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Using PAT for Energy Recovery and Pressure Reduction in 

Water Distribution Networks 

 

Hamed Mohammadi 1 

Mahnaz Ghaeini-Hessaroeyeh 2 

Ehsan Fadaei-Kermani 1 

 

Abstract 
Leakage is one of the main problems of urban water distribution networks. Leakage control 

and management can play an important role in increasing network efficiency and reducing water 

loss. Pressure reduction in water distribution networks is usually done using Pressure reducing 

valve (PRV), while the energy dissipated from head loss can be recovered to generate 

hydropower. In this study, the possibility of using pump as turbines (PATs) instead of PRVs in a 

water distribution network has been investigated. Regarding this purpose, the genetic algorithm 

is used by MATLAB software, in which the hydraulic model of the water distribution network is 

carried out in WaterGEMS software. At first, the aim of optimization is to determine the 

optimum output of PRVs. Then after replacing the PRVs with the PATs, the optimal curve for 

the PATs can be determined. Results show that the use of PATs to control the pressure is 

effective, so that compared to the basic model, the leakage rate has decreased by about 33% and 

the Nodal Pressure Reliability Index (NPRI) has increased by 0.41. Moreover, the nodal 

pressures have been significantly reduced, and the average pressure of the network decreased by 

58%. 
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1. Introduction  
Water leakage is a common problem in many aging urban water networks. A worldwide 

average of 45 to 88 million cubic meters of water is lost during every day due to leaks in Water 

Distribution Networks (WDNs) [1]. In leakage management studies, pressure management is the 

simplest, fastest, and most economical method to reduce leakage. The control of pressure is one 

of the primary concerns in water distribution networks. High pressure values increase both 

leakage and risk of pipe damage, while low pressure may reduce water supply for consumers. As 
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a result, excess pressure on systems must be reduced to standard range. Utilization of a Pressure 

Reducing Valve (PRV) to maintain standard pressures has been a common way for this purpose 

[2]. A PAT can be used instead of a PRV to produce hydropower energy and to control pressure.   

The use of renewable energy is increasing due to concerns about climate change and global 

warming. One of the renewable energies is hydropower, which derives energy from falling or 

running water which can be harnessed for useful purposes [3]. Micro Hydro Power (MHP) is 

another branch of hydropower; its capacity differentiates it from other branches. The application 

of MHP is in the class of small-scale hydropower projects. Pump as turbine (PAT) is one of the 

(MHP) projects that can be use instead of a Pressure Reduce Valve (PRV) in water distribution 

networks [4]. 

Due to the dynamic action of the fluid flowing through rotating elements, energy is 

continuously transferred in turbo machinery. Therefore, it is possible for the turbomachines to be 

used in reverse. A PAT is a turbine that works in a way similar to pumps [5]. In this mechanical 

device, water flow is used to generate electricity instead of energy to boost water flow. As a PAT 

works similarly to a regular pump, its implementation in the network does not require numerous 

modifications. Additionally, PATs' maintenance operations do not require specially trained 

personnel. The advantages of PATs utilization in water networks have been evaluated in various 

studies. The results have shown that PATs can be a reasonable alternative in a water distribution 

network. Fecarotta et, al [6] investigated the feasibility of hydropower potential in a water 

distribution network. The research results demonstrated that the installation of hydropower can 

produce interesting economic benefits. Morani et, al [7] introduced a novel mixed integer non-

linear approach to find the optimal locations of both pressure reducing valves and pumps as 

turbines. The results showed that the proposed model can lead to good solutions, in term of 

energy and water saving purposes. Fontana et, al [8] investigated and analyzed various layouts 

for the installation of PATs in water distribution networks. They presented the procedure to 

determine the most appropriate and effective installation layout respect to different head and 

flow patterns. Pillay et, al [9] investigated the feasibility analysis of recovering energy in water 

distributions networks using PATs. They applied EPANET software to determine the strategic 

adjustment of PATs in water distribution networks. This study investigates the possibility of 

replacing PRVs with PATs using in a real water distribution network. Fernández García et, al 

[10] determined the optimal location and number of PATs in an irrigation network. They tried to 

maximize the amount of energy recovered by installation of PATs. The results showed that by 

using PATs, in addition to recovering energy, a significant amount of Co2 emissions can be 

saved. Stefanizzi et, al [11] presented an optimal strategy for hydraulic energy harvesting in 

water distribution networks by installing PATs. They proposed two new approaches for PAT 

selection according to maximum available energy, average flow rate and maximum energy 

recovery. Results showed that over 3.5 MWh per day was achieved by utilizing PATs. 

In the present study, the feasibility of using PATs for pressure control in water distribution 

networks is investigated. Using WaterGems software, the Baharan network located in Sanandaj 

city in Iran is simulated. For this purpose, three scenarios have been defined to compare and 

evaluate the effect of PRVs and PATs on leakage reduction, pressure control and recovering 

energy. 
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2. Case study and methodology 
For the purpose of evaluating the effectiveness of the suggested method and the importance 

of applying PRVs and PATs in controlling pressure (minimizing leakage) and producing energy, 

the proposed method has been exerted to a water distribution network. It is called the Baharan 

network, located in the city of Sanandaj, Iran. The city is located in the foothills of the Zagros 

Mountains. As it is restricted by mountains, the city contains large height differences. The 

Baharan network is located in northwest Sanandaj which is supported by a reservoir that located 

1,541 meters above sea level. The elevation changes between 1,430 and 1,1488 meters above sea 

level. The high-altitude difference observed causes the city's WDN to be under high pressure as 

a result of gravity. The water distribution system consists of 121 pipes and 113 nodes. The pipes 

are made of asbestos cement, cast iron, ductile iron and polyethylene with diameters between 63 

and 500 mm. The water distribution network has been divided into four District Metered Areas 

(DMAs). dividing a water distribution network into DMAs can be assumed as one of the most 

efficient and cost-effective methods of optimizing the performance of a water distribution 

network in terms of reducing the real water loss rates [12]. Segmenting the network has been 

accomplished by installing isolation valves in pipes that define DMA boundaries. A PRV or 

PAT can only be installed in pipes that supply water to one or more DMAs. Figure 1 shows the 

Baharan WDN. The elevations of the network nodes have also been demonstrated in Figure 2.  

 

 
Figure 1. The Baharan layout of water distribution network 
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Figure 2. The elevation of the network nodes 

 

Three scenarios were developed for comparing PRV and PAT implementations in the 

Baharan water distribution network. All the scenarios happened on the same pressure zones. In 

scenario 1, no PRVs or PATs are placed in the entrance of pressure zones. In scenario 2, PRVs 

are placed in the entrance of pressure zones for the PRVs performance a pattern is defined for 

different times. In scenario 3, the PRVs are being replaced by PATs, in exact same point where 

the PRVs were installed in previous scenarios. WaterGEMS software was used to evaluate each 

scenario separately, and results were compared. There are two explanations of numerical water 

distribution system modeling including steady-state analysis and extended period analysis 

[13,14]. In case of extended period analysis, computations are performed over an extended time 

period at variables water consumption and system operating conditions [15]. In the present 

study, the extended period analysis has been applied to the Baharan WDN. The population 

density of the study area is 321 people per hectare, and the consumption of water is considered 

to be 200 liters per capita per day (LPCD). Figure 3 shows the demand pattern considered for the 

simulation. The consumption coefficient has been determined according to hourly fluctuations in 

water consumption levels during day and night. 

 

 
Figure 3 The demand pattern of the case study 
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3. Hydraulic modeling 
The present study proposed a procedure to choose and define the optimum scheduling for 

PATs and PRVs separately, in order to maximize network node pressure reliability and minimize 

network leakage. The metaheuristic algorithm GA is utilized to maximize the benefits of 

network node pressure reliability and leakage reduction. The objective function used to evaluate 

network reliability is as follows: 

 

𝑁𝑃𝑅𝐼(𝑗, 𝑡) =

{
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

0,                                               𝑝 < 10
   

1

32
(𝑝 − 10),                     10 < 𝑝 < 26

1

10
(𝑝 − 26) + 0.5,        26 <  𝑝 < 31

1                                                    𝑝 = 31

−
1

38
(𝑝 − 31) + 1,         31 < 𝑝 < 50

−
1

40
(𝑝 − 50) + 0.5,     50 < 𝑝 < 60

 0.25,                                          60 <  𝑝

 (1) 

 

where NPRI (j,t) is the value of the Nodal Pressure Reliability Index at node j and time t 

which is utilized to evaluate the reliability of WDN. p refers to nodal pressure in node j respect 

to time t. The network nodal pressure index of reliability is obtained from relation 2 [16]: 

 

𝑁𝑃𝑅𝐼 =
∑ 𝑄𝑗,𝑡

𝑟𝑒𝑞
(𝑁𝑃𝑅𝐼(𝑗, 𝑡))𝑁𝑁

𝑗=1

∑ 𝑄𝑗,𝑡
𝑟𝑒𝑞𝑁𝑁

𝑗=1

 (2) 

where NPRI is the index of network nodal pressure reliability, NN is number of junctions in 

network, and 𝑄𝑗,𝑡
𝑟𝑒𝑞

 refers to water demand in junction j at time t. The following equations have 

also been used to calculate leakage of WDN and the amount of energy recovered by PATs [17]: 

 

𝑄𝑙 = 𝑐𝑝
𝑛 (3) 

Where p is pressure head, Q is leakage flow rate, c refers to the coefficient of leakage, and n 

is leakage exponent. The n parameter can take values between 0.5 and 2.5, depending on WDN 

conditions such as leak hydraulics, soil properties, behavior of pipe material, and water demand. 

In the present paper, due to the conditions of the studied network, the n exponent has been 

considered equal 1.15. The turbine production power can be determined as following equation 

[18]: 

 

𝑃𝑜𝑢𝑡𝑝𝑢𝑡 = 𝜂𝜌𝑔𝐻𝑄 (4) 

 

Where the flow rate Q and head H can be calculated from the site while density ρ, the turbine 

efficiency η and acceleration due to gravity g are constants. 
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4. Optimization Algorithm 
In optimization problems, the Genetic Algorithm (GA) is one of the most popular 

optimization algorithms. It is a search heuristic algorithm which is inspired by the biological 

evolution process. the algorithm deals with the definition of problem variables as binary strings 

identified as genes. A set of genes forms a chromosome which can be considered as one of the 

possible solutions of the optimization problem. The process is continued until the search tends to 

an optimal solution. At first in the GA, randomly created primary populations of chromosomes 

are generated. Then the objective function is employed to find the fitness of each chromosome. 

The chromosomes with the better fitness amongst the population can be obtained by the selected 

operator. By use of mutation and crossover operators, a new population is generated. The 

iterative loops should be performed till the termination criterion is met [19]. The GA is being 

widely utilized to deal with WDN problems, including optimal network design pump scheduling 

and network calibration [20-23]. In this paper, the genetic algorithm is utilized for optimal 

setting of PRVs and PATs to maximize the network nodal pressure reliability index (NPRI), and 

minimize leakage in a WDN. It is to be mentioned that the pressure in each node should not 

overstep the corresponding standard pressure. In WaterGEMS, the Darwin Designer is applied 

for optimization purposes using the GA. It can enable designers to optimize either a whole WDN 

or a portion of it. The parameters of the GA are utilized to control the underlying algorithm used 

in the process of optimization [24]. 

 

5. Results and Discussion 
The simplest, fastest, and most economical way to reduce leakage is to manage pressure 

value in water distribution networks. In the present study, the possibility of using pump as 

turbines (PATs) instead of pressure reducing valves (PRVs) has been investigated. For this 

purpose, the results of each scenario have been presented in low, medium and maximum 

consumption hours, and the results have been compared with each other. The results of each 

scenario have been presented in Table 1. Besides, figure 4 shows the nodal consumption 

discharge with and without PATs installation. 

 
Table 1. Leakage and nodal reliability index (NPRI) for each scenario  

 Scenario1 Scenario2 Scenario3 

Time Leakage (L/s) NPRI Leakage (L/s) NPRI Leakage (L/s) NPRI 

4   A.M 56.64 0.28 39.42 0.7 35.22 0.67 

10 A.M 56.22 0.28 40.68 0.67 37.59 0.71 

8   P.M 55.32 0.3 44.07 0.67 41.22 0.69 
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Figure 4. Nodal consumption discharge with and without PATs  

 

According to Table 1, the amount of leakage in scenario 2 decreased by 26% compared to the 

scenario 1, and the NPRI increased by an average of 0.39. Moreover, in scenario 3, the leakage 

decreased by 32% compared to the first scenario and the NPRI value increased by 0.41. Figure 5 

shows the amount of pressure in scenarios 1 to 3 at maximum consumption hours. 

 

 
Figure 5. The junction pressure values at maximum consumption hours  

 

According to the figure 5, the use of PATs instead of PRVs has a significant effect in 

controlling and reducing the pressure in the WDN. Figure 6 to 9 show the production power of 

the PATs in 24 hours. Moreover, the annual recovered energy of each PAT has been presented in 

table 2. As can be seen, the most energy produced in 24 hours belongs to peak consumption 

hours. 
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Figure 6. The production power of the PAT 1 in 24 hours  

 

 
Figure 7. The production power of the PAT 2 in 24 hours  
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Figure 8. The production power of the PAT 3 in 24 hours  

 

 
Figure 9. The production power of the PAT 4 in 24 hours  
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Table 2. The annual recovered energy of each PAT 

PAT number Annually recovered energy (Kwh) 

1 87,472 

2 78,951 

3 70,882 

4 35,071 

 

A comparison of each scenario for leakage reduction and producing energy has been 

presented in table 3.  

 
 Table 3. The comparison of each scenario for annual saved water and energy  

 
Scenarios 

No control PRV PAT 

Annual saved water (m3) - 462,633.12 569,224.8 

Total annually recovered energy (Kwh) - - 272,376 

 

As can be seen in Table 3, despite the better control of leakage in scenario 3 than scenario 2, 

a significant amount of hydropower has been generated in scenario 3. In order to evaluate the 

economic feasibility of the project, the cost and benefit of the project can be considered. 

Eventually the economic feasibility demonstrates that pressure management by PATs is an 

effective method because while reducing leakage, considerable hydropower energy is also 

produced. 

 

6. conclusions  
Pressure management is one of the most efficient and cost-effective ways to reduce leakage 

in WDNs. Due to the direct relationship between leakage and pressure in WDNs, it is possible to 

control the amount of leakage in the network with proper pressure management. As a common 

approach, pressure reduction in water distribution networks is usually done using PRVs, while it 

can be beneficial that the energy dissipated from head loss is recovered to generate hydropower. 

In this paper, the feasibility of using PATs in pressure control for the Baharan network located in 

Sanandaj city in Iran, was investigated. For this purpose, three scenarios were defined to 

compare and evaluate the effect of PRVs and PATs on NPRI and the reduction in network 

leakage. At first in scenario 1, the model was evaluated without any PRV, and the pressure in the 

nodes was examined. Results showed that the pressure in the nodes was very high. In scenario 2, 

in order to control the additional pressure in the nodes, four PRVs were placed at the entrance of 

each pressure zone. Finally, in scenario 3, PATs were placed instead of the PRVs. Comparing 

the results in different scenarios showed that the pressure control by PATs while reducing the 

amount of leakage more than the PRVs, produces a significant amount of hydropower energy. 

The network's NPRI in scenario 3 compared to scenario 1 has increased by about 0.41, and the 

leakage rate has decreased by about 33 percent. By using PATs, the nodal pressures have been 

significantly reduced, and the average pressure of the network decreased by 58 percent that was 

within the allowed range. In addition, the amount of hydropower produced by PATs was about 

272,376 (KWh/year). According to the results of this study, the use of PATs can be a good 

alternative in water distribution networks, especially in mountainous regions or areas with high 

altitude differences. 
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Abstract 
Debris upstream of the bridge pier and through the flow variations, changes scour hole and river 

morphology. Dune forms downstream of the pier as a result of sediment movement in the pier 

scour phenomenon. The present study investigates the dune characteristics and geometrical 

parameters in experimental models. Experimental models are categorized into four cases 

including the pier, pier with buried debris, pier with free debris, and pier with free debris which 

was protected by bed sill at four various distances from the pier downstream face. It was 

concluded that debris submergence, densimetric particle Froude number, flow intensity, and bed 

sill affect dune geometrical parameters such as dune height (hd), dune crest position (xd), and 

dune length (ld). Results show dune height increases with debris accumulation up to almost 

150% and its crest distance from the pier reduces up to approximately 100%. Also, in higher Fd, 

the dune height and its crest distance reduce with bed sill up to 50%, and in lower Fd, hd, and xd 

increase by up to 80% by using bed sill.  Based on these effective parameters, three separate 

equations were proposed for hd, xd, and ld in pier scour with debris accumulation protected by 

bed sill. 

 

Keywords: Bed sill, Bridge scour, Debris, Dune, Experimental investigation. 

 

Received: 06 January 2024; Accepted: 13 February 2024 

 

 

1. Introduction 
Debris including broken trees, large pieces of wood, and leaves can be transported in river 

flow as a result of natural hazards such as landslides and floods. These floated materials can 

accumulate upstream of the bridge pier and block and change the river flow pattern. This 

phenomenon increases the shear stress and generates a horseshoe vortex, and a wake vortex 

upstream and downstream of the pier, respectively. Thus, scour hole depth becomes greater and 

 
1 Faculty of Civil Engineering, Babol Noshirvani University of Technology, Babol, Mazandaran, Iran.  
2 Faculty of Civil Engineering, Babol Noshirvani University of Technology, Babol, Mazandaran, Iran. 

Email: hamidi@nit.ac.ir (Corresponding author) 

mailto:hamidi@nit.ac.ir


A. Mahdian Khalili, P. Akbari Dadamahalleh, M. Hamidi 

 

 
WINTER 2024, Vol 10, No 1, JOURNAL OF HYDRAULIC STRUCTURES 

Shahid Chamran University of Ahvaz 

                                                                                  

14 

river morphology varies [1]. The effects of debris accumulation with different shapes were 

studied on pier scour depth [1-18]. 

Melville and Dangol (1992) [2] studied the maximum scour depth of the pier (ds) with 

various debris blockage shapes resulting in the pier diameter being considered larger than the 

actual pier diameter. Their suggested equation for the effective pier diameter was corrected by 

Lagasse et al. [1, 3]. The accumulation of rectangular woody debris upstream of the cylindrical 

pier increased ds by up to 30% compared to the accumulating middle of it [4]. Debris with 

different lengths, thicknesses, shapes, and positions were investigated and it was observed that ds 

become larger by increasing the debris thickness, also rectangular debris creates larger ds than 

triangular, and cylindrical [6]. When the debris approaches the river bed, ds reduces and the 

largest value is for the case that debris is exactly below the water elevation [9]. It was concluded 

that when debris was exactly on the channel bed, it conserved the river bed locally and decreased 

ds [6, 9, 11]. The level of debris investigated on pier scour indicated that free debris (upper than 

the bed level) in all flow depths increases ds and buried debris (exactly on the bed level) in 

shallow flow increases ds up to 10% and reduces ds in partially deep flow [16]. Distances of the 

pier from the channel wall were studied with debris accumulation and ds increases when the pier 

was near the channel wall [12]. Also, the scour hole length increases in cases with debris [12]. 

At flow with small depth, the location of debris accumulation influences the scour evolution and 

bed topography but at deep flow, its impact is few [13].  

Oliveto and Hager (2014) investigated the dune characteristics generated immediately 

downstream of local scour piers experimentally [19]. They described dune evolution and its 

downstream migration by proposing equations as a function of the effective parameters. Pagliara 

and Carnacina (2010) studied the scour morphology and dune evolution on pier scour with 

debris accumulation [20]. They suggested a new equation to predict maximum scour depth and 

longitudinal and transversal lengths. 

Many researchers studied scour hole depth and reduced it with some applicable 

countermeasures such as bed sill, collar, riprap, slot, and submerged vanes [20-35]. Utilizing a 

buried sill in the channel bed slows the scour rate and reduces ds in debris accumulation 

conditions [5]. Slots on the pier reduced scour depth with debris accumulation, and the reduction 

efficiency in debris cases compared to cases without it did not have constant variations and 

changes due to different debris shapes [14]. Collar installation on the bridge pier with debris 

reduced ds by about 40 percent compared to the case pier only, and also reduction efficiency 

became 25 percent more in debris accumulation conditions [15]. When riprap is used as a 

countermeasure, debris does not influence the performance of standard-size riprap [17]. But 

riprap stone median size is an effective parameter, and with debris accumulation when it was 

reduced by 25% riprap efficiency was decreased by 10% [17]. 

