate 
on sieve 

Sieving Accumulate 
on sieve 

Sieving Accumulate 
on sieve 

Sieving 

25 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 

19 54.4 45.6 0.0 100.0 0.0 100.0 0.0 100.0 

9.5 88.7 11.3 9.8 90.2 0.0 100.0 0.0 100.0 

4.75 96.1 3.9 89.2 10.8 12.7 87.3 0.0 100.0 

2.36 97.4 2.6 95.2 4.8 55.2 44.8 46.7 53.3 

0.600 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0

Table 39.2 The mechanical and physical properties of steel slag 

No Experimental targets Value Unit 

1 Specific weight 3.50 g/cm3 

2 Volumetric mass at dry state 3.24 g/cm3 

3 Volumetric mass at saturation state 3.32 g/cm3 

4 Water absorption 2.07 % 

5 Volumetric mass at porous state 1826 Kg/m3 

6 Porosity 46.86 % 

7 Content of dust, mud, clay 0.95 % 

8 Impact wear 20.8 % 

9 Flat and elongated particles content 0.74 % 

10 Optimal humidity 3.47 % 

11 Volumetric swelling 0 % 

12 California bearing ratio 90.68 % 

13 Elastic modulus 230.7 MPa

The Los Angeles (L.A.) abrasion test is determined according to TCVN 7572-12-
2006. The experimental results are shown in Table 39.3. 

The steel slag specifications shown in Table 39.3 meet the requirements of TCVN 
8819-2011.

Table 39.3 Experimental results of the L.A. abrasion 

Grain size (mm) Initial 
samples 
weight (g) 

Samples weight 
after rotation (g) 

L.A. abrasion (%) TCVN8819: 2011 
standards 

12.5–19 2500 5000 3719 25.62 ≤28 

9.5–12.5 2500 
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Table 39.4 Aggregate gradation for PAC 

Grain size (mm) TCVN8819: 2011 standards (%) By design (%) 

25.0 100/100 – 

19.0 90/100 95 

9.5 40/70 55 

4.8 15/39 27 

2.4 2/18 10 

0.6 0/10 5 

39.2.2 The Aggregate Grading Design for PAC Using Steel 
Slag Aggregate 

The porous asphalt concrete containing steel slag in this study is designed according 
to the Marshall method (TCVN 8820-2011). The aggregate is the steel slag taken 
from Green Material Co., Ltd., in Ba Ria-Vung Tau Province. The asphalt used in this 
research is Shell 60/70. They meet the requirements of TCVN 8819-2011 (TCVN 
2011). The mineral powder used in the study is the Hoclim mineral powder taken 
from the mixing station of BMT company. 

39.2.2.1 Determine Gradations of the Hollow Cylindrical Asphalt 
Using Steel Slag Aggregate 

The study chose the average gradations in the allowed standards according to TCVN 
8819–2011. It is the middle value in the gradation curve shown in Fig. 39.2. Compact 
PAC mixture design Table 39.4 and Fig. 39.1.

After determining the gradation design, the next step is mixing and casting cylin-
drical samples with different asphalt contents, such as 4.1, 4.3, 4.5, 4.7 and 4.9%. 
They allow this study to determine the optimal asphalt content of PAC containing 
steel slag aggregate. 

39.2.2.2 Determination of Optimum Asphalt Content of the PAC 
Mixture Using Steel Slag 

According to the experimental results with different asphalt contents (4.1, 4.3, 4.5, 
4.7 and 4.9%), the optimal asphalt content is 4.3% by total weight of mixture.
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Fig. 39.1 Gradation curve PAC 

Fig. 39.2 Compact PAC mixture design

39.3 Experimental Study Mechanıcal and Physıcal 
Properties of PAC with 4,3% Steel Slag 

39.3.1 Compact PAC Mixture Design and Create Test Sample 

The study conducts 7 PAC groups (each group has 3 cylindrical samples) based on 
the designed gradation shown in Fig. 39.2. Compact PAC mixture design Table 39.5.
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Table 39.5 Compositions of PAC 

