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Abstract. Flash floods/debris floods that occur in the Tuva River of Sigi Regency 

are streams of water mixed with various materials such as wood, rocks, mud, and 

others that have a very fast flow speed. Flash floods submerged the residential area 

of the community with a water presence of 3 m which had claimed the lives of 2 

people. Flash floods occur after catastrophic earthquakes and soil liquefaction. 

Where the topographic conditions around the Tuva River are very steep and the 

characteristics of the river widens upstream and narrows downstream, there is the 

potential for avalanches of liquefaction of mountain ridge land that enters the river 

which forms a natural weir in the Tuva River. The modeling conducted in this 

research utilized a Digital Elevation Model (DEM) map with a resolution of 5-10 

meters using Hec-RAS software. The modeling focused on the dam break of a 

natural dam, resulting in a debris flow volume of 104.663 m3/s. With the non-

Newtonian flow model, the study determined a flooded area of 58.978 hectares or 

0.589 square kilometers with a maximum flow velocity of 2645.33 m/s. This has 

the potential to erode the riverbed and supply sediment transport to the Miu River. 

Keywords: debris; Hec-Ras; non-newtonian flow. 

1 Introduction 

One of the rare phenomena that rarely occurred in Indonesia but has been 

happening frequently in recent years in one of the provinces of Indonesia, namely 

Central Sulawesi Province, is called flash floods/debris flow. Flash floods are the 

rapid flow of water mixed with various materials such as wood, rocks, mud, and 

others, with a very high flow velocity. The velocity of debris flow depends on the 

type of material it carries. Materials with coarse grain gradation (wood, rocks) 

have velocities ranging from 3 to 10 m/s, while materials with fine gradation 

(sand, mud, and soil) have velocities ranging from 2 to 20 m/s. From the 

hypothesis, it can be concluded that the smaller the materials carried by the debris 

flow, the faster the flow will be [1]. 
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The earthquake that occurred on September 28, 2018, at 18:02 WITA (Eastern 

Indonesia Time) centered in Donggala Regency, with a depth of approximately 

10 km and a magnitude of 7.4 on the Richter scale [2]. The earthquake was felt 

in various regions such as Donggala Regency, Sigi Regency, Palu City, and other 

cities/regencies on the island of Sulawesi. A flash flood occurred on Thursday, 

December 12, 2019, which affected Bola Papu Village, Kalawi District, Sigi 

Regency, submerging dozens of houses and damaging the Mangila Bridge. It was 

reported that the incident claimed the lives of two people [3]. On Sunday, April 

26, 2020, heavy rainfall occurred during the night upstream of Tuva River, 

resulting in a flash flood. Then, on Monday, October 11, 2021, another flash flood 

submerged dozens of houses in Dusun 2, Tuva Village, Gumbasa District, Sigi 

Regency [2]. 

Previous research has employed methods to determine hydrological calculations 

for debris flow. It has been observed that the rainfall during debris flow events 

may be lower than the maximum annual rainfall. Additionally, even minimum 

daily rainfall in various basins can trigger debris flows, as stated by Cui et al. In 

reference [4], a case of debris flow in the Mesilau River is documented. The event 

had a cumulative rainfall of 66.3 mm and a maximum rainfall intensity of 14.2 

mm/hour. The event lasted for 7 days and occurred on Friday, June 5, 2015, as 

reported by Rosli et al. [5]. According to Syarifuddin et al. [6] and Lavigne et al. 

[7], rainfall ranging from 40 to 42 mm occurring over 2 hours poses a risk of 

triggering debris flow. In reference [8], the characteristics stated by Sukatja C 

Bambang et al. indicate that the tributaries in Sigi Regency, which have very steep 

slopes, have the potential for recurring natural disasters such as flash 

floods/debris flows. Additionally, these rivers also have a widening width 

upstream but narrow downstream. 