Former studies investigated the maximum depth of the pier scour hole in debris cases and 

suggested different analytical equations to predict it. Dune bed formation is inevitable in the pier 

scour phenomenon, generated through the deposition of sediment particles from around the pier 

upstream region of the pier and extending downstream during scour hole evolution and 

equilibrium times. Although dune evolution is dependent on the geometry of scour holes, a 

comprehensive study did not apply to investigate dune characteristics, especially in the case of 

debris blockage. On the other hand, debris increases the scour depth locally, so it is necessary to 

reduce it by applying some techniques. Since previous studies did not interpret dune formation 

downstream of the scour hole in local pier scour hole in the case of debris blockage sufficiently 

and comprehensively, the present study focused on dune formation downstream of the pier scour 

hole with debris blockage in shapes rectangular in two separate conditions with the sill protected 
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and without it. As it was reported that debris level is an effective parameter, debris was 

considered in two different levels including buried (exactly on the bed level) and free (upper 

than the bed level). Sills were installed at distances of 0D, 1D, 2D, 3D, and 4D downstream of 

the bridge pier. Finally, three separate equations were suggested based on obtained results for 

dune height, dune crest position, and dune length. 

  

2. Materials and methods 

2.1. Dimensional analysis 
Dune height depends on various parameters including sediment parameters and hydraulic 

parameters. Oliveto and Hager (2014) proposed equation (1) for dune height (hd) and its distance 

from pier (xd) as follows [19]: 

 
ℎ𝑑

𝑦
,

𝑥𝑑

𝑦
 = 𝑓(

𝐷

𝑦
, 𝐹𝑑 , 𝜎𝑔, 𝛥𝐹𝑑 ,

𝑦

𝑑50
, 𝑇)  (1) 

 

where D is the pier diameter in meter, y is approach flow depth in meters, Fd is densimetric 

particle Froude number, σg is sediment nonuniformity parameter=(d84/d16)
0.5, 𝛥Fd = Fdi-Fd (Fdi is 

the inception densimetric Froude number, d50 is the median particle size in meter, and T is the 

dimensionless time= ([(𝜌s-𝜌)/𝜌]gd50)
0.5(t/y), ρs is sediment specific weight in kilogram per cube 

meter, ρ is water specific weight in kilogram per cube meter, g is gravitational acceleration in 

meter per square second, and t is time. In the case of debris accumulation with bed sill equation 

(2) suggested [16]: 

 
ℎ𝑑

𝐷
,

𝑥𝑑

𝐷
,

𝑙𝑑

𝐷
= 𝑓 (

𝐻

𝐷
, 𝐹𝑑 ,

𝑢

𝑢𝑐
,

𝐿𝑏

𝐷
)  (2) 

 

where H is the vertical gap between the debris top surface and sand’s initial level in meter, u 

is the flow velocity depth at the pier upstream in meter per second, uc is the critical velocity of 

bed particle in meter per second, and Lb is the bed sill downstream distance from the pier in 

meter. 

 

2.2. Experimental model 
An experimental model was made in a hydraulic laboratory of Noshirvani University of 

Technology, in Babol, and tests were performed at a sediment flume with length, width, and 

height of 4, 0.6, and 0.2 meters (Figure 1(a)). For adjusting the flow and tailwater depths, the 

flume has a tailgate that provides a defined water depth in the channel (Figure 1(b)). To avoid 

flow disturbance wire mesh plate was located after the upstream tank in the channel inlet and for 

having developed flow, a 0.5-meter-long rigid apron was installed at the channel beginning 

(Figure 1(c)) and a cylindrical pier was located 3 meters downstream of the inlet flow which 

provides a suitable symmetric flow pattern in the channel. A point gauge with an accuracy of 0.1 

mm was utilized to measure water and sediment depths (Figure 1(d)). 
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(a) (b) 

  
(c) (d) 

Figure 1. (a) Laboratory flume (b) Tailgate (c) Wire mesh plate and rigid apron (d) Point gauge 

 

To avoid the formation of a ripple, the median particle size (d50) should be smaller than 0.7 

mm [36]. When the ratio between channel width to bridge pier diameter (B/D) is more than 6.25, 

channel walls do not affect scour hole geometry and morphology [36]. If D/d50>20-25, sand size 

does not influence scour depth [36]. The physical model included bed sediment, a pier, a debris 

box, and a sill. Tests were applied on sand sediment with parameters according to Figure 2. For 

sample sediment d50=0.82 mm and σg=1.26 (uniform sediment).  The pier was made with a steel 

pipe with a 3 cm diameter welded on an iron plate (B/D=20, D/d50=36.6). When Wooden debris 

is gathered upstream of the bridge pier, a more possible shape form is a rectangle, and 

rectangular wooden debris creates maximum scour depth around a pier [9-10]. Debris was 

modeled as a rectangular mesh wire box 0.05 m high, 0.10 m long, and 0.12 m wide poured with 

wood pieces with diameters of 0.1 to 0.5 cm and fixed on the pier by a screw. Sill was modeled 

with a PVC plate that was 0.10 m high, 3 mm thick, and 0.60 m wide located at five varied 

positions with distances 0D, 1D, 2D, 3D, and 4D, downstream of the pier. 

 

 
Figure 2. Sand sediment granulation 
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Table 1 indicates the experimental setup and hydraulic parameters of the model considered in 

four cases (A, B, C, and D). Case A included a pier, Case B is a pier with buried debris (exactly 

on the bed level), Case C included a pier with free debris (with a distance of D upper than the 

bed level), and Case D which bed sill is added to case C with downstream distance of 0D, 1D, 

2D, 3D, and 4D. In Table 1, y is the approach flow depth in meters, H is the vertical gap between 

the debris top surface and the sand’s initial level in meters, u is the flow velocity depth at the 

pier upstream in meters per second, uc is the critical velocity of bed particle in meter per second, 

Fd is particle densimetric Froude number, D is the pier diameter in meter, and Lb is the bed sill 

downstream distance from the pier in meter. 

 
Table 1. Experimental Setup 

Case Model Test y (m) H (m) y/H u/uc Fd y/D Lb/D 

A Pier 

A1 0.03 NA* NA 0.838 3.688 1.000 NA 

A2 0.04 NA NA 0.599 2.398 1.333 NA 

A3 0.05 NA NA 0.462 1.719 1.667 NA 

A4 0.06 NA NA 0.370 1.289 2.000 NA 

A5 0.07 NA NA 0.311 1.032 2.333 NA 

A6 0.08 NA NA 0.265 0.842 2.667 NA 

A7 0.09 NA NA 0.230 0.705 3.000 NA 

B 
Pier + Buried 

Debris 

B1 0.03 0.05 0.600 0.838 3.688 1.000 NA 

B2 0.04 0.05 0.800 0.599 2.398 1.333 NA 

B3 0.05 0.05 1.000 0.462 1.719 1.667 NA 

B4 0.06 0.05 1.200 0.370 1.289 2.000 NA 

B5 0.07 0.05 1.400 0.311 1.032 2.333 NA 

B6 0.08 0.05 1.600 0.265 0.842 2.667 NA 

B7 0.09 0.05 1.800 0.230 0.705 3.000 NA 

C 
Pier + Free 

Debris 

C1 0.04 0.08 0.500 0.599 2.398 1.333 NA 

C2 0.05 0.08 0.625 0.462 1.719 1.667 NA 

C3 0.06 0.08 0.750 0.370 1.289 2.000 NA 

C4 0.07 0.08 0.875 0.311 1.032 2.333 NA 

C5 0.08 0.08 1.000 0.265 0.842 2.667 NA 

C6 0.09 0.08 1.125 0.230 0.705 3.000 NA 

D 
Pier + Free 

Debris + Sill 

D1 0.04 0.08 0.500 0.599 2.398 1.333 0 

D2 0.06 0.08 0.750 0.370 1.289 2.000 0 

D3 0.08 0.08 1.000 0.265 0.842 2.667 0 

D4 0.04 0.08 0.500 0.599 2.398 1.333 1 

D5 0.06 0.08 0.750 0.370 1.289 2.000 1 

D6 0.08 0.08 1.000 0.265 0.842 2.667 1 

D7 0.04 0.08 0.500 0.599 2.398 1.333 2 

D8 0.06 0.08 0.750 0.370 1.289 2.000 2 

D9 0.08 0.08 1.000 0.265 0.842 2.667 2 

D10 0.04 0.08 0.500 0.599 2.398 1.333 3 

D11 0.06 0.08 0.750 0.370 1.289 2.000 3 

D12 0.08 0.08 1.000 0.265 0.842 2.667 3 

D13 0.04 0.08 0.500 0.599 2.398 1.333 4 

D14 0.06 0.08 0.750 0.370 1.289 2.000 4 

D15 0.08 0.08 1.000 0.265 0.842 2.667 4 
* Not Available 
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2.3. Equilibrium scour time 
Three tests (A2, B2, and C1) were performed over 8 hours to achieve scour equilibrium time. 

Figure 3 shows that after 5 hours, scour hole depth remains almost constant for up to 8 hours, 

thus this time can be considered an equilibrium scour time. 
 

 
Figure 3. Time evolution of scour hole depth 

 

3. Results and discussion 

3.1. Experimental results 
In all tests dunes formed downstream of the scour hole of the pier. It occurred through the 

sand removal around the upstream region of the pier as a result of vortexes and deposition 

downstream during the scour process. Figure 4 indicates dune formation following a scour hole 

in the same hydraulic conditions (Fd=2.398) in different cases (test A2, test B2, and Test D10). 

As can be observed in all conditions including pier (case A), pier with debris (case B and C), and 

pier with debris protected by sill (case D) dune geometry changes. The dune structure has two 

wings that develop until reaches the initial bed level, also it has one crest area where dune height 

is the maximum value. 
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(b) 

 
(c) 

Figure 4. Dune Formation downstream of scour hole (a) Test A2 (b) Test B2 (c) Test D10 

 

Table 2 presents the results of each test for dune characteristics. hd is the maximum height of 

the dune crest in meters (dune height). xd is the longitudinal distance between the location of the 

maximum height of the dune crest and the pier downstream face (dune crest position) in meters. 

ld is the longitudinal distance between the pier's downstream face and the location where the 

dune reaches the bed's initial level (dune length) in meters. 
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Table 2. Dune characteristics 

Case Model Test y/H u/uc Fd Lb/D hd/D xd/D ld/D 

A Pier 

A1 NA* 0.838 3.688 NA 0.433 15.833 NM** 

A2 NA 0.599 2.398 NA 0.167 5.833 NM 

A3 NA 0.462 1.719 NA 0.300 5.833 NM 

A4 NA 0.370 1.289 NA 0.567 4.167 NM 

A5 NA 0.311 1.032 NA 0.600 3.500 NM 

A6 NA 0.265 0.842 NA 0.333 3.000 NM 

A7 NA 0.230 0.705 NA 0.033 1.167 NM 

B 
Pier + Buried 

Debris 

B1 0.600 0.838 3.688 NA 0.467 4.167 NM 

B2 0.800 0.599 2.398 NA 0.800 5.833 NM 

B3 1.000 0.462 1.719 NA 0.767 3.500 NM 

B4 1.200 0.370 1.289 NA 0.300 1.500 NM 

B5 1.400 0.311 1.032 NA 0.467 0.500 NM 

B6 1.600 0.265 0.842 NA 0.433 0.500 NM 

B7 1.800 0.230 0.705 NA 0.033 0.033 NM 

C 
Pier + Free 

Debris 

C1 0.500 0.599 2.398 NA 0.067 5.833 NM 

C2 0.625 0.462 1.719 NA 0.767 9.167 NM 

C3 0.750 0.370 1.289 NA 1.167 4.500 NM 

C4 0.875 0.311 1.032 NA 0.667 2.833 NM 

C5 1.000 0.265 0.842 NA 0.333 1.500 NM 

C6 1.125 0.230 0.705 NA 0.233 2.833 NM 

D 
Pier + Free 

Debris + Sill 

D1 0.500 0.599 2.398 0 NM NM NM 

D2 0.750 0.370 1.289 0 0.367 3.000 4.333 

D3 1.000 0.265 0.842 0 0.333 0.667 5.000 

D4 0.500 0.599 2.398 1 0.700 11.000 25.000 

D5 0.750 0.370 1.289 1 0.967 3.333 4.000 

D6 1.000 0.265 0.842 1 0.600 2.000 5.000 

D7 0.500 0.599 2.398 2 0.767 9.000 20.000 

D8 0.750 0.370 1.289 2 0.800 2.500 3.333 

D9 1.000 0.265 0.842 2 0.400 1.667 5.000 

D10 0.500 0.599 2.398 3 0.967 10.333 26.667 

D11 0.750 0.370 1.289 3 0.833 2.333 4.000 

D12 1.000 0.265 0.842 3 0.433 1.000 5.333 

D13 0.500 0.599 2.398 4 0.800 9.667 30.000 

D14 0.750 0.370 1.289 4 0.600 2.000 4.667 

D15 1.000 0.265 0.842 4 0.400 2.667 5.000 

* Not Available 

** Not Measured 

 

3.2. Effect of debris on dune characteristics 
As can be observed from Table 2, debris submergence, densimetric particle Froude number, 

flow intensity, and bed sill position can affect dune geometrical parameters. Figures 5 and 6 

present debris submergence (y/H) and densimetric particle Froude number on dune height and its 

position, respectively. It concluded that the variations of dune height and its position did not 

have a constant relation with debris submergence and densimetric particle Froude number, at 

first, they increased and then reduced. In cases without debris, xd/D reduced with increasing Fd, 

in which means the dune crest is closer to the pier downstream. 
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Figure 5. Effect of debris submergence and densimetric particle Froude number on dune height 

 
Figure 6. Effect of debris submergence and densimetric particle Froude number on dune 

position  

 

Figure 7 presents the percentage variations of dune parameters in cases with debris 

accumulation compared with the cases without it in the same hydraulic parameters. It can be 

concluded that dune height increases in both buried and free debris and in all hydraulic 

conditions buried debris reduces xd which means the dune crest is located closer to the pier. 

 
Figure 7. Variations of dune characteristics with debris accumulation compared to cases without 

it 
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3.3. Effect of bed sill on dune characteristics 
Figures 8, 9, and 10 show the influence of bed sill position with varied densimetric particle 

Froude numbers on dune height, its position, and dune height respectively. It concluded that the 

variations of dune height, pick position, and dune length did not have a linear relation with bed 

sill gap with pier downstream pier and densimetric particle Froude numbers.  

 

 
Figure 8. Effect of bed sill position and densimetric particle Froude number on dune height 

 
Figure 9. Effect of bed sill position and densimetric particle Froude number on dune position 

 
Figure 10. Effect of bed sill position and densimetric particle Froude number on dune length 
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Figure 11 illustrates the variations of dune parameters when a bed sill is used with free debris 

in comparison with cases without utilizing bed sill protection. It is observed that hydraulic 

condition and densimetric particle Froude number affect the influence of bed sill. In higher Fd, 

the dune height and its crest distance reduce with bed sill but in lower Fd, hd, and xd decrease by 

using bed sill. 

 

 
Figure 11. Variations of dune characteristics in debris accumulation with bed sill protection 

compared to case without sill 

 

3.4. Comparison of obtained dune height with previous results 
The obtained results of dimensionless dune height to approach flow depth (hd/y) were 

compared to Oliveto and Hager (2014) in Figure 12. This result is for pier scour without debris 

and bed sill which presents good compatibility with the computed RMSE=0.0421. 

 

 
Figure 12. Comparison of obtained dune height in the case without debris and bed sill to the 

previous study 
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and (5) suggested dune maximum height, dune crest position, and dune maximum length, 

respectively. These equations were extracted from the Case D model. 

 

(3) 
ℎ𝑑

𝐷
= 1.123(

𝑦

𝐻
)−0.132(𝐹𝑑)0.127(

𝑢

𝑢𝑐
)0.532(

𝐿𝑏

𝐷
)−0.24 

(4) 
𝑥𝑑

𝐷
= 14.718(

𝑦

𝐻
)−0.147(𝐹𝑑)0.564(

𝑢

𝑢𝑐
)1.755(

𝐿𝑏

𝐷
)−0.098 

(5) 
𝑙𝑑

𝐷
= 2.115(

𝑦

𝐻
)−1.307(𝐹𝑑)1.716(

𝑢

𝑢𝑐
)0.412(

𝐿𝑏

𝐷
)−0.314 

 

Table 3 proposed the parameter ranges and correlation ratio (R2) for the suggested equations 

and RMSE as equation (6). In this equation xp is the predicted values, xo is the observed values, 

and n is the data number [38-39]. 

 

(6) 𝑅𝑀𝑆𝐸 = √
∑ (𝑥𝑝 − 𝑥𝑜)2𝑛

1

𝑛
 

 
Table 3. Effective parameters range for proposed equations 

Equation Parameter y/H Fd u/uc Lb/D RMSE R2 

1 hd 0.5-1 0.842-2.398 0.265-0.599 1-4 0.175 0.629 

2 xd 0.5-1 0.842-2.398 0.265-0.599 1-4 0.688 0.984 

3 ld 0.5-1 0.842-2.398 0.265-0.599 1-4 3.052 0.969 

 

Figures 13, 14, and 15 present predictions of dune maximum height, dune crest position, and 

dune maximum height according to Equations (3), (4), and (5), respectively.  

 

 
Figure 13. Prediction of dune maximum height 
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Figure 14. Prediction of dune crest position  

 
Figure 15. Prediction of dune maximum length 
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0.629, 0.984, and 0.969, respectively. Used effective parameters in prediction equations have 

limited ranges which were presented in the results. 
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Abstract 
Stone boulders breakwaters are the most widespread and widely used type of breakwaters. if 

the foundations of these structures do not have sufficient bearing capacity, large settlements will 

await the structure. Since the construction of these projects is expensive, and the supply of 

suitable stone resources are essential for the construction of these projects, a relatively good 

prediction of the stone materials volume used in the project is important. Therefore, a research 

project was carried out at Siyadi Port breakwater, (Iran) utilizing geotechnical data and 

construction observations. The objective was to create a computer model to understand the 

response of the clay bed to the weight of the rocks. This analysis was done by Lagrangian 

equations and using FLAC software and led to the selection of characteristic of soil parameters 

that simulated the subsidence of materials on an elasto-plastic bed. Soil resistance parameters 

that could not be determined through standard tests were derived through a process of back 

analysis. The study also investigated the effects of the thickness of the loose layer, variations in 

sea water levels, and the use of geotextile in the project. A large rise in settling is anticipated as 

the muddy soil's depth increases. Results also confirms the effectiveness of using geotextiles for 

settlement management. Moreover, updated characteristics of soil from the previous step in 

order to comprehend the construction of an entire breakwater section on muddy soil seems 

crucial.  With this method, long-term settlements and the stability of the breakwater section may 

be reliably predicted. 
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1. Introduction  
Marine constructions like breakwaters and coastal walls are crucial human-made structures, 

particularly in areas with extensive soft and unconsolidated soils along coastlines [1]. An 

important issue in breakwaters design is the stability [2]. Many researchers have studied 

behavior of breakwaters like stability and erosion using numerical analysis or experimental 

studies in laboratory or field [3-10]. The use of stone materials on soft land leads to significant 

settlements due to the absence of a solid foundation [11]. The soil's shear resistance and its 

ability to support structures, as well as its settlement capacity, impact the quantity of stones 

required for breakwaters. This can lead to increased costs, material depletion, and environmental 

damage. Ghaderi and Rahbani [12] believed that the accretion problem is due to the poor design 

of the breakwaters' layout. 

This matter relates to value engineering, so if suitable geotechnical conditions are not present 

in non-strategic projects, it may be necessary to consider relocating ports or exploring alternative 

options. Therefore, it is important to comprehend the response of fine-grained bed materials, 

typically made up of river or sea sediments, to the loading from the construction of breakwaters. 