Material Slag 19 
× 25 

Slag 
9.5 × 
19 

Slag 
4.75 × 
9.5 

Slag 
2.36 × 
4.75 

Slag 
0.6 × 
2.36 

Mineral 
powder 

Asphalt Sum 

Aggregate 
percentage 
by mass 

5 40 28 17 5 5 4.49 104.49 

Percent 
mixture by 
mass 

4.79 38.3 26.8 16.3 4.8 4.8 4.30 95.22 

Mass (kg) 47.85 382.8 268.0 162.7 47.9 47.9 43.00 952.15 

They are used to determine the mechanical and physical criteria of the mixture by 
the Marshall method based on TCVN 8820-2011 standards (Fig. 39.2). 

In order to make the PAC samples following the Marshall requirements, such as 
homogeneity, asphalt cover and compaction, it is necessary to make some modifica-
tions in mixing temperature and mixing time. Due to the porous surface and large 
volume of steel slag, it is necessary to increase the drying temperature and the mixing 
time to ensure that the asphalt can encapsulate steel slag particles well (Du 2017). 
The study’ results indicate some ideal conditions (1) drying asphalt at 155 °C, (2) 
heating steel slag aggregate at 170 °C, (3) mixing time is between 60 and 80 s. 

The experiment was conducted in 2 stages: 

• Phase 1: the experiment includes a total of 15 samples (5 groups) based on 
the Marshall method. After molding, the samples are cooled completely to the 
room temperature before removing the sample from the mold. After cleaning, the 
samples are weighed and measured to determine height and volume. Then, they 
are submerged in a thermostatic flask at 60 °C and leave it for 40 min. 

• Phase 2: After obtaining the results of the above experiments, the study conducts 
two other sample groups to evaluate the remaining stability of PAC containing 
steel slag aggregate after soaking the samples in 24 h at 60 °C. 

39.3.2 Evaluate Experimental Results Determine 
the Mechanical and Physical Properties of the PAC 
Using Steel Slag 

The experimental results determine the mechanical and physical properties of the 
PAC groups using steel slag aggregate shown in Tables 39.6 and 39.7.

The experimental results in Tables 39.6 and 39.7 show that the technical spec-
ifications of the PAC groups containing steel slag aggregate completely meet the 
requirements of TCVN 8819-2011.



39 Evaluation of the Possibility of Application … 667

Ta
bl
e 
39
.6
 
E
ex
pe
ri
m
en
ta
l r
es
ul
ts
 o
f 
th
e 
PA

C
 s
am

pl
es
 w
ith

 o
pt
im

al
 a
sp
ha
lt 
co
nt
en
t w

ith
 4
.3
%
 

G
ro
up

%
 A
sp
ha
lt 
in
 

PA
C
19
 

m
ix
tu
re
 

M
as
s 
of
 

sa
m
pl
e 

T
he
 h
ig
he
st
 

pr
op
or
tio

n 
H
ol
lo
w

A
gg
re
ga
te
 

po
ro
si
ty
 (
%
) 

M
ar
sh
al
l s
ta
bi
lit
y 
so
ak
ed
 a
t 6

0 
°C

M
ar
sh
al
l 

pl
as
tic

ity
 

in
de
x 
(m

m
) 

In
 P
A
C
 (
%
)

O
cc
up
an
cy
 

(%
) 

T
he
 

de
st
ru
ct
iv
e 

co
m
pr
es
si
on
 

(k
N
) 

C
al
ib
ra
tio

n 
fa
ct
or
 

St
ab
ili
ty
 

(k
N
) 