Debris flow is the flow of water mixed with soil and rocks, caused by the 

gravitational force of the Earth. It is characterized as being part flood and part 

rockslide (Iverson, 1997). The occurrence of debris flow is primarily attributed 

to high surface water flow resulting from heavy rainfall, leading to erosion of soil 

and rocks on steep slopes. To classify a flow as debris flow, it must consist of at 

least 50% sand or larger materials in its composition [9]. Debris flow is a mixture 

of fine and coarse materials along with water that moves towards the lowest 

elevation due to the influence of slope, as described by Takahashi in [10]. The 

geometric characteristics, river morphology, bed load type, and streamflow 

discharge can be considered as key indicators to determine debris flow behavior 

[11]. In terms of composition, debris flows often consist of large rocks, as stated 

in the HEC-RAS guidebook [12]. 

The topographical features that can lead to flash floods generally occur in 

Indonesia in areas such as Mount Merapi, old mountain ranges, and steep hills 
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with slopes ranging from 26° to 45°. These areas also have a significant difference 

in elevation between the river source and the river mouth. The greater the 

elevation difference between the upstream and downstream of the river, the more 

significant the increase in flood volume. Flash floods are caused by the increased 

erosion or scouring along the river channel, and sudden or rapid increases in 

surface water volume due to high-intensity rainfall events. High-intensity rainfall 

is typically defined as a total rainfall of 150 mm or a rainfall rate of 35 mm per 

hour. Continuous heavy rainfall with an intensity of 0.50 mm per hour or more 

for a duration of over 3 hours can also contribute to flash floods [8]. These factors 

combined can lead to a significant rise in water levels and the occurrence of flash 

floods. 

Widjaja and Gautama (2019), as mentioned in [13], conducted research in Poi 

Village, Sulawesi, focusing on debris studies using the Bingham model in the 

FLO-2D program. The findings indicated that the affected area by the debris flow 

was approximately 400 hectares, with a maximum thickness of 7.2 meters and a 

maximum velocity of 11 meters per second. The recommended measures for 

managing debris flow included physical interventions such as the use of sabo 

dams and non-physical measures such as relocating residents to safer areas. In 

addition, the HEC-RAS Non-Newtonian model can be utilized to determine the 

distribution of debris flood flow. This software modeling helps in mapping the 

distribution of debris flow and the patterns of erosion and sedimentation caused 

by debris floods. The analysis provides an initial prediction of the effects of the 

earthquake on September 28, 2019, which led to soil liquefaction in the 

mountains of the Tuva watershed. The resulting avalanches formed natural dams 

that had the potential to trigger debris flow. This modeling tool enables users to 

predict the direction of debris flow, allowing for alternative disaster management 

analysis. By analyzing the influential parameters that cause flash floods and 

debris floods, this software helps to generate initial solutions for handling debris 

floods. 

To obtain more detailed information on the flow rate of debris flood and sediment 

flow rate of debris flood, you can use the non-Newtonian options in the Hec-Ras 

software. This non-Newtonian flow has several forms, which can be observed 

based on the concentration of solid particles and the mixture concentration greater 

than that of regular fluid. The gradation of solid particle sizes becomes a specific 

parameter that helps determine their classification. When the concentration of 

solid particles changes to coarse, the fluid passes through five classifications 

[14].that is: 
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Table 1 Fluid Classification. 

Classification Type Condition 

Hyperconcentration Bingham Cv > 30 % 

Mud flow and debris Turbulent_Quadartic 

Herchel-Bulkkley 

Cv > 60 % 

Avalanche Voellmy  

Plastics Mohr_Coulomb Ns > 0.1 

 

For this modeling, the Turbulent Quadratic Herschel-Bulkley model is used based 

on the conditions in the Tuva River, where there is a mud and debris flood with 

a Cv (concentration volume) greater than 60%. 

2 Research Methods 

2.1 Location Research 

The research site is located in the Tuva River, administratively situated in Tuva 

Village, Gumbasa Sub-district, Sigi District, Central Sulawesi Province. 