It is crucial to accurately determine the behavior of the soil against the predicted loading of the 

rock mass and implement appropriate solutions. The presence of rivers and channels that flow 

into the sea is the primary factor in the formation of fine-grained sediments along the coasts and 

the seabed adjacent to the coast. Mobarrez et al. [11] conducted an experiment to study the 

settlement of a breakwater situated on silty soil. They created a simulated sample containing silt 

with a moisture level exceeding the liquid limit and applied various sizes of aggregates to it. The 

findings revealed that smaller aggregates resulted in less subsidence, and using smaller 

aggregates in a thicker layer reduced the overall settlement of the aggregates. Essentially, the 

infiltration of aggregate material into the soil foundation is directly influenced by the diameter 

and thickness of the aggregates. In this study, the researchers measured the settlement of soil 

samples with varying moisture levels and flow limits. The findings indicated that settlement is 

influenced by soil moisture, with higher levels of moisture leading to greater settlement 

compared to liquid limit. Nagaraj et al. [13] explained as the liquid limit increases, the shear 

resistance decreases, and the soil moisture content also plays a role in the penetration of stone 

materials. According to a study by Fan [14], material subsidence increases as soil moisture 

reaches three times the liquid limit, leading to an increase in settlement. Beyond that point, the 

settlement remains constant. In addition, researchers have simulated the breakwater wall using 

numerical method [15].  

The use of geosynthetics to manage the settling of structures has been extensively studied 

[16]. Many practical experiments and theoretical investigations have explored the impact of 

geotextiles, leading to the finding that they can reduce settlement in sludgy soil. Numerical 

simulations of rock penetration in muds have also demonstrated the effectiveness of geotextiles 

in minimizing settlement. 

Additional research has indicated that when sand is poured onto mud, the mud soil acts as a 

non-Newtonian viscous fluid with shear strength dependent on fluid viscosity. In this scenario, 

the fluid infiltrates between the sand grains, altering the texture and behavior of the mixture to 

gradually increase its shear resistance. The extent to which mud particles penetrate the aggregate 

structure is influenced by particle density, stone aggregate size, and the quantity and size of 

voids between them [17]. 
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Hence, according to the given information, the stone boulder breakwaters located on 

unstable, waterlogged clay beds experience significant settling of materials. Consequently, a 

research project was carried out at Siyadi Port breakwater, in Iran utilizing geotechnical research 

data and construction observations. The objective was to create a computer model using 

specialized software to understand the response of the clay bed to the weight of the rocks. Soil 

resistance parameters that could not be determined through standard tests were derived through a 

process of back analysis. The study also investigated the effects of the thickness of the loose 

layer, variations in sea water levels, and the use of geotextile in the project. Additionally, the 

research explored the behavior of the soil when the soft soil properties during construction is 

modified due to penetration of the rock through mud soil. 

 

2. Method Analysis 

2.1. Project description 
This study is based on the ongoing project of constructing a breakwater at the Delwar fishing 

port on the coast of Delwar city, located on the Persian Gulf. The project involves building a 

stone boulders breakwater, which has been completed along 60 meters of the total 1300 meters 

length. Geotechnical studies included drilling three sea boreholes to depths of 30 meters and 

conducting in situ standard penetration tests and vane shear tests. However, due to the loose 

upper layer of soil, it was not possible to carry out in-situ or reconstructed tests to measure the 

soil's resistance parameters. The upper layer of the boreholes, excavated to a depth of 4 to 7 

meters, consists of a very soft, gray-colored clay resembling mud. The SPT hammer easily 

penetrates this layer due to its weight. The gray-colored soft clay layer, containing 

approximately 50% carbonate, falls under the category of calcareous mud and calcareous, and is 

classified as lean clay (CL) according to the Unified classification standard. From a depth of 7 

meters to the bottom of the borehole, loose to semi-dense silt and sand in a light brown color 

were observed, becoming very dense beyond 9 meters. These layers are categorized as unified 

SM and ML. In the BH-3 borehole, a layer of gray SP-SM sand was observed at a depth of 7.5 to 

9 meters. Generally, granular layers of suitable density were observed from 8 to 9 meters deep. 

Crushed shell fragments were observed in the upper layers up to a depth of 7 to 7.5 meters. 

Table 1 shows the soil characteristics in BH-1 borehole, the closest borehole to the research site. 

 
Table 1. Soil profile sample in BH-1 borehole, the closest borehole to the research site 

D10 

mm 

D30 

mm 

D60 

mm 

D100 

mm 
Cu Cc PI LL 

Unified 

Classification 
Depth(m) No 

- - 0.006 9.51 - - 11 32 CL 2.2-2.5 Bh-1 

- - 0.005 0.15 - - 13 35 CL 6.7-7.0 Bh-1 

- 0.001 0.008 2 - - NPI NLL ML 8.7-9.0 Bh-1 

 

Table 2 displays the properties of the soil in the top two layers of the bed. The extreme 

softness of the clay made it impractical to conduct in-situ tests or laboratory remolding, so the 

figures provided are estimates from the consulting company. 
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Table 2. Consultant's recommended parameters for soil type 

Classified soil 
Soil properties 

Unit Soft clay Very soft clay 

m 4-7 0-4 Depth 

Degree 20-22 15-20 Interior friction angle () 

kg/cm2 0.2 0.07 Cohesion (Cu) 

kg/cm2 30-40 10-20 Elasticity modulus (E) 

- 0.45 0.45 Poisson's ratio (µ) 

gr/cm3 1.8-1.9 1.75-1.85 Density (γ) 

 1 1 OCR 

 

The breakwater (Figure 1) being constructed on the seabed close to the shore is made of 

locally sourced stone materials and is comprised of three layers: core, filter, and armor. The core 

layer consists of stones weighing between 1 and 100 kg each, the filter layer contains aggregates 

weighing between 200 and 500 kg, and the armor layer consists of stones weighing between 

1500 and 3500 kg. The maximum void space between the stones in the armor layer is 37%, 

while the other layers have approximately 30% void space between the stone aggregates. 

 

 
Figure 1. Breakwater section 

 

There is no update on the project's progress along the coast up to a distance of 560 meters 

from the project's starting point. Between this point and a distance of 620 meters, it is evident 

that the quantity of stone materials utilized in the project exceeded the originally estimated 

amount outlined in the project plans. Consequently, the contractor raised concerns about 

significant settling of the bed during execution, prompting the use of settlement measuring 

devices to verify the bed's settlement. The device, depicted in Figure 2, comprises a 100 x 100 

cm metal plate with a perpendicular index rod welded to it. These plates are positioned at various 

locations on the bed, and the height of each point is measured and recorded at regular intervals 

using a leveling instrument. 
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Figure 2. Index of settlement plates and erection at sea 

 

Table 3 and Figure 3 display the longitudinal and transverse placement of the settlement 

measurement tools, while the transverse arrangement of settlement plates is depicted in Figure 

3(a). The outcome of multiple measurements taken at various times is illustrated in Figure 3. 

 
Table 3. The longitudinal and transverse placement of the settlement measurement tools 

Gauge Distance from symmetry axis Distance from project starting point 

B 1 586 

C 0.5 597 

D 2.3 605 

E 4.4 620 

F 6.2 622 

 

2.2. Preliminary modeling and back analysis to determine parameters of soft clay 

layer 
The consulting engineers' predicted results were significantly different from the actual 

observations. As a result, it was determined that the research would involve using the FLAC 2D 

program to model and assess material settlement, investigate soil behavior under loading, and 

derive the influential parameters in soil resistance through a back analysis. The Mohr-Coulomb 

model was employed for this modeling. The settlement measured by settlement plates and the 

quantity of materials utilized in the project were used as criteria to attain the desired outcomes. 

In this simulation, a layer of loose clay measuring 4 meters was placed on top of the soft clay 

model, with the water level set at mean sea level (M.S.L.). Loading was then gradually and 

stepwise applied to the soil. The core layer's load was incrementally applied to the soil, and after 

analyzing and determining the mechanical characteristics of the modeled soil through practical 

observations, the filter layer was loaded. Following analysis, the armor layer was then applied to 

the soil. Due to the significant strains experienced by very soft clay elements, when modeling a 

rock mass embankment on such soil, the software encountered embankment failure and was 

unable to provide a final answer. Consequently, it was decided to apply loads in the form of 

uniform and strip loads based on the breakwater's geometry. In this scenario, the soil behaves 

like a completely viscous substance, and the foundation, which is considered practically flexible 

with no rigidity, contributes to the deformation of the soil elements independently of the 

structural deformation above it. The load of the rock mass was calculated considering the 

porosity of the stone materials, and the specific mass of the pile was determined to be 1700 

kg/m^3, accounting for the empty space between the aggregate pieces. 
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(a) 

 

 
(b) 

Figure 3. (a) The position of settlement plates (b) comparison of measured settlement vs time  

 

The graphic representation of the model generated by the software is depicted in Figure 4. To 

align the software-generated model settlements with the actual measured settlements, the trial-

and-error method was employed by adjusting the soil parameters. The initial parameters 

suggested by the consultant for the very soft clay were the internal friction angle of 15° to 20°, 

cohesion (c) of 7KN/m^2, and elasticity modulus (E) of 1.0MN/m^2. The investigation involved 

keeping the cohesion and elasticity modulus constant while varying the internal friction angle 

parameter to observe the settlement amount. 
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This process continues until the model fails. At the failure threshold, the settlement value is 

assessed. When this value does not match the measured settlement on the site, the internal 

friction angle and modulus of elasticity are kept constant while the cohesion value is adjusted. 

These adjustments are made until the model reaches the failure threshold, but the threshold does 

not accurately predict the settlement. Consequently, the modulus of elasticity is reduced until the 

model reaches the failure threshold, resulting in increased settlement values and ultimately 

model failure. However, the settlement value is still less than the average observed at the site. 

The cohesion parameter is then reduced again to match the average observed value. To validate 

the results, the horizontal and vertical settlements from the analysis are compared with the 

recorded settlement volume at the construction site.  

 

 
Figure 4. The model designed to apply the primary load during the initial phase of construction . 

 

2.3. Other modeling methods 
The question at hand is the potential range for adjusting the parameters selected in the 

previous step. To address this, a sensitivity analysis was conducted on the parameters obtained 

from the back analysis to determine the extent of possible changes. This involved keeping two 

parameters constant, such as the cohesion and the angle of internal friction, while varying the 

third parameter, modulus of elasticity, until the model reached the breaking threshold. Similarly, 

the initial parameters were adjusted again by keeping two other parameters constant, such as the 

modulus of elasticity and cohesion, and varying another parameter, the internal friction angle, to 

reach the rupture threshold. The potential for adjusting the cohesion was also explored in a 

similar manner.  
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To examine the impact of tidal changes in water levels on the breakwater settlement, the 

modeling process was repeated with adjustments made to the water level and soil pore pressure. 

Based on findings from geotechnical studies, which identified a sludge layer depth ranging from 

4 to 6 meters across the project site, the modeling was updated to account for varying 

thicknesses of loose soil, and the resulting material subsidence was re-evaluated. The study 

maintained consistent core uniform load and other parameters. To assess the influence of 

geotextile on material subsidence, a model was created with the application of a geotextile layer 

using a cable that lacks bending resistance and only withstands tensile force [18]. The model 

includes following specifications for these materials: modulus of elasticity: 550 MPa, ultimate 

tensile strength: 125kPa, ultimate compressive strength: 0 MPa, cross section: 2x10-3 m2, visible 

perimeter: 2m, internal friction angle: 30. During the construction, one of the leveling plates 

experienced stage loadings, causing a 3.75-meter subsidence of the material. 

 

2.4. Complete breakwater modeling 
In all the situations mentioned above, the authors of this research attempted to simulate real 

model conditions. However, the loading has only been carried out with the final height of the 

dike cross-section during coring and with the upper width of the trapezoidal cross-section of 

coring. This resulted in settlement, causing a significant portion of the material to sink into the 

bed soil. When the loading of the final cross-section is added to the same modeling, the modeled 

environment does not converge, and the amount of deformation becomes infinite, making it 

impossible for the software to balance the forces. 

In many previous studies, the entire cross-section of the breakwater has typically been 

initially modeled and the displacement of the elements/nodes has been calculated. However, in 

practical scenarios, the sinking of materials into the mud bed results in the bed reaching a certain 

level of relative strength, serving as a foundation for the breakwater structure. This means that 

material subsidence slows down to some extent, and the behavior of the mixed stone and mud 

materials becomes more akin to the elasto-plastic environment of traditional soils. As a result, a 

new model was developed, and based on the findings from the previous analysis, a bed with 

updated properties was defined (Figure 5). 

 
Figure 5. Simulating the impact of a complete breakwater load and updating the mechanical 

requirements for the settled area in the nearby community. 

 

3. Analysis of the results 
When stone materials are poured onto silty soil, the soil breaks up and the materials sink into 

it, behaving similarly to the suspension of solids in high viscosity fluids [13]. The behavior 

cannot be accurately represented in the modeling carried out in FLAC software, but a continuous 

environment with plastic soil flexibility properties is modeled. This study is a case study and 

cannot be universally applied to all regions. To create a comprehensive model, it is necessary to 

gather information from similar projects and estimate the mechanical characteristics of their 

materials so that this type of modeling can be generalized for similar soils. 

 



Investigating the settlement of the stone boulders breakwater located on the … 

 
WINTER 2024, Vol 10, No 1, JOURNAL OF HYDRAULIC STRUCTURES 

Shahid Chamran University of Ahvaz 

                                                                                

37 

3.1. Comparing the results of the analysis and the actual reports of the site   
The findings from the construction of the primary section of the breakwater suggest that 

settlement increases during the loading of this section. Once the core is finished, the rate of 

settlement decreases over time and approaches a horizontal line, referring to Figure 3(b). 

However, the measuring instrument has limitations as it only indicates settlement at one point in 

the cross-section, and this measurement cannot be extrapolated to the entire loaded cross-section. 

Furthermore, due to the limited number of measurement plates, comprehensive information 

about all parts is not available. Therefore, it is essential to integrate the monitoring of the 

materials used with the measured point settlements to achieve a more precise modeling. To reach 

such significant deformation, the soil being modeled must have a low modulus of elasticity, as 

well as low cohesion parameters and internal friction angle to produce the best results. Based on 

this, the soil resistance parameters were determined as follows: ΄=5, c=0.11 kN/m2, E=1 kN/m2. 

 
Table 4. Comparison of settlement from site measurement and analysis 

Length of project 65 m 

Average of designed Section 152 m2 

Designed volume 9880 m3 

Built volume from base level 9679 m3 

The volume of materials used according to the site report 13840 m3 

The volume of material settlement according to the site report 4161 m3 

The volume of material settlement according to the analysis report 3533 m3 

Settlement percentage in site 43 % 

Settlement percentage by analysis 35.7 % 

 

In Figure 6 and Table 4, the vertical settlement in the coring section during breakwater 

construction are compared to the settlement obtained from the analysis results. It is hard to say 

that the settlement curve that was produced by software analysis accurately reflects what actually 

occurred in practice because of the discontinuity of the data derived from the settlement plates. 

Based on the results of modeling, the materials are moved horizontally in addition to vertical 

movement. This can be seen in Figure 6(b). In Table 4, the volume of materials immersed in the 

sludge from the measurements at the site and the results of the analysis are compared.  
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(a) 

 
(b) 

 

 
(c) 

Figure 6. Measurement of breakwater settlements in modeling (a) displacement of the nodes in the 

model after completing the core construction phase (b) profile of vertical and horizontal settlement 

in core with respect to the whole section of the breakwater(c) comparison of vertical settlement 

measured by settlement plates and settlement obtained from analysis 

 

 

 

—  — Predicted settlement by analysis 

——   Measured settlement in the site 
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3.2. Sensitivity analysis 
The results of the sensitivity study indicate that the c and φ parameters have a narrow 

sensitivity range, with just a 2% variation. The modulus of elasticity falls within this sensitivity 

range of 20%. The coefficient of variation of the modulus of elasticity and the coefficient of 

variation for the internal friction in this study are in agreement with the findings of [19]. The 

sensitivity analysis shows that the coefficient of variations of these parameters are as follows: 

COV(΄) = 2 ̊, COV(c) = 2 kN/m2,  COV(E) = 20 kN/m2. 

 

3.3. Settlement variation with water surface level variation 
During the construction of the project, the difference between the settlement at the time of the 

tide was not measured because it could not be measured. The results of the analysis show that 

during the shortest tide (the water level is 2 meters above the bed level), the settlement is a 

maximum of 2.5 meters. During the highest tide (water height compared to the bed level is 3.8 

meters), the settlement is estimated to be 1.4 meters. Such measurement requires the use of 

specific and accurate tools. But the effect of water level on the amount of settlement was 

included in the modeling. The findings show that during the shortest tide, the settlement 

increases. This issue can be explained due to the lower pore water pressure. For this reason, at 

the time of the highest tide where the water level on the surface of the bed is higher, the 

settlement decreases. Figure 7 shows the difference in bed level changes. Mud wave tops are 

getting shorter as a result of the rising water level. 

 

 
Figure 7. Comparison of bed level changes against water level changes 

 

3.4. Settlement against thickness of loose soil 
Measuring the settlement is crucial because the thickness of loose clay fluctuates along the 

project's longitude profile. The quantity of settlement varies with changes in the loose soil's 

thickness. Figure 8 demonstrates how the loose layer's thickness increases the settlement. Thus, 

it can be argued that stone material essentially penetrates to the surface of the second clay layer 

especially when the thickness of the loose layer exceeds 6 meters. Table 5 displays the 

settlement figures in this case. 

 

 

 

 

 

Predicted settlement (highest tide) 
Predicted settlement  
Predicted settlement (shortest tide) 
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Table 5. Settlement vs the thickness of weak layer 

Max settlement(m) Mud depth(m) 

2.0 4 

4.0 5 

5.5 6 

 

The findings of other studies [20] demonstrate that the bearing capacity of the soil is a 

function of the thickness of the loose layer, the ratio of the depth of the layer to the width of the 

foundation and the cohesion ratio of the two consecutive soil layers. By increasing the ratio of 

the depth of the loose layer to the width of the foundation, the bearing capacity decreases. 

 

 
Figure 8. The diagram of settlement variation vs the thickness of the loose layer 

 

3.5. The effect of using geotextile on the settlement 
Geotextile is a commonly utilized material in practical works that is approved for its ability to 

reduce settlement [21]. By applying a sample of geotextile to the model in this study, the 

quantity of settlement was greatly decreased. Figure 9 illustrates that the maximum settlement is 

limited to a maximum of 70 cm. In actuality, geotextile is a fabric that, because of its high 

tensile strength, can withstand the tension in its cross section caused by vertical stress from 

loading without collapsing the materials. 

 

 
Figure 9. Comparison of settlement with and without geotextile application 

 

 

Predicted settlement with geotextile  

Predicted settlement without geotextile 
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3.6. Stage loading 
As seen in Figure 3.1, the loading in the present modeling is based on the full height of the 

breakwater core up to the top of the breakwater and with full width.. There are two methods used 

to pour stone materials in place during construction: using a truck to pour the materials directly, 

or using an excavator to move the stone materials from the depot to the construction site. If the 

materials are poured gradually across the width, we will witness less settlement than if they are 

poured locally and in a huge volume all at once, as the former scenario causes large settlements. 

One explanation for this could be that the lateral resistance of the soil increases as the material 

sinks into the loose layer of mud because the properties of the newly formed material, which is 

made of both stone and mud, change. Additionally, the loading in the subsequent stages is 

comparable to the placement of aggregates on a wide flexible foundation. Therefore, a stage 

loading was modeled according to the data presented in Table 6. The settlement variation 

diagram measured at the site due to stage loading is depicted in Figure 10(a), while Figure 10(b) 

displays the analysis conclusion. The final settlement in these figures is comparable and have 

few differences. 

 
Table 6. Stage settlement recorded in the site 

Time Load step Sea Level Water Depth Gauge Net Settlement 

11:20 0 1.1 3.1 4.51 -0.49 

14:05 1 0.54 2.54 4.25 -0.75 

15:10 0 0.48 2.48 3.97 -1.03 

15:20 2 0.45 2.45 3.65 -1.35 

16:45 0 0.6 2.6 3.7 -1.3 

17:00 3 0.63 2.63 3.53 -1.47 

17:05 0 0.65 2.65 3.45 -1.55 

17:30 4 0.72 2.72 3.42 -1.58 

10:05 0 1.2 3.2 3 -2 

10:30 5 1.15 3.15 2.45 -2.55 

17:05 0 0.5 2.5 2.2 -2.8 

17:30 6 0.6 2.6 1.8 -3.2 

10:03 0 1 3 1.8 -3.2 

10:27 7 1.1 3.1 1.5 -3.5 

08:03 0 0.7 2.7 1.4 -3.6 

08:23 8 0.75 2.75 1.25 -3.75 
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(a) 

 
(b) 

Figure 10. Settlement diagrams under stage loading (a) Recorded diagram of settlement caused by 

stage loading in the construction site (b) Settlement diagram resulting from modeling under stage 

loading 

 

3.7. Modeling using the modification of the soft soil properties during construction 
In Figure 6(c), the predicted and measure settlement does nnot coincide except in the middle 

of the section. In addition, during modeling, if the full load of the breakwater section is applied 

to the model, the soil will break and the equilibrium equations will not converge. This divergent 

contradicts what happens in practice. Basically, after the settlement caused by core loading was 

reduced, the section of the breakwater can be built based on the executive plans and all the stone 

layers can be implemented in place. This means that the rock material embedded in the mud 

creates new material that acts as a flexible foundation. During the completing of the work, the 

changes of the finished surfaces have been taken at different times that the modeling is made 

separately for this purpose, finding new parameters for the combination of mud and stone soil 

shows that the resistance parameters of the soil are improved. 
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With the method of back analysis and trial and error, the main soil parameters were 

estimated, which are: C=0.4 kPa, φ=30 and E=25 kPa. As shown in Figure 11, based on these 

parameters, settlement values can be seen in the breakwater, which are consistent with the 

observations of the breakwater settlement at the time of construction. In this case, the maximum 

settlement in the toe of the breakwater reaches about 50 cm and in the middle parts it is about 30 

cm. 