1
4.
3

2.
68

3.
03
1

11
.5
2

52
.4
2

24
.2

9.
62

1.
00
8

9.
69

2.
72
 

2
4.
3

2.
69

3.
03
1

11
.3
9

52
.7
5

24
.1

9.
65

0.
98
6

9.
51

2.
74
 

3
4.
3

2.
68

3.
03
1

11
.5
2

52
.4
2

24
.2

9.
51

0.
97
0

9.
22

2.
73
 

4
4.
3

2.
69

3.
03
1

11
.1
0

53
.4
8

23
.8

9.
53

1.
01
5

9.
66

2.
72
 

5
4.
3

2.
68

3.
03
1

11
.4
8

52
.5
1

24
.2

9.
61

0.
99
0

9.
52

2.
73
 

T
C
V
N
 8
81
9-
20
11

7/
12

–
–

≥5
.5

2/
4



668 V. L. Nguyen et al.

Ta
bl
e 
39
.7
 
E
xp
er
im

en
ta
l r
es
ul
ts
 to

 v
er
if
y 
th
e 
te
ch
ni
ca
l s
pe
ci
fic
at
io
ns
 c
or
re
sp
on
di
ng
 to

 th
e 
op
tim

um
 a
sp
ha
lt 
co
nt
en
t o

f 
th
e 
PA

C
 1
9 

Sa
m
pl
e

%
 A
sp
ha
lt 
in
 

PA
C
19
 

m
ix
tu
re
 

M
as
s 
of
 

sa
m
pl
e 

T
he
 h
ig
he
st
 

pr
op
or
tio

n 
H
ol
lo
w

A
gg
re
ga
te
 

po
ro
si
ty
 (
%
) 

M
ar
sh
al
l s
ta
bi
lit
y 
so
ak
ed
 a
t 6

0 
°C

M
ar
sh
al
l 

pl
as
tic

ity
 

in
de
x 
(m

m
) 

In
 P
A
C
 (
%
)

O
cc
up
an
cy
 

(%
) 

T
he
 

de
st
ru
ct
iv
e 

co
m
pr
es
si
on
 

(k
N
) 

C
al
ib
ra
tio

n 
fa
ct
or
 

St
ab
ili
ty
 

(k
N
) 

T
he
 s
am

pl
e 
is
 s
oa
ke
d 
in
 w
at
er
 a
t 6

0 
°C

 f
or
 4
0 
m
in
 

1
4.
3

2.
68

3.
03
1

11
.5
3

46
.2
2

21
.4
3

9.
59

0.
97
2

9.
32

2.
75
 

T
he
 s
am

pl
e 
is
 s
oa
ke
d 
in
 w
at
er
 a
t 6

0 
°C

 f
or
 2
4 
h 

2
4.
3

2.
68

3.
03
1

11
.4
8

46
.3
2

21
.3
9

8.
11

0.
99
0

8.
03
 

St
ab
ili
ty
 r
em

ai
ni
ng

 f
or
 2
4 
h 
co
m
pa
re
d 
to
 th

e 
or
ig
in
al
 s
ta
bi
lit
y:

86
.1
6%

 

A
cc
or
da
nc
e 
to
 T
C
V
N
 8
81
9-
20
11
 s
ta
nd
ar
ds
, s
ta
bi
lit
y 
re
m
ai
ni
ng
 f
or
 2
4 
h

≥6
5%



39 Evaluation of the Possibility of Application … 669

39.4 Conclusion 

The above results draw some conclusions. First, the steel slag samples obtained from 
Green Material Co., Ltd. fully meet the technical requirements to produce asphalt 
concrete in accordance with TCVN 8819-2011. Second, PAC can be used to create 
the foundation layer for high-grade roads as well as road surface layers in urban 
areas. It contributes to solve the scarcity of gravel. Third, the ideal conditions for 
producing PAC with uniform steel slag aggregate are as follows: (1) the steel slag 
aggregate is heated to 175 °C, (2) the asphalt is heated to 155 °C and more, (3) the 
mixing time is from 60 to 80 s. 
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