 

 
Figure 12. Modeling using the modification of the soft soil properties during construction 

 

4. Conclusions 
Installed on loose mud beds, stone boulder breakwaters sink deeply into the mud. Practical, 

laboratory, and numerical modeling research must be done in order to ascertain the relationship 

between the mechanical qualities of muddy soil and the quantity of rock material that penetrates 

it during construction. This must be followed by theoretical relationships. Calculating soil 

characteristics utilizing experimental data (during project building or laboratory models) and 

back analysis is required in order to use a more accurate model. Therefore, utilizing information 

from geotechnical investigations and construction inspections, a research project was conducted 

on the breakwater at Bandar Siyadi in Iran. The idea was to use specialist software to build a 

computer model that would show how the clay bed would react to the weight of stones. Through 

a back-analysis procedure, soil resistance values that are not determinable by normal tests were 

acquired. The impacts of variations in sea level, the thickness of loose layers, and the project's 

use of geotextile were also examined in this study. This study also looked at how soil behaves 

when mud soil infiltration causes rock to seep through soft soil during construction. The 

modeled soil should have a low modulus of elasticity, low adhesion characteristics, and a low 

internal friction angle in order to achieve such substantial deformation. According to the 

sensitivity analysis, these parameters' coefficients of variation are as follows: 

 

 COV(΄) = 2 ̊, COV(c) = 2 kN/m2,  COV(E) = 20 kN/m2. 

 

The modeling results also indicate that a large rise in settling is anticipated as the muddy 

soil's depth increases. Additionally, it is crucial to re-model the settled materials with updated 

attributes from the previous step in order to comprehend the construction of an entire breakwater 

section on muddy soil. With this method, long-term settlements and the stability of the 

breakwater section may be reliably predicted. This study also confirms earlier findings about the 

effectiveness of using geotextiles for settlement management. Instead of dumping the materials 

all into one place during building, it is recommended to spread them equally and gradually 

around the bed using modeling stage construction. 
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Abstract 
The present research investigates K-Nearest Neighbor (K-NN) and Support Vector Machine 

(SVM) algorithms for evaluating hydraulic parameters of inclined drops equipped with fishway 

elements. 395 measurements were analyzed using these two algorithms with a focus on ΔE/E and 

yd/H. To evaluate algorithm effectiveness, three accuracy measures: R2, RMSE, and the KGE are 

used for a number of different scenarios. The SVM results show that in the first and second 

scenarios, respectively, model number 13 yielded RMSE=0.0156, R2=0.973, and KGE=0.961 for 

the training mode and RMSE=0.0241, R2=0.962, and KGE=0.952 for the testing mode. The K-

NN algorithm with 75% of the total data employed for the initial sample size gave the best results 

with RMSE=0.0121, R2=0.986, and KGE=0.975 for the first scenario and RMSE= 0.0123, R2= 

0.986, and KGE= 0.975 for the second scenario. Also, the results stated that the RBF kernel 

function is superior among the kernel functions of the SVM algorithm and the Cityblock distance 

measurement method among other methods of the K-NN algorithm. On the other hand, the K-NN 

method was superior to the SVM method. 

  

Keywords: Fishway elements, Inclined drop, K-NN algorithm, SVM algorithm. 

 

Received: 29 December 2023; Accepted: 18 March 2024 

 

1. Introduction 
One of the most essential things that must be paid attention to in the design of hydraulic 

structures is in terms of stability management. It is very important to keep the fish healthy and not 

lose them in the fishway structures. In the present research, we decided to investigate the flow on 

inclined drops by considering environmental considerations. The goals of the design are to 
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simultaneously provide energy dissipation, protect downstream structures, increase aeration of the 

flow, improve water quality, and allow the migration of fish. Creating turbulence and mixing water 

and air is one of the most effective methods to increase energy losses downstream of an inclined 

drop. These structures are built for environmental and economic considerations. The design of 

these structures is such that it allows the fish to enter and exit easily without incurring injury and 

without unnecessary delay for spawning. The aim of the present research is to investigate the 

performance of neural network methods for evaluating the hydraulic parameters of inclined drops 

equipped with fishway elements.  

Zhang et al. [1] designed a new multi-slot and pool-overflow combined fishway channel based 

on hydraulic property analysis and fish-passage test. Zhong et al. [2] numerically and 

experimentally evaluated the hydraulic parameters of the new semi-frustum in the pool-overflow 

fishway path and showed that the fish path with bed slope and inverse radius ratio, but with a 

longer pool distance, performs better. Zheng et al. [3] conducted a comparative study of the 

hydraulic characteristics of natural fish tracks and showed that a weak circulation zone is formed 

in the low-velocity region, which makes swimming easier for migratory fish. Baki and Azimi [4] 

studied the hydraulic design of slot and rock fishways in a review study. The results of their review 

and research showed that the long-term progress in the fishway lanes combines with vertical cracks 

and stone overflow, which finally helps the engineers in designing these instruments. Harris et al. 

[5] experimentally presented an innovation for tubular fishways and stated that the tubular 

fishways route has the potential to effectively pass fish upstream in new barriers of more than 5 

inches with low construction and operating costs in the regime. Cea et al. [6] numerically 

investigated the average depth of turbulence for flow in vertical fishways. The results showed the 

importance of the turbulence model in numerical simulations of this nature. 

Rodriguez et al. [7] evaluated the designs of fish passages with vertical slots and their effect 

on fish mobility. They showed that the amount of energy consumption per unit volume of the pool 

should not be more than 200 W/m3 for large anadromous species and 150 W/m3 for smaller species 

such as trout. Yagci [8] discussed fishways as eco-friendly structures. In addition to the speed and 

depth of the flow, which affects the ability of fish to swim, the intensity of turbulence is also 

important. The patterns of flow and turbulence can be controlled to provide suitable conditions for 

swimming.  

Due to the interaction of the flow structure and the fishway elements, studies on specific 

laboratory conditions are generally limited in their applicability. Currently, artificial intelligence 

methods are taking on a larger role as investigation tools for these problems.  Among the methods 

are: data mining methods that are used to model non-linear systems, Artificial Neural Networks 

(ANN), Gene Expression Programming (GEP), SVM, and K-NN as examples. 

Arffin [9] used an ANN model and a linear regression model to predict sedimentation. Alp and 

Cigizoglu [10] compared the results of RBF and FFBP methods with linear regression and stated 

that the mentioned methods have provided better results. Using field and laboratory data, Goel and 

Pal [11] investigated the support vector machine for predicting scour depth and showed that 

changes in flow conditions, geometry, and bed materials have an effect on scour depth. Roshangar 

et al. [12] evaluated the efficiency of support vector machine in predicting hydraulic jump in 

contractions. The results showed that the relative energy consumption and downstream water 

depth varied with Froude number.  

Sadeghfam et al. [13] studied the scrubbing of supercritical upstream of screens in a laboratory 

and used artificial intelligence methods (SFL, NF, and SVM methods). Daneshfaraz et al. [14] 

predicted hydraulic parameters of a drop by double screens using support vector machine. The 

results showed that the experimental hydraulic parameters are in good agreement with the output 
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results from the support vector machine. Francisco Fuentes-Perez et al. [15] conducted to an 

autonomous obstruction detection system using hydraulic modeling and sensor networks in a step 

toward smart fishways with Paython. Results showed that the proposed system allows monitoring 

of the hydraulic performance of the fishway. Seifollahi et al. [16] estimated local scouring of 

cylindrical bridge piers using hybrid neural wavelets and artificial neural network methods. The 

results of their research showed that the neural wavelet method provided superior results than the 

ANN method. Daneshfaraz et al. [17, 18] have also conducted research in the field of vertical 

drops with screens and a blocky bed using the artificial network method.  

Kalathil and Chandra [19] experimentally and numerically examined the hydraulic design of a 

step-pool fishway. The results showed that the velocity and the averaged velocity over the crest at 

0.10 and 0.25 are considerably lower than at 0.25. Also, the maximum TKE and energy dissipation 

factors were within recommended limits for 0.10 and 0.25. Baharvand and Lashkar-Ara [20] 

investigated the hydrodynamic and biological characteristics of a modified meander C-type 

fishway to pass rainbow trout. The results showed that the TKE distribution graphs for different 

discharge and geometry scenarios through the longest path in the pools of the MMCF were 

investigated using the line probe technique for an average depth of 0.5d. 

Mirkhorli et al. [21] examined hydraulic aspects of a rectangular labyrinth pool and weir 

fishway using FLOW-3D; they showed that a conventional weir has less energy dissipation than 

a rectangular labyrinth weir. Lower TKE and TI values were observed at the top of the labyrinth 

weir, at the corner of the wall downstream of the weir, and between the side walls of the weir and 

the channel wall. Baharvand et al. [22] conducted a comparative study using machine learning and 

regression-based approaches for predicting the hydraulic jump depth ratio. The results of their 

study show that the proposed model increases the correlation between observed and predicted 

values up to 0.987 and decreases the RMSE to 0.324. Cassan et al. [23] investigated the hydraulics 

of rock-ramp fishways with lateral slopes. The results of their research revealed that the method 

for assessing the stage-discharge relationship and maximum velocities is related to the lateral 

slope. 

According to the research related to the prediction of hydraulic parameters in hydraulic 

structures, it was observed that the input parameters are very important for the evaluation of 

independent parameters. Therefore, in the present research, the prediction and evaluation of energy 

dissipation parameters and downstream depth of inclined structures equipped with fishway 

elements was performed using K-Nearest Neighbor (K-NN) and Support Vector Machine (SVM) 

methods. To the best knowledge of the authors, the nearest neighbor method (K-NN) has not been 

used in this type of study. Consequently, here, for the first time, the evaluation of the hydraulic 

parameters with K-NN and SVM methods have been performed. 

 

2. Methodology 

2.1. Laboratory equipment and fishway elements 
In order to check the performance of data mining methods for predicting relative energy losses 

and downstream depth parameters of the inclined drop; a total of 395 measurements are used. 

Experiments have been conducted in a hydraulic laboratory in a flume with length, width, and 

height of 5 meters, 30 cm, and 50 cm, respectively. The ranges of measured parameters are 

presented in Table 1. For fishway elements, glass plates with length, height, and thickness of 15, 

10, and 6 cm respectively; with and without holes; and with angles of 45, 60, and 90 degrees to 

the horizon are used. The angle of the breakwater structure is 26.56 degrees with respect to the 

channel floor. The dimensions of the holes in the hollow elements are 5×5 cm. Figure 1 shows a 

model of the experimental channel and theequipment [24]. 
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Table 1. Range of measured parameters and characteristics of fishway elements 

Type of fishway 

element 
Reynolds No. Frd (-) yd (cm) 

Q 

(Lit/sec) 

α (Degree 

of 

fishway 

elements) 

Model 

Name without 

hole 

with 

hole 

----- ----- 

38986~582857 

4.94~6.93 0.6~1.67 

3.33~10 

----- 
Simple 

drop 

*  0.19~0.86 2.57~14.2 90 FW1 

*  0.3~0.98 2.21~10 60 FW2 

*  0.28~1.22 2.03~11.25 45 FW3 

 * 0.33~0.45 4.9~8.21 90 FW4 

 * 0.37~0.42 4.46~8.73 60 FW5 

 * 0.38~0.44 4.37~8.85 45 FW6 

 

 

 

 

Figure 1. Experimental flume and equipment  
 

2.2. Algorithm of SVM 
SVM is a data-mining and machine-learning algorithm. It is divided into two modes (testing 

and training) and is applied for prediction and data classification.  Machine learning requires input 

data; a portion of the data is used as training data and the remaining data is reserved for testing. 

The software calculates the dependent parameter based on independent parameter values. The 

SVM algorithm has various parameters, the most important of which is the kernel parameter or γ, 

the setting of which is important for the solution of the problem. 

 

2.3. SVM theory 
The SVM method entails classification and linear separation of data. If the data is linear, an 

attempt is made to separate them and maximum margins are calculated (shown graphically in Fig. 

2); the size of the separating plate can be calculated from Eq. (1). 

 

2 2
Margin=

Tw w w
=  (1) 
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Figure 2. Data classification and support vector [17] 

 

The best separating page is the page with the largest distance between two classes. In this case, 

the absolute value of w should be assigned the lowest value. The kernel function is defined as φ; 

it transfers data from the x space to the z space [17, 18]. 

 

:        z= (x)x z → 

 

As a result, the separator equation is written as Eq. (2): 

 

( ) 0 ( ) 0T Tw z b f x w x b+ = = → + =  (2) 

 

In Eq. (2), which is the relationship between the target variable and the input variables, φ(x) is 

the kernel, f(x) is the target function, w is the vector coefficient, and b is a constant value. The 

objective function, which is a convex function, has an optimal solution. Equation (3) is used to 

find the optimal page [12].  

 

1
1 1

1
min ( ) ( )       0

2

n n
n T

i j i j i j i ii
i i

y y x x c    
=

= =

−      (3) 

 

Instead of the expression φ(xj)φ(xi)T, a more general state can be defined as k(xi,xj), which can 

be used to enter more complex spaces. The process is often called a kernel trick. As a result, Eq. 

(3) can be presented as Eqs. (4) and (5). 

 

1

( ( , ) )
n

i i i

i

y sign y k x x b
=

= +  (4) 

1 1

1
[ ( , )]

n n

i j j j

i j

b y y k x x
s


= =

= −   (5) 

 

2.4. Algorithm of K-NN 
The K-NN method is a non-stationary statistical method that is used for classification and 

regression. In both of the above cases, K-NN includes the closest training sample in the data space 

and its output varies depending on the type used in classification and regression. In the 
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classification mode, it calculates the distance of a point marked by a label with the nearest points. 

Since the calculations of this algorithm are based on distance, data normalization can help improve 

its performance (Figure 3). 

 

 
Figure 3. K-NN classification 

 

The primary data are vectors in a multidimensional space, each of which contains a label called 

a category. The learning mode or training mode of the algorithm includes the storage of the feature 

vectors and the class label of the prototype. In the classification phase, K is a constant defined by 

the operator and the unlabeled vector is has the largest number in K-NN for that point. Distance 

measurements for continuous variables are usually a Euclidean distance. The K-NN algorithm 

includes the following steps: 

Step 1: Load data  

Step 2: Select K as the nearest neighbor number 

Step 3: For each of the primary datapoints: 

• The distance between the data in question and each of the primary data is 

calculated. 

• Add the distance and index of the prototype. 

• Sort the collection based on distance from small to large. 

• Select K points of the first member of the sorted set. 

• Output results. 

 

There are a number of advantages with the K-NN method.  First, there is no presupposition 

about the data. Second, it has a simple algorithm but yields relatively high accuracy. Third, it is a 

multipurpose method (classification and regression). Among its disadvantages, since the algorithm 

stores all the previous data, it requires a lot of memory. The prediction stage with a large K may 

be slow. The flowchart of data evaluation steps from start to finish is shown in Figure 4. 
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Figure 4. SVM and K-NN modelling and configuration flowchart 

 

2.5. Dimensional analysis 
Taking into account the geometric and hydraulic characteristics of the flow research models 

according to the research of [18], the effective parameters for the inclined drop along with the 

fishway elements are presented in the form of Eq. (6). 

 

1( , , , , , , , , , , , , , , , , ) 0u c d air j u df q H y y y g a b x L L E E    =  (6) 
 

Dimensional analysis was performed by using the Buckingham-Π method, Eq. (7) was 

obtained. 

 

2 ( , , , , , , , , , , Re, , ) 0,
jairu c d

u d

LLy y y a b x q q
f Fr E E

H H H H H H H H H gH


 


= = =  (7) 

 

Then we have: 

 

3 0,( , , , , , , , , Re ),
jairc d

d u

u

LLy y a x q q
f Fr

E H H b H H H H gH


 




= = =  (8) 
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Since the range of Reynolds number in this research is between 39000 and 58000, which 

represents the turbulent flow regime, the Reynolds number can be ignored. Also, parameters x/H 

and θ were omitted because they have fixed values. Thus, we have: 

 

4 0, ( , , )d c

du

y y
f Fr

E H H



=  (9) 

4 0, ( , , , )d c

u

y y a
f Fr

E H H b



=  (10) 

 

2.6. Evaluation parameters 
Three statistical parameters are used to predict the relative energy consumption and the relative 

downstream depth using SVM and K-NN algorithms. RMSE, R2, and the Kling-Gupta coefficient 

(KGE) are presented in the Eqs. (11) to (13), respectively. The index E is related to the 

experimental values, P is related to the evaluated values, and n is the numbers of data. 

 

2

P

1

1 ( )         if RMSE 0: best answer
n

E

i

RMSE S S
n

=

= − →  (11) 

( )
2

2 2

2 2 2 2

. ( ).( )
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( ) ( ) . ( ) ( )

E P E P

E E P P

n S S S S
R

n S S n S S

 −
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 − − 

  

   
 (12) 

2 2 2 Pr / PrPr
1 ( 1) ( 1) ( 1) , ;          if: KGE 1: best answer

/

e

Obs

ee
KGE R

Obs Obs


   


= − − + − + − = = →  (13) 

 

3. Results and Discussion 
In this study, two scenarios have been designated; the first scenario is the evaluation of relative 

energy dissipation and the second scenario is related to the evaluation of the relative downstream 

depth of the drop. In SVM, there are different kernels, among which RBF, linear and polynomial 

functions are used. For the K-NN algorithm, there are three methods to measure the distance 

between neighbors: Euclidean, Cityblock (Manhattan) and Chebychen. In order to estimate the 

relative energy dissipation from an inclined drop equipped with fishway elements, different data 

sets were allocated to training and testing. The results of the analysis are presented in Table 2 for 

both methods, 75% of the data was allocated to training and the remaining 25% for testing.  

 
Table 2. Evaluation criteria of different percentages of training and testing in the best models 

in SVM 

80-20% 75-25% 70-30% 65-35% 60-40% 
Criteria 

evaluation 
Scenario no. 

0.0788 0.0241 0.0749 0.0739 0.0765 RMSE 1st scenario: 

Energy 

dissipation 

0.737 0.962 0.821 0.799 0.767 R2 

0.765 0.952 0.864 0.782 0.796 KGE 

0.044 0.022 0.0518 0.0511 0.0523 RMSE 2nd scenario: 

Downstream 

depth 

0.741 0.923 0.763 0.739 0.705 R2 

0.758 0.941 0.751 0.741 0.743 KGE 
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In the first scenario (ΔE/E0) and the second scenario (yd/H), 13 combinations have been used 

to evaluate the parameters using the K-NN and SVM methods. In these combinations, ΔE/E0 and 

yd/H parameters are dependent parameters and Fr0, yc/H, and α are independent parameters.  

 
Table 3. Different input combinations in K-NN and SVM algorithms in the present study 

Input parameters Model no. Input parameters Model no. 

First and second scenario: ΔE/E0 and yd/H 

Fr0, yC/H Model 8 α Model 1 

yC/H, a/b, α Model 9 a/b Model 2 

Fr0, a/b, α Model 10 Fr0 Model 3 

Fr0, yC/H, a/b Model 11 yC/H Model 4 

Fr0, yC/H, α Model 12 yC/H, α Model 5 

Fr0, yC/H, a/b, α Model 13 Fr0, α Model 6 

  Fr0, a/b Model 7 

 

3.1. Results obtained from the SVM method 
Three kernel functions, Radial Basic Function (RBF), Linear, and Polynomial, have been used 

in the SVM method for both scenarios. Each of the combinations presented in Table 3 is entered 

into the machine and the results of the best model are presented in Table 4. By analyzing the data, 

it was determined that the model that includes all the input parameters (model 13) has the best 

answer, the highest values of R2 and KGE and the lowest value of RMSE. The value of RMSE 

motivates selection of this as the best model. Also, the RBF kernel function yields the best results 

among other kernel functions and the best model is related to the output of the RBF kernel 

function.  

The results of the SVM method show that for the first and second scenarios, combination 

number 13 with inputs Fr0, yC/H, a/b and α has the lowest error (RMSE=0.0156), the highest 

correlation coefficient (R2=0.984), and the highest Kling-Gupta coefficient (KGE= 0.961) for the 

first-scenario training mode. The corresponding values are RMSE= 0.0241, R2= 0.962 and KGE= 

0.952 for the first scenario testing mode. For the second scenario, the training mode has values of 

RMSE= 0.0212, R2= 0.973, and KGE = 0.916; values from the testing mode are: RMSE= 0.0291, 

R2= 0.971, and KGE= 0.939 and with an evaluation percentage of 75-25%. Values γ=7 and γ=10 

are used, respectively for the first and second scenario (Figure 5). 
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Figure 5. R2 and RMSE Vs. values for the SVM algorithm for RBF: a, b) First scenario c, d) 

Second scenario 
 

Table 4. Evaluation parameters of the best combination for scenario 1 and 2 for all SVM kernels 

 Testing mode  Training mode 

Kernel type Best combination: Combination of number 13 (in table 3) 

Scenario γ KGE R2 RMSE  KGE R2 RMSE 

First: 

ΔE/E0 

7 0.952 0.962 0.0241  0.961 0.984 0.0156 RBF 

--- 0.842 0.836 0.08  0.852 0.873 0.0676 Linear 

1 0.955 0.945 0.0938  0.946 0.956 0.0888 Polynomial 

Second: 

yd/H 

10 0.0939 0.971 0.0291  0.916 0.973 0.0212 RBF 

--- 0.859 0.761 0.0817  0.871 0.818 0.0689 Linear 

10 0.485 0.551 0.112  0.549 0.581 0.109 Polynomial 

 

Figures (6a, c, e, g) show the distribution curves of the predicted data for the best combination 

of hydraulic parameters (combination no. 13) for the first and second scenarios for both the 

training and testing modes. These data have less dispersion than other kernel functions and are 

placed on a bisector. Also, Figures (6-b, d, f, h) compare the experimental and predicted data of 

the superior model and show a good correlation in these two scenarios for the distribution of the 

RBF kernel with respect to the linear and polynomial functions. On the other hand, Comparing the 

data of this research with the data of research [24] for different methods of SVM algorithm shows 

that they match very well. So that the data of research [24] with the present research has R2 

parameter equal to 0.9823 and 0.9752 for the training and testing mode, respectively in the 

parameter of relative energy dissipation, and for the relative depth of downstream parameter R2 is 

equal to 0.9958 and 0.982 for the training and testing mode, respectively. 
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Figure 6. a, c, e, g) Distribution curve of experimental and predicted data in the training and 

testing modes for the best model (a, c: first scenario; e, g: second scenario) 

b, d, f, h) Comparison of experimental and predicted data in the training and testing modes for 

the best model in the SVM algorithm (b, d: first scenario; f, h: second scenario) 
 

3.2. K-NN Results 
The K-NN pattern method is a machine learning method that is classified as a non-stationary 

statistical method used for regression and classification. The distance criterion for continuous 

variables in this algorithm is usually the Euclidean distance. Euclidean distance is the distance 

between two points which is obtained by using the Pythagorean theory. In the K-NN algorithm, 

there are three methods for distance measurement, which are Euclidean, Cityblock (Manhattan) 

and Chebychev methods. As with the earlier SVM results, statistical metrics for K-NN are listed 

in Table 3 are entered in order and the results of the best models are provided in Table 5. It was 

determined that combination 13, which includes all the input parameters, has the best response 

and has thus been selected as the best model. The working method of this algorithm is such that 

after selecting the distance measurement methods, a percentage is selected for the initial sample 

size, the number of neighbors is determined, and the correct setting of this value for the number 

of neighbors helps to improve the results as much as possible. 
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Table 5. Results of evaluation parameters of the best combination for scenario 1 and 2 for K-NN 

algorithm 

Size of 

prototype 

sample 

Scenario 

Number of 

Nearest 

Neighbors 

KGE R2 RMSE Distance 

measure 

Best combination: Combination of number 13 (in table 3) 

75% 
First: 

ΔE/E0 
12 

0.966 0.984 0.0123 Euclidean 

0.975 0.986 0.0121 Cityblock 

0.968 0.980 0.0157 Chebychev 

75% 
Second: 

yd/H 
12 

0.956 0.985 0.0225 Euclidean 

0.967 0.986 0.0123 Cityblock 

0.973 0.980 0.0157 Chebychev 

  

Up to a total of 100 neighbors were examined. It is clear in Figure 7 that for all distance 

measurement methods, 12 neighbors have been chosen as the optimal number of neighbors. 

Figures (7a and b) shows the changes of RMSE and R2 against the number of nearest neighbors 

for the first scenario and Figures (7c and d) show the parameters for the second scenario. The 

expression indicates that 12 neighbors is optimal. 

 

  

  
Figure 7. R2 and RMSE Vs. number of nearest neighbors in K-NN algorithm: a, b) First scenario 

c, d) Second scenario 
 

The results of the K-NN method shows that in the first and second scenarios, combination 

number 13 with inputs Fr0, yC/H, a/b and α yields RMSE = 0.0123, the highest R2 (R2= 0.984), 

and the highest Kling-Gupta coefficient (KGE= 0.966) for the Euclidean method; RMSE= 0.0121, 

R2= 0.986 and KGE= 0.975 for the Cityblock method; and RMSE= 0.0157, R2= 0.980 and KGE= 
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0.968 for the Chebychev method in the first scenario. For the second scenario, RMSE= 0.0225, 

R2= 0.985 and KGE= 0.956 for the Euclidean method, RMSE= 0.0123, R2 = 0.985 and KGE = 

0.967 for the Cityblock method, and RMSE= 0.0157, R2= 0.980 and KGE= 0.973 for the 

Chebychev method.  

Figures (8a and c) show the distribution curves of the experimentally predicted data of the best 

combination of hydraulic parameters (combination no. 13) in the first and second scenarios using 

75% of the data. The data related to this combination in the K-NN algorithm and in all three 

methods for distance measurement have less dispersion than the SVM kernel functions and all 

these methods are placed on the same median. Also, Figures (8-b and d) compare the experimental 

and predicted data of the superior model and show a good correlation in these two scenarios for 

Euclidean, Cityblock and Chebychev methods. It can be seen in these figures that the K-NN 

algorithm provides better results compared to those obtained from the SVM algorithm. On the 

other hand, with a more detailed investigation, it can be seen that by increasing the number of 

nearest neighbors, unfavorable results are obtained.  

 

  

  
Figure 8. a, c) Distribution curves of experimental and predicted results for the best model in 

the K-NN algorithm (a: first scenario; c: second scenario) 

(b, d, f, h) Comparison of experimental and predicted data for the best model in the K-NN 

algorithm (b: first scenario; d: second scenario) 
 

Figure 9 shows the violin plot of the basic distribution of the data. From this figure, it can be 

concluded that the best SVM match of the evaluated data with the experimental data is related to 

the RBF kernel function, but the best match of the data occurs with the K-NN algorithm. Among 

the distance measurement methods in the K-NN method, all three methods have more accuracy 

and better results and compared to each other. Compared to the SVM algorithm, the results of the 

K-NN method are in good agreement with the experimental data. 
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Figure 9. Violin plot for predicted and experimental data: a) First scenario, b) Second scenario, in 

SVM c) Second scenario in K-NN 
 

3.3. Sensitivity Analysis 
Sensitivity analysis examines the important of the input variables of a statistical model at 

affecting the output results. By removing the input parameters one by one in both scenarios, and 

by using dimensional analysis, the parameter that had the most impact in predicting the relative 

energy dissipation and the relative depth of the downstream can be identified. Results of this 

sensitivity analysis are listed in Table 6. 

(a) 
(b) 

(c) 
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÷ 

Input parameters 
Eliminate 

parameter 

Training Testing 

R2 RMSE R2 RMSE 

First scenario (ΔE/E0) 

Fr0, yC/H, a/b, α ---- 0.984 0.0156 0.962 0.0241 

Fr0, yC/H, α a/b 0.656 0.0676 0.568 0.0806 

Fr0, yC/H, a/b α 0.846 0.0673 0.892 0.0739 

Fr0, a/b, α yC/H 0.281 0. 1039 0.0963 0.1024 

yC/H, a/b, α Fr0 0.985 0.0138 0.966 0.02 

Second scenario (yd/H) 

Fr0, yC/H, a/b, α ---- 0.0156 0.984 0.0241 0.962 

Fr0, yC/H, α a/b 0.073 0.802 0.0832 0.605 

Fr0, yC/H, a/b α 0.0502 0.905 0.0478 0.912 

Fr0, a/b, α yC/H 0.138 0.267 0.154 0.127 

yC/H, a/b, α Fr0 0.0302 0.966 0.0328 0.959 

 

Based on the sensitivity analysis carried out in the present research, it was found that for both 

the first and second scenarios, the independent parameter of the relative critical depth (yc/H) has 

the greatest effect on the relative energy dissipation and the relative depth of the downstream 

according to Table 5 and Figure 10. According to Figure 10, in both scenarios, it is clear that the 

models in which the relative critical depth parameter is removed from the input parameters have 

a very bad match with the experimental data. 
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Figure 10. Comparison of laboratory data with results evaluated in sensitivity analysis: a) 

Relative energy dissipation, b) Relative downstream depth 
 

In order to analyze and evaluate the models used in this research, according to Figure 11, Taylor 

diagram was used. As shown in Figure 11, one of the advantages of the Taylor diagram is that it 

uses two statistical indicators, correlation coefficient and standard deviation. Based on the Taylor 

diagram, the closer the predicted value is to the observed value in terms of correlation coefficient 

and standard deviation, the better the assessment and prediction has been made. The Taylor 

diagram in Figure 11 shows that the performance of the K-NN algorithm in all the investigated 

models, which includes models Eucliden, Chebichev, and Cityblock, has the highest performance 

and efficiency compared to the SVM model. Because the predicted standard deviation has the 

closest distance to the standard deviation of the observed data and shows the highest correlation 

coefficient. Based on all evaluation criteria, it can be stated that the models investigated in the 

present research have a good performance in estimating the parameters of relative energy 

dissipation and relative depth downstream. But among the reviewed models, the K-NN algorithm 

is more accurate than the SVM algorithm. Of course, this point should also be kept in mind that 

in the SVM algorithm, the linear model is the most consistent in observational data with prediction. 
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Figure 11. Taylor diagram in the investigated models of present research 

 

4. Conclusion 
In the present study, the parameters of relative energy dissipation and relative downstream 

depth in an inclined drop equipped with fishway elements have been evaluated using K-NN and 

SVM algorithms. A total of 395 data points with the same experimental conditions were used. It 

was shown that the prediction of these two parameters in both scenarios, a combination that 

included all independent input parameters, provided the best combination. In both scenarios, 

combination number 13 with independent input parameters Fr0, yC/H, a/b and α was superior and 

its results are as follows: 

In the SVM algorithm, the Radial Basic Function (RBF) kernel type provides the best result 

among the kernel functions investigated in this research. In the K-NN algorithm, the 

Euclidean, Cityblock and Chebychev distance measurement methods have provided results 

that are in good agreement with the experimental data. The first scenario (ΔE/E0), in the SVM 

algorithm results were quantified with R2, RMSE and KGE evaluation values equal to 0.984, 

0.0156 and 0.961 respectively for the training mode and 0.962, 0.0248 and 0.952 for testing 

mode.  

The second scenario (yd/H), in the SVM algorithm resulted in R2, RMSE and KGE values 

equal to 0.973, 0.0212, and 0.916, respectively, for training mode and 0.971 and 0.0291 and 

0.931 for the testing mode and RBF kernel function. In the first and second scenarios with the 
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K-NN algorithm, the evaluation values in all three distance measurement methods are in the 

range of 0.98≤ R2 ≤0.986, 0.0123≤ RMSE ≤0.0225 and 0.956≤ KGE ≤0.973. By examining 

the results, it was found that the K-NN algorithm provides better results compared to the SVM 

algorithm. 

The sensitivity analysis showed that the relative critical depth parameter has the greatest 

effect in predicting energy dissipation and downstream relative depth. In the first scenario, by 

removing the desired parameter, the evaluation parameters RMSE and R2 are respectively 

equal to 0.1039 and 0.281 in the training mode and 0.1024 and 0.0963 in the testing mode. 

For the second scenario these quantities are, respectively, equal to 0.267 and 0.138 in the 

training mode and 0.127 and 0.154 in the testing mode. 

 

Notation 
q: The flow rate per unit width 

H: The height of the drop 

θ: The angle of the drop with the horizon 

 yu: The upstream depth of the drop 

 yc: The critical depth  

yd: The downstream depth of the drop 

μ: Dynamic viscosity 

ρ: Density 

g: The acceleration of gravity 

α: The placement angle of the fishway elements, 

a and b: The length and height of the opening of the elements,  

x: The distance between the elements, 

Lair: The length of the aeration, 

 Lj: The length of the hydraulic jump,  

Eu: The upstream energy of the drop, 

Ed: The specific energy downstream of the drop. 
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Hydraulic Response to Geometry: Finite Element Modeling of 

Underground Spaces in Saturated Environments 
 

Hadi Farhadian 1 

Zahra Gholami 1 

 

Abstract 
Tunneling operations face a significant challenge in managing water inflow into excavated 

underground spaces, primarily initial or excavating caused discontinuities in tunnel walls. The 

water flow rate is intricately linked to the geometric shape of the tunnel, making it a crucial 

consideration during infrastructure design and construction to mitigate the risks associated with 

water infiltration. This study employs the finite element numerical method to explore how 

different geometric shapes (circular, D-shaped, rectangular, and irregular hexagon tunnels), 

along with parameters like excavated space area, excavated space perimeter, water head, and 

permeability coefficient anisotropy, influence steady-state water inflow into tunnel as saturated 

environments. Results demonstrate that the geometric shape of underground spaces has a 

substantial impact on water ingress, with circular tunnels exhibiting notably lower inflow rates 

compared to other shapes under similar conditions. However, the overall dimensions of the 

simulation model may also influence the observed impact. The research underscores the 

necessity of considering both geometric shape and overall dimensions for effective drainage in 

tunnel design. While circular tunnels generally prove to be a safe choice, further project-specific 

analysis may be warranted. It is crucial to acknowledge that accurately predicting the influence 

radius requires intricate numerical modeling or physical experiments accounting for all relevant 

factors, as the impact of shape is just one facet, with other design and geological factors playing 

equally crucial roles. 
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1. Introduction  
The utilization of underground spaces is becoming increasingly widespread and diverse. One 

prevalent type of underground space is tunnels, constructed for various purposes. Among the 

primary challenges encountered in tunnel excavation is the infiltration of water into the tunnels. 

Issues arising from water leakage into the tunnel environment include a decrease in the stability 

of the surrounding rock mass, the imposition of excess pressure on both permanent and 

temporary support systems, and detrimental effects on the geomechanical condition of the rock, 

subsequently posing potential hazards to both life and finances [1-4]. 

One crucial factor influencing the water flow rate is the geometric shape of the tunnel. 

Considering the tunnel shape during the design and construction of infrastructure is essential for 

minimizing the risk of water infiltration and associated damages. Despite previous studies, 

limited attention has been given to the examination of this factor. Notable among these studies is 

the investigation of the impact of tunnel geometry on water leakage, exemplified by the study 

conducted on the Dorud-Khorramabad railway tunnel using analytical and numerical methods 

for estimation [5]. 

Due to the inherent difficulty in identifying and precisely determining all factors affecting 

water flow into the tunnel, especially during the excavation process, accurate prediction of water 

infiltration into the drilled tunnels within the rock environment is challenging. Various analytical 

methods and equations, based on simplifications and practical assumptions, are widely employed 

for calculating the water leakage into tunnels [6,7]. 

In addition to analytical methods providing a general estimate of leakage, considering the 

fundamental equations governing leakage flow and site-specific characteristics, numerical 

methods such as finite element, finite difference, discrete element, or finite volume approaches 

can be employed. Through the utilization of numerical methods, the flow of groundwater 

leakage into the tunnel environment can be simulated. Then, the leakage values into the tunnel 

can be computed in different regions of the construction site. Unlike analytical methods, 

numerical methods are not computationally simple, and they require comprehensive information 

about the construction site. They are also less reliant on simplifications and assumptions. As a 

result, numerical methods are more complex and time-consuming to implement, but they yield 

more accurate results compared to analytical methods [8,9]. 

The shape of the tunnel is a significant factor affecting the amount of water inflow. The 

geometry of the tunnel influences the flow patterns and pressure distribution within the tunnel, 

which in turn affects the rate of water seepage [10]. 

Several factors related to tunnel shape can influence water inflow, including: 

Cross-sectional shape: The cross-sectional shape of the tunnel, such as 

circular, rectangular, or horseshoe-shaped, can affect the flow velocity and pressure distribution 

within the tunnel. 

Tunnel size: The size of the tunnel, such as its diameter or width and height, can influence the 

amount of water that can be stored within the tunnel and the rate of water flow. 

Tunnel alignment: The alignment of the tunnel, such as its slope and curvature, can affect the 

direction of water flow and the potential for water to accumulate in certain areas of the tunnel. In 

other words, the shape and alignment of the tunnel affect the velocity and turbulence of the 

flowing water. Sudden changes in direction or steep slopes can lead to turbulence, eddies, and 

areas of low pressure where water may settle. Also, the alignment of the tunnel entrance and exit 

points also influences water flow. If these points are not well-designed, water can accumulate 

during heavy rainfall or in situations of high water flow, leading to potential flooding. 
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The geometry of a tunnel significantly influences water pressure conditions, hydraulic 

boundary conditions, and flow of seepage. Research indicates that different tunnel shapes can 

lead to various water flows, where factors such as water velocity and pressure are influenced by 

tunnel dimensions. Furthermore, the distance from the tunnel excavation surface to geological 

features, such as faults, can also impact the rate of water ingress. Consequently, the shape of a 

tunnel plays a crucial role in determining the characteristics of seepage and the magnitude of 

water flow, making it a focal point in underground construction projects and water management 

[11-14]. 

Advantages of circular tunnels regarding water ingress include the following aspects: 

 

1. Uniform Stress Distribution: Circular tunnels distribute loads more uniformly, reducing 

the risk of stress concentration and potential failure compared to other shapes, such as 

square tunnels [15]. 

2. Analytical Solutions: Analytical solutions exist for estimating water ingress into circular 

tunnels, aiding in tunnel design, construction, and environmental impact assessment 

[16]. 

3. Leakage Prevention Effect: Research has demonstrated that the leakage prevention 

effect of flow by injection can be assessable in circular tunnels, making it significant for 

water flow management [17]. 

However, explicitly mentioned disadvantages of circular tunnels in terms of water ingress 

have not been reported in the conducted studies. Nevertheless, it is essential to note that the 

design, construction, and maintenance of tunnels can be costly, and there may be specific 

constraints based on geological and hydrogeological conditions. In this article, an attempt has 

been made to study the impact of the geometric model of underground spaces on the steady-state 

groundwater inflow using finite element modeling. 

 

2. Finite Element Method in Solving the Groundwater Inflow Equation to Tunnels: 
The Seep/w software is a versatile and comprehensive computer program capable of 

providing analyses in dynamic and static domains. It employs the finite element method for 

analyzing and modeling water flow. In essence, this software is a numerical model with the 

ability to simulate the mathematical representation of the actual physical process of water flow 

in a porous medium. Seep/w, as part of the GeoStudio software suite, has the capability to 

analyze various flow conditions, including saturated or unsaturated flows in confined or 

unconfined aquifers in two-dimensional settings, assuming that hydraulic conductivity and water 

content are functions of the pore-water pressure [18, 19]. 

The fundamental equation of groundwater flow in two dimensions, considering both saturated 

and unsaturated flow conditions, is derived by combining Darcy's law and the continuity 

equation: 

(1) ( )x y

h h
K K C h Q

x y y y t

       
+ = +   

         
In this equation: 

Kx and Ky are the coefficients of permeability in the x and y directions, h is the hydraulic 

head, t is time, x and y are Cartesian coordinates, C is the slope of the moisture characteristic 

curve, and Q is a flow source such as pumping or recharge. 
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The hydraulic head (h) is related to the volumetric water content (θ) through the relationship: 

(2) 
h

C
t t

 
=

   
In Seep/w, the Galerkin approximation method is used for solving the groundwater flow 

equation in two dimensions. This method, with appropriate consideration of boundary 

conditions, provides an approximate solution for the equation. The groundwater flow equation 

(3) can be written in the following form within the software: 

(3) ( ) ( ) 0x y

h h
L h K K C h Q

x x y y t

      
= + − − =  
         

The Seep/w software is a valuable tool for modeling and solving various hydrological, 

hydrogeological, geotechnical, and mining problems. It can be utilized for modeling tunnels with 

different geometric cross-sections, representing different geological layers with distinct 

hydraulic properties, and simulating continuous environments. However, it has limitations, such 

as the inability to model discontinuous environments where water flow is a function of fractures 

within the rock mass [20,21]. 

 

3. The Geometric Shape Effect on Groundwater Inflow into Underground Spaces: 
In this study, the finite element software Seep/W was employed to investigate the impact of 

the geometric shape of underground spaces on groundwater inflow. A two-dimensional 

numerical model was used to explore variations in several geometric parameters of underground 

spaces, including the shape of the underground space such as circle, D-shape (combination of a 

rectangle and a half-circle), irregular hexagon, and rectangle, the area of the underground space 

(S), the perimeter of the underground space (P), the anisotropic permeability ratio (Ky/kx), and 

the groundwater table level (H). Two geometric dimensions of the model (domain model) were 

simulated, measuring 50 by 30 square meters and 100 by 60 square meters. Figure 1 illustrates 

the schematic geometric model of numerical simulations along with the utilized parameters.  

 

 
Figure 1: Schematic Geometric Model and Parameters Utilized in Numerical Simulation. 
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The simulations utilized boundary conditions as follows: constant head at the lateral 

boundaries on the right and left sides, flow boundary around the tunnel, and a no-flow boundary 

at the model's base. The modeling and numerical analysis procedure can be outlined as follows: 

 

1. Geometric modeling of the domain and delineation of tunnel. 

2. Application of material properties (permeability coefficient) . 

3. Application of appropriate boundary conditions (as mentioned above) and meshing 

the model for two-dimensional finite element analysis . 

 

In the numerical analysis, the model domain, configured as a rectangular shape, underwent 

discretization into finite element meshes. Therefore, the type of square and triangular elements 

was chosen in the pattern of finite element mesh, and based on the dimensions of the model and 

its excavated underground spaces, for the 50 by 30 square meters model, the element number 

was set in the range of 326 to 469, while for the 100 by 60 square meters model, the element 

number was applied within the range of 342 to 499. 

Figure 2 illustrates a sample of the numerical simulation of groundwater inflow into various 

underground spaces within a 30 square meter area. It is essential to note that the modeling was 

performed in a steady-state and two-dimensional configuration 

 

 
Figure 2: Simulation of various models of groundwater inflow into tunnels in spaces with an area of 

30 square meters in dimensions of 50 by 30 square meters. (a) Illustration of the meshing approach 

and the Define state, (b) Simulated groundwater inflow into the tunnel in the Results state. 
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3.1 The Effect of Geometric Shape of Underground Space on the Groundwater 

Inflow Based on the Area of Excavated Space (S): 
To investigate the influence of the geometric shape of underground spaces (circular, D-

shaped, rectangular, and irregular hexagon) on groundwater inflow under various excavated 

space areas (5, 10, 20, 30, 40, and 50 square meters) and with different groundwater table levels 

relative to the center of the excavated space (20, 50, and 100 meters) in two model dimensions 

(50 by 30 and 100 by 60 square meters) at an anisotropic permeability ratio (ky/kx) of 1, a total 

of 144 different models were simulated. Figure 3 depicts the groundwater inflow into various 

spaces in the dimensions of 50 by 30 square meters and 100 by 60 square meters. As observed in 

these graphs, an increase in the area of the excavated space in different tunnel shapes results in 

an increased rate of groundwater inflow. 

It is evident from these graphs that the circular-shaped tunnel generally exhibits the lowest 

rate of seepage compared to other shapes of underground spaces, such as D-shaped, rectangular, 

and irregular hexagon. 

 
Figure 3: Groundwater inflow into the tunnel based on different geometric shapes of excavated 

spaces considering various areas and groundwater table levels in two different model dimensions . 
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3.2 The Effect of Geometric Shape of Underground Spaces on the Groundwater 

Inflow into the Tunnel Based on Excavated Space Perimeter (P) : 
To investigate the impact of the geometric shape of underground spaces (circular, D-shaped, 

rectangular, and irregular hexagon) on groundwater inflow under various excavated space 

perimeters (P: 5, 10, 20, 30, 40, and 50 square meters) and with different groundwater table 

levels relative to the ceiling of the excavated space (20, 50, and 100 meters) in two model 

dimensions (50 by 30 and 100 by 60 square meters) at an anisotropic permeability ratio (ky/kx) 

of 1, a total of 144 different models were simulated. Figure 4 illustrates the groundwater inflow 

into various spaces in the dimensions of 50 by 30 square meters and 100 by 60 square meters. As 

observed in these graphs, an increase in the excavated space perimeter in different tunnel shapes 

results in an increased rate of groundwater inflow. Although the difference is not significant in 

smaller areas, an increase in the area or spatial extent results in a more pronounced variation in 

the inflow of water into the tunnel. For instance, as illustrated in Fig. 6, concerning the model 

dimensions of 100 by 60 square meters at water head of 50 meter, the water inflow rate for the 

irregular hexagon tunnel in excavated areas of 5 and 10 square meters are 8.43e-5 m3/sec and 

9.17e-5 m3/sec , respectively. In the excavated area of 50 square meters, the inflow rate reaches 

1.14e-4 m3/sec. 

It is evident from these graphs that the circular-shaped tunnel generally exhibits the lowest 

rate of seepage compared to other shapes of underground spaces, such as D-shaped, rectangular, 

and irregular hexagon. 

 
Figure 4: Groundwater inflow into the tunnel based on different geometric shapes of excavated 

spaces considering various perimeters and groundwater table levels in two different model 

dimensions . 
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3.3 The Effect of Geometric Shape of Underground Spaces on Water Inflow Based 

on Influence Radius: 
The geometric shape of an underground space, specifically a tunnel, can indeed have a 

significant impact on the influence radius of water inflow. The circular tunnel shape offers a 

balanced influence radius due to its uniform perimeter. However, variations in hydraulic 

conductivity can still create uneven flow patterns. In the rectangular, wider bases can lead to 

larger influence zones, especially if water primarily enters from the bottom. However, corners 

can create complex flow patterns. In the D-shape tunnel, commonly used in soft ground, offers 

better stability. Its curved top and angled sides can influence water flow depending on the 

specific dimensions and orientation. Also, in the irregular tunnel, complex or non-standard 

shapes are harder to predict, requiring detailed analysis considering specific geometries and local 

hydrogeological conditions. 

To investigate the impact of the geometric shape of underground spaces (circular, D-shaped, 

rectangular, and irregular hexagon) on influence radius as point of water inflow to tunnel view, 

various scenarios were examined under different excavated space areas, different excavated 

space perimeters  and varying groundwater table levels relative to the ceiling of the excavated 

space (20, 50, and 100 meters). To examine the influence radius, for excavated areas (excavated 

perimeters) of 5, 10, 20, 30, 40, and 50 square meters (meters), the flux boundaries were set at 

10, 20, 30, 40, 50, and 60 square meters (meters) from the center of the shape. The boundaries 

were set at 10, 20, 30, 40, 50, and 60 square meters (meters), respectively. Figure 5 illustrates the 

schematic geometric model of the numerical simulation along with the flux boundary. 

The analysis was conducted using model dimensions of 100 by 60 square meters with an 

anisotropic permeability ratio (ky/kx) equal to 1, resulting in a total of 144 different simulation 

models. Figure 6 depicts the groundwater inflow into various spaces in the dimensions of 50 by 

30 square meters and 100 by 60 square meters. 

As depicted in these graphs, based on the mentioned flux boundaries (influence radiuses), 

with an increase in both the area and the perimeter of the excavated underground space in 

various tunnel shapes, the water inflow rate has significantly increased. Furthermore, the 

circular-shaped tunnel, when considering the impact of different geometric shapes based on the 

excavated area, generally exhibits the highest inflow rate within the influence radius, while the 

D-shaped tunnel demonstrates the lowest rate.  

 

 
Figure 5: Schematic Geometric Model for Investigating the Influence Radius 
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Figure 6: The Effect of Geometric Shape of Underground Spaces on water inflow based on influence 

radius 

 

Regarding the effect of different geometric shapes based on the excavated perimeter, a 

specific trend could not be discerned. However, it can be concluded that circular-shaped tunnels, 

given their higher inflow rates compared to other geometric shapes, facilitate water discharge at 

a faster pace, especially within the influence radius. 

 

3.4 The Influence of Geometric Shape of Underground Spaces on Water Inflow into 

Tunnels Considering Anisotropic Conditions of Permeability Coefficient: 
To investigate the impact of the geometric shape of underground spaces (circular, D-shaped, 

rectangular, and irregular hexagon) on water inflow under various anisotropic conditions of 

permeability coefficient (the ratio of vertical permeability to horizontal permeability - Ky/Kx: 

0.1, 0.5, and 1), scenarios were explored for excavated space areas of 20 square meters, and the 

dimensions of the excavated perimeters were 20 meters. Additionally, different groundwater 

table levels relative to the ceiling of the excavated space (20, 50, and 100 meters) were 

considered for various model dimensions, including 50 by 30 square meters and 100 by 60 

square meters, resulting in a total of diverse simulation models. Figure 7 illustrates the water 

inflow into various spaces in the dimensions of 50 by 30 square meters and 100 by 60 square 

meters. 
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Figure 7: Influence of Geometric Shape of Underground Spaces on Water Inflow into Tunnels 

Considering Anisotropic Conditions of Permeability Coefficient 

 

 

 

 

 

 

 

 

 

 

 

 

 



H. Farhadian, Z. Gholami 

 

 
WINTER 2024, Vol 10, No 1, JOURNAL OF HYDRAULIC STRUCTURES 

Shahid Chamran University of Ahvaz 

                                                                                  

76 

As observed in these diagrams, with an increase in both the area and the perimeter of the 

excavated underground space in various tunnel shapes, the water inflow rate has significantly 

increased. Notably, applying variations in the anisotropic conditions of the permeability 

coefficient (sensitivity analysis on Ky/Kx=0.1, 0.5, and 1) did not reveal significant changes in 

the trend of geometric shape influence on the water inflow into the tunnel. In the majority of 

simulated models, the water inflow into the circular tunnel exhibits the lowest rate both when 

considering the impact of the geometric shape based on the excavated area and when considering 

it based on the excavated perimeter. 

 

4. Discussion: 
The geometric shape of underground spaces can significantly influence the water inflow into 

tunnels. Sensitivity analysis on various parameters indicates that circular-shaped tunnels may be 

preferable for effective drainage. This preference arises from both having the lowest water 

inflow rates into the tunnel and the wide influence radius of such tunnels, as illustrated 

schematically in Figure 8. However, it is crucial to note that the overall dimensions of the 

geometric model also play a crucial role in the water inflow into the tunnel. The proximity of the 

model dimensions to the boundaries of the underground space intensifies the impact of boundary 

conditions on water inflow, leading to a non-linear prediction for water flow. For instance, in the 

model with dimensions of 50 by 30 meters and an underground space area of 50 square meters, 

the irregular hexagon-shaped tunnel exhibited the lowest flow rate compared to other shapes. 

Still, no specific trend can be generalized across various dimensions of the overall model. 

Conversely, in the model with dimensions of 100 by 60 meters based on the excavated area, a 

circular-shaped tunnel demonstrated the lowest flow rate, while a rectangular-shaped tunnel 

exhibited the highest flow rate. This observation extends to different sizes of excavated 

perimeters, indicating that, for instance, in various excavated area sizes, circular-shaped tunnels 

generally have the lowest flow rates, while D-shaped tunnels exhibit the highest flow rates. 

Analysis of the anisotropy of the permeability coefficient indicates that this parameter has no 

significant effect on the water inflow, and in all cases, the circular-shaped tunnel, in contrast to 

other geometric shapes studied in this article, has the lowest water inflow rate. 

As expected, an increase in the area of the underground space leads to a higher water inflow 

into these environments. A larger space provides a greater surface for water to flow into the 

tunnel, and thus, an increase in the tunnel area can result in more groundwater infiltration. 

 Among the shapes studied, the circular-shaped tunnel has the lowest flow rate, followed by the 

irregular hexagon-shaped tunnel, then the D-shaped tunnel, and finally, the rectangular-shaped 

tunnel with the highest water inflow. 

The overall dimensions of the model significantly affect the estimation of water inflow. 

Smaller model dimensions bring the boundary conditions closer to the tunnel boundary, leading 

to exaggerated estimates. In smaller model dimensions, it becomes challenging to provide 

accurate insights into the effect of the geometric shape of the underground space on water 

inflow. 

Examination of the influence radius of the geometric shape of the excavated space shows that 

a circular-shaped tunnel has the highest influence radius, making it highly effective for drainage 

purposes. 

Analysis of the anisotropy of the permeability coefficient indicates that this parameter has no 

significant effect on the water inflow, and in all cases, the circular-shaped tunnel, in contrast to 

other geometric shapes studied in this article, has the lowest water inflow rate. 
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Figure 8: Schematic representation of the geometric shape effect on groundwater inflow into 

underground spaces 

 

5. Conclusion: 
This study aimed to investigate the impact of the geometric shape of underground spaces on 

water inflow into these environments. Based on calculations performed for 576 different models 

using Seep/w software, here are some key points: 

• Circular tunnels generally have the lowest water inflow rates, regardless of model 

dimensions or anisotropy of the permeability coefficient. This aligns with the 

intuition that minimizing surface area exposed to water minimizes inflow. 

• Wider influence radius of circular tunnels further helps reduce water inflow by 

capturing water from a larger area around the tunnel. This is illustrated in Figure 

6, which you mentioned. 

• Model dimensions and boundary conditions can significantly impact water 

inflow, making generalizations difficult. While circular tunnels performed well 

across various parameters, the optimal shape can change depending on the specific 

situation. 

• Irregular hexagon tunnels can be preferable in certain limited cases, such as when 

model dimensions are close to the underground space boundaries. However, this 

finding is unlikely to be relevant for most practical tunnel designs. 

• Anisotropy of the permeability coefficient, which measures how easily water flows in 

different directions, has minimal impact on water inflow. This suggests that the shape 

of the tunnel is a more important factor than the underlying soil properties. 
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Overall, this research highlights the importance of considering both geometric shape and 

overall dimensions when designing tunnels for effective drainage. It also suggests that circular 

tunnels are generally a safe choice, but further analysis might be needed based on specific 

project details. It's important to note that predicting the exact influence radius requires complex 

numerical modeling or physical experiments that consider all these factors. The impact of shape 

is just one aspect; other design and geological factors play equally important roles. 
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MIKE Hydro River Model 
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Abstract 
The integrated hydrodynamic modeling study conducted in the Kathmandu valley, Nepal, utilizing 

the MIKE Hydro River Model and incorporating diverse datasets, including satellite imageries, 

ALOS PALSAR RTC DEM data, topographical map at 1:25,000 scale and hydraulic data. Various 

scenarios, including a probable maximum flood (PMF) routing simulation, were examined, with 

a focus on assessing impacts on infrastructure, particularly two bridges located at different 

chainages. The analysis uncovered that the invert level at bridge-1 measured 1384.19 meters, while 

at bridge-2, it was recorded at 1343.98 meters. Historical records show significant floods in 

various years, including 1988, 1991, 1995, 1996, 1999, 2018, 2019, 2021, 2022, and 2023. During 

the flood inundation modeling, it was observed that the water level of the river near Gokarneshwar 

Mahadev and its adjacent areas experienced an elevation increase to 13 meters. Furthermore, the 

water level near both modeled bridges was noted to rise to 8 meters. Conversely, in other segments 

of the modeled river, the water level ranged between 5 to 6 meters.  Hydrodynamic modeling 

emerged as a critical tool for flood risk assessment, providing accurate simulations of water flow 

behavior and facilitating informed decision-making for flood risk management and infrastructure 

resilience. 

  

Keywords: Hydrodynamic modeling, dam failure, flood inundation, Kathmandu, MIKE Hydro 

River. 
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1. Introduction 

Reservoir dams and water conservancy projects play a crucial role in providing various socio-

economic benefits, including flood control, hydropower generation, irrigation, water supply, 

fisheries, and tourism [1]. However, the significant energy potential stored in reservoirs also poses 

a considerable risk to the safety of downstream communities and infrastructure [2-5]. Recent years 
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have witnessed a rise in the frequency of extreme climate events, which has raised concerns about 

the adequacy of existing flood control standards based on historical hydrological data [6, 7]. These 

climate extremes often result in prolonged operation of reservoir dams under unfavorable 

conditions, leading to increased stress on dam structures and accelerated degradation of hydraulic 

materials [8-11]. Consequently, the potential for dam failures is heightened, posing a severe threat 

to downstream areas [12-15]. Historical records of dam failures across different countries highlight 

the potential for catastrophic consequences, including loss of life and extensive damage to property 

downstream (Table 1). Dam failures can occur due to various factors such as floodwater 

infiltration, overtopping, material instability, or external damage [16-18]. The process of dam 

failure can vary, ranging from gradual deterioration to sudden, catastrophic collapse [19-21]. The 

nature of dam failure significantly influences the flood dynamics and downstream impacts, which 

can vary in terms of severity and extent [22-24]. 

 

Table 1. List of historical records of dam failures across different countries 

Date Location Casualty Details 

1894-08-25 Gohna lake dam 

(Garhwal, India) 

3 A landslide dam failed after authorities 

successfully evacuated the valley [25]. 

1917-08-19 Tigra dam (Gwalior, 

India) 

1 000 Failure due to water seepage through sandstone 

foundation, potentially leading to increased 

casualties [26]. 

1928-03-12 St. Francis dam 

(Santa Clarita, 

California, US) 

431 Dam failure attributed to geological instability of 

east canyon wall. Possible unreported casualties 

due to undocumented migrant workers below 

[27]. 

1943-05-17 Möhne dam (Ruhr, 

Germany) 

1 579 Destroyed by bombing during World War II 

operation. Eleven factories destroyed, 114 

seriously damaged [28]. 

1959-12-02 Malpasset dam (Côte 

d'Azur, France) 

423 Geological fault possibly enhanced by 

explosives work during construction; initial geo-

study was not thorough. Two villages were 

destroyed [29]. 

1961-07-12 Panshet dam (Pune, 

India)2 

1,000 Dam wall burst under rainwater pressure. 

Concrete blocks substituted for steel-reinforced 

concrete due to steel scarcity [30]. 

1963-10-09 Vajont dam (Monte 

Toc, Italy) 

2 000 Reservoir filling triggered valley wall geological 

failure, causing a 110 km/h landslide into the 

lake. Water overflowed dam in a wave. 

Misjudged valley stability led to village 

devastation [31]. 

1965-03-28 El Cobre new and old 

dam (Valparaíso, 

Chile) 

400 Earthquake-induced liquefaction led to the 

release of water and mining waste, burying El 

Cobre town downstream [32]. 

1972-06-09 Canyon lake dam 

(South Dakota, 

United States) 

238 Debris-clogged dam outlets resulted in flooding, 

causing 3,057 injuries and destruction of over 

1,335 homes and 5,000 automobiles [33]. 

1975-08-08 Banqiao and 

Shimantan dams 

26,000 Extreme rainfall from Typhoon Nina exceeded 

the dam's design capacity, leading to its failure. 

 
2July 12, 1961  Lest We Forget. sakaaltimes.com. Archived from the original on 1 April 2016. Retrieved 6th March 2024. 

https://web.archive.org/web/20160401193748/http:/www.sakaaltimes.com/NewsDetails.aspx?NewsId=5671671830883101811&SectionId=5171561142064258099&SectionName=Pune&NewsDate=20100711&NewsTitle=July%2012,%201961...
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(Zhumadian, China) Eleven million people lost their homes. The dam 

was reconstructed between 1986 and 1993 [34]. 

1976-06-05 Teton dam (Idaho, 

United States) 

11 Geological issues, including unsuitable bedrock, 

seismic activity, and caves, contributed to the 

dam failure. Water leakage eroded the earthen 

wall, leading to the collapse. Thirteen thousand 

head of cattle died as a result [35, 36]. 

1979-08-11 Machchu-2 dam 

(Morbi, India) 

5,000 Intense rainfall led to observed flow reaching 

16307 m3/s, three times the dam's design 

capacity, causing its collapse. The dam 

embankment, measuring 762 meters on the left 

and 365 meters on the right, collapsed. Floods, 

reaching heights of 3.6 to 9.1 meter, inundated 

low-lying areas of Morbi industrial town within 

20 minutes [37]. 

1985-07-19 Val di Stava dam 

(Tesero, Italy) 

268 Inadequate maintenance and narrow design 

margins resulted in outlet pipe failure, exerting 

pressure on the dam [38, 39]. 

2008-08-18 Koshi barrage (Koshi 

Zone, Nepal/India) 

250 Failure to maintain the barrage coupled with 

weak monsoon and preceding drought led to its 

collapse, affecting 2.3 million people in northern 

Bihar [40, 41]. 

2013-06-17 Chorabari lake 

(Kedarnath, 

Uttarakhand, India) 

10,000 Intense rainfall led to flash floods and the breach 

of Chorabari Lake Kedarnath in Uttarakhand, 

resulting in widespread devastation and loss of 

life [42, 43, 44]. 

2018-07-11 Panjshir valley dam 

(Panjshir Valley, 

Afghanistan) 

10 A deteriorated dam collapsed during heavy 

summer rainfall, causing 13 individuals to go 

missing and destroying 300 houses [45]. 

2019-01-25 Brumadinho dam 

(Minas Gerais, 

Brazil) 

270 A catastrophic failure of a tailings dam released 

12 million cubic meters of tailings slurry [46, 

47]. 

2019-07-02 Tiware dam 

(Ratnagiri, India) 

23 Heavy rains led to the overtopping and breaching 

of the dam [48]. 

2021-02-07 Uttarakhand flood 

(Chamoli, 

Uttarkhand, India) 

61 The Rishi Ganga dam was destroyed by an 

avalanche or glacier burst, causing a surge of 

water downstream and breaching the Tapovan 

Hydropower Plant, with 145 people reported 

missing [49]. 

2023-09-11 Derna dam collapses 

(Derna, Libya) 

20,000 Two dams, approximately 75 and 45 meters tall, 

failed due to heavy rain from Storm Daniel 

during the Libyan civil war, inundating the city 

of Derna with around 30 MCM of water [50]. 

 

Given the significant risks posed by dam failures and subsequent floods, there is a critical need 

for comprehensive hydrodynamic modeling and mapping studies to assess and mitigate these risks 

effectively. This paper presents a hydrodynamic numerical modeling approach utilizing the MIKE 

Hydro River Model to simulate dam failure scenarios and downstream flood inundation near 

Kathmandu metropolitan city, Nepal. This study offers significant contributions by generating 

comprehensive flood inundation maps, which serve as vital tools for emergency preparedness, 

land-use planning, and infrastructure development initiatives. Furthermore, the insights derived 
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from this research can inform policy decisions aimed at bolstering dam safety protocols and 

resilience strategies, particularly in light of evolving climatic conditions. However, it is crucial to 

recognize the inherent limitations of hydrodynamic modeling, which encompass uncertainties 

related to input data, model assumptions, and simplifications. Despite these challenges, the study 

provides valuable insights into the understanding and mitigation of dam failure risks and 

downstream flood hazards in the Kathmandu region, thereby fostering greater resilience among 

local communities in the face of water-related disasters. 

Additionally, the flood mapping process incorporated considerations for factors such as 

topography, land use, and infrastructure to accurately depict the extent of flooding. The resulting 

flood inundation maps provided valuable information for assessing flood risk, identifying 

vulnerable areas, and informing disaster management and mitigation efforts in the Kathmandu 

region of Nepal. The river, a significant watercourse in Kathmandu metropolitan city, has been 

notorious for causing recurrent floods, necessitating the urgent need for flood mapping initiatives. 

Historical records indicate notable flood events attributed to this river occurring in various years, 

including 1988, 1991, 1995, 1996, 1999, 2018, 2019, 2021, 2022, and 2023. These flood incidents 

have posed significant challenges to the inhabitants and infrastructure of Kathmandu metropolitan 

city, highlighting the importance of comprehensive flood mapping studies to understand the spatial 

extent, severity, and frequency of flooding along the river. 

The primary objectives of this investigation are as follows: (i) to quantify the maximum 

probable inflow hydrograph into the reservoir utilizing the MIKE Hydro River model; (ii) to 

explore potential dam failure scenarios; and (iii) to generate predictive inundation maps for the 

studied basin in response to dam breach events. 

The following sections represent a comprehensive literature review of previous dam failure 

modelling to discern and analyze the latest methodologies employed in research conducted by 

various authors worldwide. This analysis aids in the selection of an appropriate methodology and 

numerical model for conducting dam failure study. 

Johnson et al. [51] proposed breach shapes for earthen, gravity, and arch dams. They found 

that earthen dams commonly exhibit a trapezoidal breach shape, with occasional instances of 

triangular breaches. Singh et al. [52] found that breach widths ranged from 2 to 5 times the dam 

height in 20 dam failures. The time to complete failure was typically 0.25 to 1 hour. Maximum 

overtopping depths before failure ranged from 0.15 to 0.61 meters for overtopping failures. 

MacDonald et al. [53] proposed a breach formation factor, linking outflow volume and water depth 

at failure. They associated embankment material removal with this factor across dam types. Most 

breaches had 1h:2v slopes, triangular or trapezoidal shapes, based on depth. An envelope curve 

for breach formation time versus eroded material volume was suggested for earth fill dams, while 

non-earth fill dam failures were less predictable due to structural instabilities. Petra et al. [54] 

showed that breach width and formation time significantly affect discharge, inundation levels, and 

flood arrival time near the dam. Downstream, breach formation time alters flood peak timing, but 

peak discharge and inundation levels remain relatively insensitive. Singh et al. [55] compared 

DAMBRK and HEC-1 for eight breached dams, varying breach parameters to predict peak 

outflows. Larger reservoirs showed larger peak outflow changes (35-87%) with breach width 

(BW) variations, while smaller reservoirs exhibited smaller changes (6-50%).  

Froehlich [56] developed non-dimensional equations to predict breach width, side-slope factor, 

and breach formation time based on dam characteristics. Results indicated wider breaches and 

faster lateral erosion for overtopping-induced failures compared to other causes. Wurbs [57] 

identified breach simulation as the most uncertain aspect of dam-breach flood wave modeling. In 

large reservoirs, peak discharge correlates with breach dimensions, while accurate breach 
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geometry prediction is crucial. In small reservoirs, peak outflow precedes complete breach 

development, emphasizing the importance of breach formation rate. Singh et al. [58] analyzed 

breach geometry and failure times from 52 case studies. They found Btop/Bbottom ratio ranging 

from 1.06 to 1.74, with an average of 1.29. Breach side slopes were typically 10-50°. Most failure 

times were under 3 hours, with 50% under 1.5 hours. Von Thun et al. [59] and Dewey et al. [60] 

used data from previous studies to propose guidance for estimating breach parameters. They 

suggested 1:1 side slope, except for dams with cohesive shells or wide cores, where 1:2 or 1:3 

slopes may be suitable.  

Horritt et al. [61] evaluated 1D and 2D flood models HEC-RAS, LISFLOOD-FP, and TELEMAC-

2D on a 60 km stretch of the River Severn, UK. Using radar remote sensing data, they calibrated 

models with floodplain and channel friction parameters, finding HEC-RAS and TELEMAC-2D 

reliable with observed data, while LISFLOOD-FP required calibration against inundated area. 

Merritt et al. [62] evaluated empirical, conceptual, and physical models for sediment generation 

and transport processes. They found that empirical and simple conceptual models are suitable for 

limited input data and computational simplicity, while physical models are data-intensive and 

complex, posing challenges in areas with limited data availability. Yang et al. [63] developed a 

direct processing approach for river floodplain delineation using GIS integration with HEC-RAS. 

They simulated water surface profiles for various storm events and validated the model using a 

100-year flood zone. The study emphasizes integrating hydraulic data with GIS for floodplain 

mapping. Bani Hashemi et al. [64] applied a 2D dam failure model based on Fred and Mac 

Cormac, enhancing it with second-order accuracy and artificial viscosity. This combination 

effectively simulated gradual dam failure and shock flow resolution despite its simplicity. 

Montazeri Naming et al. [65] developed one and two-dimensional numerical models to simulate 

the wave of Maronik Dam failure and subsequent flooding. 

Abareshi et al. [66] assessed the risks associated with Taragh concrete dam failure near Mashhad 

city using MIKE 11 software. They identified flood-prone areas by combining flood speed and 

depth maps through a risk matrix, determining risk rates for each area. Esmaili et al. [67] used 

Fluent software to model hydraulic failure of a dam caused by sudden floods. Their one-

dimensional study explored two scenarios: flood and failure, and failure without flood. Results 

emphasized the significance of the applied network over the time step in influencing outcomes. 

Ahmadi [68] numerically modeled gradual dam failure, initiating erosion with an initial gap on 

the crown. Model results were compared with laboratory and field test results, showing relatively 

good consistency through provided charts. Timbadiya et al. [69] created a hydrodynamic model 

of the lower Tapi River with HEC-RAS for unsteady flow conditions using surveyed stream data 

and boundary conditions. Simulated floods closely matched observed flows at various stations, 

validating the model for flood forecasting in the lower Tapi River. Godariz et al. [70] analyzed the 

risk of earth dam failure caused by body overflow considering uncertain input parameters. Nejad 

et al.[71] simulated dam failure and wave propagation using a limited volume numerical method 

in two dimensions. Seiyfi Zade et al. [72] investigated PolRud dam failure due to breach and flood 

routing downstream using the BREACH GUI model. Flood effects analyzed with the HEC-RAS 

model for determining dam failure impacts. 

Aureli et al. [73] assessed hydrodynamic forces on dams leading to failure with 2D and 3D 

models, combining experimental and numerical approaches. Kocaman et al. [74] explored dam 

failure due to shock waves impacting a vertical wall using empirical testing and computational 

fluid dynamics (CFD) simulations with the Volume of Fluid (VOF) method. Wood et al. [75] 

investigated dam failure flows in canals with a 90-degree bend using experimental and numerical 

methods. The study employed 2-dimensional equations, specifically the Shallow Water Equations 
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(SWE). Dottori et al. [76] developed high-resolution flood hazard models using daily river 

discharge data from the Global Flood Awareness System (GloFAS). They evaluated flood hazard 

maps for different return periods globally, comparing them with official flood maps and studying 

model sensitivity and limitations. Vermee et al. [77] developed a dam break flow simulation model 

for Bargi Dam on the Narmada River near Jabalpur. The study focused on overtopping failure of 

the earthen part, examining its impact on Narmada River, Jabalpur city, and presenting inundation 

maps using MIKE11-DB. 

Palu MC et al. [78] improved 1D routing algorithms for dam-break floods. Classical models 

showed errors up to ~18% in peak discharge prediction and up to 4-hour differences in peak 

timing. Their modified approach, using a linear diffusive wave format, reduced errors to less than 

-0.1% in peak discharge prediction. Li et al. [79] conducted a sensitivity analysis on rock-fill dam 

break floods for different durations. They found that longer durations decrease peak discharge, 

extend flood appearance time, and lower water levels downstream. This research aids in 

optimizing dam design and flood countermeasures. Adityawan et al. [80] conducted numerical 

modeling of dam break flow through urban areas, comparing three approaches for defining 

buildings: wall boundary, contour, and Manning. They found the wall boundary approach to be 

most accurate, recommending it for buildings without height variation or submergence. 

Annunziato et al. [81] developed a rapid procedure for assessing the consequences of dam break 

events using the shallow water model NAMI DANCE. This allows quick generation of input decks 

and output quantities, facilitating fast analysis of flood risk. The method can be integrated into 

systems like GDACS for timely flood alerts. 

 

2. Methodology 

2.1. About the study area 

The study area is situated near Kathmandu, Nepal, focusing on the river passing through the 

Kathmandu metropolitan city and a dam located at the upstream of the city (Figure 1). The study 

area exhibits a heterogeneous topography, featuring a combination of elevated terrain 

characterized by hills and low-lying regions represented by valleys. This varied landscape 

configuration significantly influences the hydrological dynamics within the region. The river 

network serves as a fundamental component of the local hydrology, functioning as the primary 

conduit for water flow and distribution throughout the Kathmandu valley. Moreover, the presence 

of a dam situated upstream of Kathmandu significantly contributes to the management of the 

region's water resources and the implementation of flood control measures. However, the area's 

distinctive geographical attributes, coupled with the ongoing processes of urbanization and 

infrastructural expansion, pose formidable challenges for the accurate modeling of hydrodynamic 

processes associated with dam failure and subsequent flood inundation events. 
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Figure 1. Location map of the study area. 

 

2.2. Data collection 

Data collection involved gathering topographic, hydrological, and hydraulic information, 

including digital elevation models (DEMs), river cross-section data, and reservoir characteristics. 

The study area's diverse terrain, including steep slopes and complex river networks, posed 

challenges for accurate modeling. MIKE Hydro River Model facilitated comprehensive analysis 

by integrating various datasets, enabling a detailed assessment of flood dynamics and inundation 

extents.  

Landsat-9 OLI-2 satellite imagery, characterized by a spatial resolution of 30 meters, was 

sourced from the USGS Earth Explorer database, dated 14th May 2023. Subsequently, a fusion 

process was employed to integrate the G-R-NIR bands (30 meters), with the PAN band (15 

meters). This fusion technique aimed to enhance the overall spatial resolution of the imagery. The 

resultant satellite data, thus augmented, facilitated the extraction of general features and Land 

Use/Land Cover (LULC) information within the study area. Specifically, the LULC data derived 

from this imagery served as a basis for determining Manning (M) coefficients utilized in the 

hydrodynamic modeling of the study area. 

Sentinel-2 satellite imagery with a spatial resolution of 10 meters, acquired on 23rd May 2023, 

was procured from the European Space Agency’s Copernicus Programme via the Sentinels 

Scientific Data Hub. This satellite data served as a critical resource for validating the observed 

flood event against the inundation map predicted by the hydrodynamic model. Through 

comparative analysis, the accuracy and reliability of the model's predictions were assessed, 

contributing to the validation and refinement of the flood inundation mapping process. 

ALOS PALSAR (radiometric terrain correction) DEM data with a spatial resolution of 12.5 

meters, was obtained from the Alaska Satellite Facility (ASF) via Vertex. This high-resolution 

DEM data facilitated the analysis of the general topography within the study area, enabling the 

extraction of cross-sectional profiles of the river. The drainage network and basin boundary of the 

study area were derived from the DEM data as well. 

A topographical map, designated as Sheet No. 2785 06A and scaled at 1:25,000, was acquired 

from the Survey Department, Government of Nepal. This map served as a foundational resource 
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for the study, facilitating the overlay of flood inundation data to assess the extent of settlement 

flooding. Additionally, Google Earth satellite imagery was leveraged for comparative analysis and 

validation of the observed flood inundation patterns. These mapping resources provided essential 

spatial context and reference points for accurately depicting and analyzing the impacts of flooding 

on the surrounding landscape and settlements. 

Hydrological and hydraulic data, including stage-discharge relations, area-elevation curves of 

reservoirs, rating curves of spillways, and probable maximum flood information, were sourced 

from the Department of Hydrology and Meteorology (DHM), Government of Nepal. These 

datasets were obtained from the DHM's repository. They played a crucial role in defining the 

boundary conditions of the hydrodynamic model. By utilizing these datasets, accurate 

representations of the river system's behavior and response to various scenarios were established, 

enhancing the reliability and validity of the model simulations. 

 

2.3. Component of MIKE Hydro River for dam failure 

In the dam failure analysis conducted using the MIKE Hydro River Model, a schematic 

diagram of the river and reservoir system is essential for accurately simulating the flood inundation 

dynamics. This schematic diagram encompasses various elements, including the river channel, 

hydraulic structures such as dams and spillways, and the reservoir area upstream of the dam. 

Additionally, it incorporates topographic features such as elevation contours and land use/land 

cover information to capture the spatial distribution of floodwaters. The reservoir model accounts 

for the storage capacity of the reservoir and the inflow-outflow dynamics, while the river model 

represents the hydraulic behavior of the river channel and floodplain areas (Figure 2). By 

integrating these components into a coherent schematic diagram, the MIKE Hydro River Model 

enables researchers and practitioners to simulate dam failure scenarios with high fidelity, 

providing valuable insights into flood inundation extent, depth, and propagation patterns for 

effective flood risk assessment and management. 

 

 

Figure 2. Schematic diagram of MIKE Model for dam failure modelling [82]. 

 

2.4. Dam breach parameters 

The estimation of dam failure flood characteristics relies on several key parameters related to 

the dam breach process. These parameters include the initial and final breach width, the shape of 

the breach, the duration of breach development, and the reservoir level at the onset of breach 
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initiation. The mechanism governing breach formation predominantly hinges on the type of dam 

and the underlying cause of dam failure. These factors collectively determine the dynamics of the 

breach and subsequent flood inundation, highlighting the importance of accurately defining these 

parameters in dam failure modeling for effective risk assessment and mitigation strategies. The 

graphical representation of the physical parameters is depicted in Figure 3, providing a visual 

summary of the key characteristics. 

The breach depth, alternatively termed breach height in certain literature, denotes the vertical 

dimension of the breach, extending from the crest of the dam to the invert of the breach. In certain 

instances, publications may specify the reservoir head at the breach, measured from the surface 

level of the reservoir to the breach invert. 

The breach width, a critical parameter in dam failure analysis, significantly influences the peak 

flow rate and subsequent inundation levels downstream. Studies often document either the mean 

breach width or specify measurements at both the top and bottom of the breach aperture. 

The breach side slope factor, in conjunction with breach width and depth, delineates the 

geometric configuration of the breach aperture. While crucial, precise estimation of breach side 

slope angles typically assumes lesser significance compared to accurately predicting breach width 

and depth. 

 

 
Figure 3. Final dimension of a trapezoidal dam breach approximation 

 

Research on various dam failures suggests that failures in Concrete-Faced Rockfill Dams 

(CFRDs) often occur due to slumping of the embankment shoulders, resulting in overtopping. 

Additionally, issues such as cracking and internal erosion of the abutments during initial reservoir 

filling may lead to piping failures caused by seepage. Furthermore, failure of the spillway can 

contribute to erosion of the downstream shoulder. 

 

2.4.1. Review of guidance for breach parameters 

Several governmental bodies have released regulatory frameworks outlining potential ranges 

for breach parameters such as width, side slopes, and development time. A comprehensive 

overview of this guidance is presented in Table 2. 
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Table 2. Ranges of Possible Values for Breach Characteristics [83]. 

Dam 

Type 

Average Breach 

Width  (Bavg) 

Horizontal component 

of breach side slope (H) 

Failure time 

(tf) in hrs. 
References 

Earthen 

/ rockfill 

(0.5 to 3.0) x HD 0 to 1 0.5 to 4.0 HEC [84] 

(0.5 to 5.0) x HD 0 to 1 0.1 to 4.0* USACE [85] 

(1.0 to 5.0) x HD 0 to 1 0.1 to 1.0 FERC [86] 

(2.0 to 5.0) x HD 0 to 1 (slightly larger) 0.1 to 1.0 NWS [87] 

Concrete 

gravity 

Multiple 

Monoliths 
Vertical 0.1 to 0.5 USACE [85] 

Usually, ≤ 0.5 L Vertical 0.1 to 0.3 FERC [86] 

Usually, ≤ 0.5 L Vertical 0.1 to 0.2 NWS [87] 

Concrete 

arch 

Entire Dam Valley wall slope ≤ 0.1 HEC [84] 

(0.8 x L) to L 0 to valley walls ≤ 0.1 USACE [85] 

Entire Dam 0 to valley walls ≤ 0.1 FERC [86] 

(0.8 x L) to L 0 to valley walls ≤ 0.1 NWS [87] 

Slag / 

refuse 

(0.8 x L) to L 
1.0 to 2.0 

0.1 to 0.3 FERC [86] 

(0.8 x L) to L ≤ 0.1 NWS [87] 

Where: HD = Height of the dam. L = Length of the dam crest 

* Note 

Dams characterized by extensive water volumes and extended crest lengths are prone to 

sustained erosion over prolonged periods, contingent upon the ongoing flow of a 

substantial water volume through the breach. Consequently, such dams may exhibit broader 

breach widths and protracted breach development times compared to documented cases. 

 

2.4.2. Regression Equations 

The regression equations delineated herein have been employed across various dam safety 

investigations documented in the literature and are under contemplation for integration into the 

guidance framework for the Portfolio Risk Assessment study conducted by the Corps of 

Engineers: (i) Froehlich [56, 88, 89]; (ii) MacDonald et al. [53]; and (iii) Von Thun et al. [59]. 

Froehlich equation [56, 88, 89] conducted an analysis incorporating 63 datasets pertaining to 

various dam types, including earthen, zoned earthen, earthen dams with a core wall (i.e., clay), 

and rockfill dams. The study aimed to derive equations for estimating average breach width, side 

slopes, and failure time. In the application of these equations, it was assumed that the breach 

extends from the crest of the dam to the natural ground elevation at the centerline of the breach 

location. The empirical equation is:  

 

𝐵𝑎𝑣𝑔 = 0.1803𝐾0𝑉𝑤
0.32ℎ𝑏

0.19
 

𝑡𝑓 = 0.00254(𝑉𝑤)0.53ℎ𝑏
−0.9

 

 

MacDonald and Langridge-Monopolis equation [53] conducted an analysis using 42 

datasets primarily comprising earthfill, earthfill with a clay core, and rockfill dams. They aimed 

to establish a relationship known as the "Breach Formation Factor," which is the product of the 

volume of water released from the dam (Vout) and the water height above the dam. This factor was 

correlated with the volume of material eroded from the dam's embankment. The parameter Vout, 

representing the water volume passing through the breach, is typically unknown prior to breach 

analysis and is initially estimated as the reservoir water volume at breach initiation. Subsequently, 

after performing breach analysis and obtaining a better estimate of the actual water volume passing 

through the breach, parameters can be recalculated iteratively. The empirical equation is: 

 𝑉𝑒𝑟 = 0.0261(𝑉𝑤ℎ𝑤)0.769    for earthfill 
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𝑉𝑒𝑟 = 0.00348(𝑉𝑤ℎ𝑤)0.852   for noneartfill 

𝑡𝑓 = 0.0179𝑉𝑒𝑟
0.364

   

 

 Von Thun and Gillette equation [59] analyzed data from 57 dams sourced from [56] [53]. 

Their methodology proposes breach side slopes typically set at 1.0H:1.0V, with exceptions for 

dams with cohesive soils, where slopes range from 0.5H:1V to 0.33H:1V. They formulated two 

sets of equations to estimate breach development time, contingent on the embankment material. 

The empirical equation is: 

 

𝐵𝑎𝑣𝑔 = 2.5ℎ𝑤 + 𝐶𝑏      

Cb = 54.9 for bw for reservoir storage greater than 12.8 Mcum 

𝑡𝑓 = 0.015ℎ𝑤  highly erodible 

𝑡𝑓 = 0.020ℎ𝑤 + 0.25  erosion resistant 

   

Breach parameters: In the current study, the initiation point, and initial breach level 

correspond to the crest level of the breaching section and the riverbed level, respectively. A 

sensitivity analysis was conducted, varying breach width, breach time, and breach slope. The 

breach parameters outlined in Table 3 were chosen for the dam failure investigation. 

 
Table 3. Breach parameter for investigative dam. 

Average breach width (m) Time of failure (hr) Slope (H) 
Breach level (m) 

Remarks 
Initial Final 

20 

0.5 

0.5 2095.5 2076 Scenario-1 
1 

2 

4 

30 

0.5 

1.0 2095.5 2076 Scenario-2 
1 

2 

4 

45 

0.5 

 2095.5 2076 Scenario-3 
1 

2 

4 

 
2.5. Model setup MIKE Hydro River HD Model 

The MIKE Hydro River HD Model was configured to simulate dam failure and subsequent 

flood inundation near Kathmandu, Nepal. The model setup involved defining the hydraulic 

characteristics of the river, dam, and reservoir. Detailed topographic and bathymetric data were 

incorporated to accurately represent the river and reservoir geometry. Boundary conditions such 

as upstream flow conditions and downstream water levels were specified to mimic real-world 

scenarios. The model was calibrated and validated using observed data to ensure its accuracy in 

predicting river flow and flood inundation extents. Additionally, the dam failure parameters 

obtained from sensitivity analysis were integrated into the model setup to simulate various dam 

failure scenarios.  
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2.5.1. River network and topography 

The network comprises the reservoir of the dam and the river downstream of the dam. Figure 

4 illustrates the network layout, including the precise positioning of the dam and bridges. The 

reservoir extends over a length of 688 meters, while the river spans a length of 33.7 km. The river 

is discretized into 241 cross-sections spaced at regular intervals along its length. This 

comprehensive representation of the network's geometry and hydraulic properties ensures accurate 

modeling of dam failure and flood inundation dynamics. 

 

 
Figure 4. MIKE Hydro River model setup for dam failure analysis 

 

2.5.2. Reservoir and dam 

In the model, the reservoir is depicted through a distinct reservoir branch, with its elevation-

surface area relationship delineated at chainage "0" km of the reservoir branch. The corresponding 

data detailing this relationship is provided in Table 4. This approach ensures that the reservoir's 

behavior and characteristics are accurately captured within the modeling framework, facilitating a 

comprehensive analysis of dam failure and subsequent flood inundation dynamics. 

Table 4. Area-elevation curve of reservoir 

Elevation 

(m) 

Surface 

Area (m2) 

 
Elevation 

(m) 

Surface 

Area (m2) 

 
Elevation 

(m) 

Surface 

Area (m2) 

 
Elevation 

(m) 

Surface 

Area (m2) 

2075.86 0.00 
 
2081.00 11136.94 

 
2086.50 62322.90 

 
2092.00 111108.90 

2076.00 3.32 
 
2081.50 12971.78 

 
2087.00 67495.95 

 
2092.50 115406.83 

2076.50 515.27 
 
2082.00 15041.71 

 
2087.50 73011.19 

 
2093.00 119612.97 

2077.00 867.48 
 
2082.50 16454.74 

 
2088.00 78883.13 

 
2093.50 123815.64 

2077.50 1260.03 
 
2083.00 17902.54 

 
2088.50 83203.16 

 
2094.00 128015.24 

2078.00 1686.16 
 
2083.50 19388.34 

 
2089.00 87406.61 

 
2094.50 132793.17 

2078.50 2182.52 
 
2084.00 20912.66 

 
2089.50 91529.07 

 
2095.00 137438.62 

2079.00 2797.87 
 
2084.50 23143.60 

 
2090.00 95544.41 

 
2095.50 142125.02 

2079.50 3558.56 
 
2085.00 26681.10 

 
2090.50 99409.71 

   

2080.00 4451.89 
 
2085.50 31702.84 

 
2091.00 103246.60 

   

2080.50 9533.45 
 
2086.00 57547.00 

 
2091.50 107146.14 

   

 

2.5.3. Spillway 

In the model, the spillway is represented as an overflow weir, designed to manage excess water 

flow from the reservoir. This hydraulic structure plays a crucial role in controlling the water level 

within the reservoir and preventing overtopping during periods of high inflow. The spillway's 

hydraulic performance is characterized by its rating curve, which delineates the relationship 
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between the water level in the reservoir and the corresponding discharge through the spillway. 

This rating curve provides crucial information for accurately simulating the spillway's behavior 

under varying hydrological conditions (Figure 5 (A)). This information is vital for effectively 

modeling the spillway's operation and assessing its capacity to handle potential flood events. By 

incorporating the spillway's characteristics into the model, researchers can simulate various 

scenarios and evaluate the spillway's performance in mitigating flood risks and safeguarding 

downstream areas from potential inundation. 

 

 
Figure 5. (A) Rating curve of spillway, (B) Probable Maximum Flood (PMF) used as U/S 

boundary condition  

 

2.5.4. Boundary condition 

In the MIKE Hydro River Model for dam failure analysis, boundary conditions play a crucial 

role in defining the hydraulic behavior of the river system [90]. At the upstream boundary, the 

Probable Maximum Flood (PMF) is employed as the boundary condition. The PMF represents the 

extreme flood event that could potentially occur in the upstream catchment area, thus providing a 

rigorous test of the dam's resilience to severe flooding scenarios. PMF shown in Figure 5 (B) is 

used as upstream boundary condition. 

Conversely, at the downstream boundary of the river model, the boundary condition is defined 

by a stage-discharge relation. This relation specifies the relationship between the water level 

(stage) in the river and the corresponding discharge rate. By incorporating the stage-discharge 

relation at the downstream boundary, the model can accurately simulate the outflow from the river 

system under varying hydraulic conditions. 

The downstream boundary condition for dam failure analysis is derived from Manning's 

equation. By applying Manning's equation, the stage-discharge relation establishes the correlation 

between the water stage (depth) in the river and the corresponding discharge rate. Table 5 provides 

the stage-discharge relation, delineating specific water stage levels and their corresponding 

discharge rates for the downstream boundary of the river model. 

Table 5. Stage-discharge relation used as downstream boundary condition. 

Stage 

(m, 

amsl) 

Discharge 

(m3/s) 
 
Stage 

(m, 

amsl) 

Discharge 

(m3/s) 
 
Stage 

(m, 

amsl) 

Discharge 

(m3/s) 
 
Stage 

(m, 

amsl) 

Discharge 

(m3/s) 

1277.56 0.00  1279.25 26.61  1280.94 177.56  1282.62 478.63 

1277.90 0.65  1279.59 44.57  1281.27 226.10  1282.96 556.18 

1278.24 3.34  1279.92 68.92  1281.61 280.55  1283.30 639.52 

1278.57 8.22  1280.26 98.99  1281.95 340.80  1283.64 728.33 

1278.91 15.36  1280.60 135.12  1282.29 406.84  1283.97 824.37 
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2.6. Critical condition for dam failure study 

In the dam failure study, a critical scenario occurs when the reservoir is at its full reservoir 

level (FRL) and subjected to the probable maximum flood (PMF) hydrograph. In this study, the 

initial step involved reservoir routing by introducing the PMF into the reservoir while considering 

the water level at the FRL of 2093.5 m and assuming full openness of the spillway gates. The 

reservoir routing analysis revealed that the maximum water level reached was 2093.81 m, 

occurring one hour after the application of the PMF. The time series data illustrating the variation 

in reservoir level during the routing of the PMF is depicted in Figure 6. As the top of the dam is 

situated at an elevation of 2095.5 m, there is no overtopping of the dam anticipated. Consequently, 

for the hypothetical scenario of simulating a dam breach and to ascertain the maximum flood peak 

resulting from the breach, it is deemed appropriate to initiate the breach when the reservoir level 

reaches elevation 2093.81 m. This approach ensures a comprehensive assessment of the dam 

failure scenario and facilitates the determination of peak flood magnitudes accurately. 

 

 

Figure 6. Time series of reservoir level during probable maximum flood (PMF) routing 

 

2.7. Downstream flood inundation mapping 

The methodology for downstream flood inundation mapping involved several key steps. 

Initially, the dam failure scenario was simulated using the MIKE Hydro River model, considering 

various breach parameters and hydraulic conditions. Once the dam breach was modeled, the 

resulting flood wave propagation downstream was simulated using the hydraulic model [91]. The 

downstream flood inundation mapping methodology included the delineation of flood extents 

based on water levels obtained from the hydraulic simulations. This involved overlaying the 

simulated water levels onto digital elevation models (DEMs) of the study area to identify areas 

prone to inundation.  

 

2.8. Simulation of dam failure scenarios 

In the context of assessing the potential impacts stemming from a dam failure event, the 

modeling endeavors focused on the evaluation of flood flow, depth, and velocity at specific 

locations along the river, particularly at two bridge sites [92, 93]. Through rigorous numerical 

simulations conducted within the framework of the dam failure modeling approach, the dynamics 

of flood propagation were comprehensively examined. This involved capturing the complex 

interactions between the released floodwaters and the natural and built environment surrounding 

the river corridor. Specifically, the flood flow characteristics, including flow rates and depth, were 

meticulously analyzed to understand the extent of inundation and the corresponding hydraulic 
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forces exerted on infrastructure such as bridges. Furthermore, the velocity of the floodwaters was 

scrutinized to gauge the intensity of flow and its potential impact on structural integrity and safety 

at the bridge locations.  

Bridge-1, positioned at a longitudinal distance of 3241 meters along the river, traverses through 

a region characterized by a deep valley. Within this topographical context, minimal human 

habitation is observed until elevations surpass approximately 10 meters above the riverbed level. 

Conversely, Bridge-2, situated at a distance of 4128 meters along the river, marks a transition 

point where the river corridor widens, leading into a floodplain area that is habituated. The typical 

elevation of this floodplain area is recorded at approximately 1355 meters above sea level (Figure 

4). Such delineation of the bridge locations based on the surrounding landscape and human 

settlement patterns provides crucial insights into the potential vulnerability of infrastructure and 

communities to flood hazards resulting from dam failure scenarios. 

Multiple dam failure scenarios have been simulated, incorporating variations in breach widths 

and failure times. This approach allows for the exploration of a range of potential outcomes under 

different breach conditions, facilitating a comprehensive understanding of the associated flood 

dynamics and inundation extents resulting from dam failure events. Following the methodology 

outlined in Section 3.5, the modeling results are presented in the subsequent tables. These tables 

provide a detailed analysis of the simulated scenarios, allowing for an informed assessment of the 

implications and effectiveness of the applied modeling approach in capturing the dynamics of dam 

failure-induced flood events. 

 

3. Results 

3.1. Effect at bridge-1 (chainage 3241 m) 

Among the dam failure scenarios simulated, the one yielding the greatest flood depths entails 

a breach width of 45 m and a failure time of 0.5 hours. In this scenario, the model predicts a peak 

water depth of 3.58 m, which stands approximately 3 meters below the level of habitation, 

alongside a peak velocity of 10.4 m/s. The corresponding time series of water level fluctuations is 

depicted in Figure 7 (A), providing a comprehensive visualization of the hydrodynamic dynamics 

over time (Table 6). 

Table 6. Effect at Bridge-1 at chainage 3241 m 

Average 

breach width 

(m) 

Time of 

failure 

(hr) 

Slope 

(H) 

Breach level Dam failure 

discharge 

(m3/s) 

Water level at 

bridge-1 (m, 

amsl) 

Invert level at 

bridge-1 (m, 

amsl) 
Initial Final 

20 

0.5 

1.0 2095.5 2076 

858.52 1387.46 

1384.19 

1 483.54 1386.83 

2 260.34 1386.20 

4 138.45 1385.76 

30 

 

0.5 

1.0 

 
2095.5 2076 

977.73 1387.72 

1 526.64 1386.93 

2 280.19 1386.26 

4 147.51 1385.79 

45 

0.5 

1.0 2095.5 2076 

1005.30 1387.76 

1 540.10 1386.95 

2 286.86 1386.28 

4 150.50 1385.80 
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3.2. Effect at bridge-2 (chainage 4128 m) 

The dam breach scenario yielding the most substantial flood depths involves a breach width of 

110 m and a failure time of 0.5 hours. In this scenario, the modeled peak water elevation reaches 

1348.05 m, situated below habitation levels on both riverbanks. Concurrently, the peak velocity 

of the flood wave is recorded at 4.2 m/s. The hydrodynamic characteristics of this scenario are 

visually represented in Figure 7 (B), illustrating the propagation of the flood wave over time (Table 

7). 

Table 7. Effect at Bridge-2 at chainage 4128 m 

Average breach 

width (m) 

Time of 

failure 

(hr) 

Slope 

(H) 

Breach level (m) Dam failure 

discharge 

(m3/s) 

Water level 

at bridge-2 

(m, amsl) 

Invert level 

at bridge-2 

(m, amsl) 
Initial Final 

20 

0.5 

1.0 2095.5 2076 

858.52 1347.70 

1343.98 

1 483.54 1346.98 

2 260.34 1346.24 

4 138.45 1345.65 

30 

 

0.5 

1.0 

 
2095.5 2076 

977.73 1348.08 

1 526.64 1347.10 

2 280.19 1346.32 

4 147.51 1345.71 

45 

0.5 

1.0 2095.5 2076 

1005.30 1348.05 

1 540.10 1347.13 

2 286.86 1346.34 

4 150.50 1345.73 
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Figure 7. Time series of water level of (A) Brodge-1 at chainage 3241 m, and (B) Brodge-2 at 

chainage 4128 m. 

 

3.3. Flood map 

The flood maps provide a spatial interpretation of the model outputs derived from the one-

dimensional simulations. In essence, the process involves interpolating the results from individual 

grid points across the grid space to construct comprehensive flood map. Flood map, depicted in 

Figure 8, encompass various land use categories such as settlement areas, cultivation land, and 

forested areas on GoogleEarth image. Such representations offer valuable insights into the extent 

and distribution of flood inundation across the study area, aiding in informed decision-making and 

disaster management efforts. 

 

 

Figure 8. Flood map of model area, near Kathmandu metropolitan city. 

 

The figures depicted in Figure 9 offer a two-dimensional representation derived from a one-

dimensional model interpretation. Specifically, Figure 9 A and B illustrate flood maps 

corresponding to two specific locations along the river (chainage 3241 m and 4128 m). Within 

these maps, a red circle is employed to demarcate areas of impacted habitation. Notably, the 
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visualization indicates a limited number of habitations affected by the flood event, suggesting 

localized inundation. This observation underscores the significance of the flood mapping exercise 

in identifying specific areas prone to inundation and assessing the extent of habitat exposure to 

flood risks. 

 

 

Figure 9. Flood map at (A) chainage 3241 m, and (B) chainage 4128 m. 

 

3.4. Effect further downstream 

The investigation delves deeper into the mechanism of flood peak attenuation, shedding light 

on the temporal dynamics of water level fluctuations. Figure 10 illustrates a series of time series 

depicting variations in water level over a specific period. The data showcased in the figure 

elucidate the process whereby the depth of the flood wave gradually diminishes, transitioning from 

an initial magnitude of 10 meters to a reduced level of 6 meters. This attenuation phenomenon 

underscores the inherent capacity of natural systems to mitigate the intensity of flood events over 

time, highlighting the role of hydraulic processes in regulating flood dynamics and minimizing 

the impact of inundation on vulnerable regions. 
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Figure 10.  Flood wave attenuation at downstream of bridge (chainage 4128 m) 

 

4. Conclusion 

The integrated hydrodynamic modeling study in Kathmandu Valley, Nepal, utilized the MIKE 

Hydro River Model and diverse datasets including satellite imagery (Landsat-9 OLI-2, Sentinel-

2), ALOS PALSAR RTC DEM data, topographical map at 1:25,000 scale, and hydraulic data to 

analyze flood dynamics. Sensitivity analysis of dam failure scenarios enhanced flood risk 

understanding and supported disaster management. Various scenarios, including the simulation of 

a probable maximum flood (PMF) routing, were conducted. The assessment focused on evaluating 

the impacts on infrastructure, specifically bridge-1 situated at chainage 3241m, and bridge-2 

situated at chainage 4128m. Analysis revealed that the invert level at bridge-1 was determined to 

be 1384.19 m, whereas the invert level at bridge-2 was found to be 1343.98 m. Hydrodynamic 

modeling has emerged as a crucial tool in flood risk assessment, offering accurate simulations of 

water flow behavior and enabling informed decision-making for flood risk management and 

infrastructure resilience in vulnerable regions like Kathmandu metropolitan city. Historical data 

documents significant flood occurrences associated with this river across multiple years, 

encompassing 1988, 1991, 1995, 1996, 1999, 2018, 2019, 2021, 2022, and 2023. Historical data 

highlighted significant flood events from 1988 to 2023. Inundation modeling indicated river water 

levels of 13 meters near Gokarneshwar Mahadev, 8 meters near modeled bridges, and 5 to 6 meters 

elsewhere.  

Hydrodynamic modeling holds significant implications for enhancing dam safety and flood 

management in Kathmandu metropolitan city. Through comprehensive assessments of dam safety 

and the creation of flood risk maps, authorities can effectively prioritize mitigation measures, 

formulate robust emergency response plans, and enact land use regulations to mitigate flood 

hazards. Furthermore, hydrodynamic modeling supports community awareness and facilitates the 

development of long-term adaptation strategies, promoting resilience and sustainable development 

practices in light of escalating flood risks. Addressing knowledge gaps through ongoing research 

endeavors, such as refining modeling techniques, integrating climate change scenarios, and 

adopting multi-hazard approaches, will further bolster flood risk assessment and management 

strategies. Ultimately, these efforts contribute to building resilience and reducing vulnerability in 

flood-prone regions like Kathmandu metropolitan city. 
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