Astronomically, it is located between 01° 19' 30" South Latitude and 119° 57' 96" 

East Longitude. This can be seen in Figure 1, depicting the Tuva River Basin after 

delineation using Hec-HMS software, which has a watershed area of 5.405 km2 

and a river length of 5.578 km. for Hec-RAS modeling, In this research, the length 

of the river modeled is 2.145 km. 

 

 

 

 

 

Figure 1 Tuva River research site. 
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2.2 Methods 

2.2.1 Conceptual 

The earthquake that occurred in Central Sulawesi Province (Palu) resulted in 

ground movements in the mountain ridges of Sigi Regency. When it rains, the 

soil will descend to the riverbed and settle inside the river, indirectly forming a 

natural dam. If there is a high intensity of rainfall lasting more than 3 hours, the 

natural dam will experience erosion, leading to the collapse of the natural dam 

(DAM BREAK). This event will cause a flow of debris in the Tuva River. 

The predicted debris flow occurs at a designed flood discharge with a return 

period of 100 years. The flow is characterized by fast-moving water-carrying 

debris such as wood, rocks, soil, and mud (Non-Newtonian flow). To obtain 

analysis results that approximate the depth of flow and velocity of the debris flow, 

the Hec-Ras Non-Newtonian software can be used. This research aims to 

determine the difference in depth and velocity between Newtonian and Non-

Newtonian flows during debris flow events and to assess the extent of inundated 

areas for Newtonian and Non-Newtonian flows. 

 

Figure 2 Conceptual diagram. 

 

Newtonian Flow Non-Newtonian Flow

One Day Duration Rainfall
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2.2.2 Research flowchart 

This research utilizes a Digital Elevation Model (DEM) map called DEMNAS, 

downloaded from https://tanahair.indonesia.go.id/demnas/#/ with a black-and-

white display [13]. Then watershed delineation (DAS) was performed using 

HEC-HMS, he SCS Curve Number loss method, Snyder Unit Hydrograph 

transformation method, and Snyder synthetic unit hydrograph method are used in 

this study. The SCS Curve Number loss method is a hydrological method that 

originated in the United States in 1938 and is utilized in HEC-HMS to obtain 

synthetic unit hydrographs based on watershed parameters [14]. By using the 

Takahashi formula, the discharge data is multiplied by the Cd value [10]. The 

analysis results are used to create HEC-RAS Dam Break, HEC-RAS Newtonian, 

and Non-Newtonian modeling [15]. To obtain the simulation results for the depth 

of debris flow and the velocity of debris flow. Research flowchart in figure 3. 

 

Figure 3 Research flowchart. 

2.3 Simulation Dam Break 

Post-earthquake, soil liquefaction occurs, leading to landslides from the 

riverbanks into the river, forming natural dams. The debris event that follows is 

assumed to be similar to a dam break. For the dam break modeling, a Digital 

Elevation Model (DEM) map downloaded from the page Your country website 
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will be utilized. The modeling will involve storage areas, perimeter areas, and 

SA/2D connection, as shown in Figure 4 below. 

 

 

Figure 4 Dam break modeling. 

The predicted natural dam shape has a spillway height with an elevation of 480 

m with a natural dam collapse scenario the base scouring position is on the river 

axle at a distance of 5 m with the final height of the natural dam of 1 m which is 

at an elevation of 385 m with a right-left scouring position ending in a slope 

position of 0.5 for the dam collapse event in the setting on September 13, 2019, 

at 00:00. 

2.4 Debris flow 

The process of debris flow transformation begins with solid particles that 

transition into a viscous state as they flow. The flow can be described as both 

liquid and viscous, with particle dispersion occurring during the flow. When the 

flow comes to a stop, the particles reassemble and solidify [16]. There are several 

types of non-Newtonian flow characteristics, such as mudflows, debris flows, 

lahars, and snow avalanches [18]. In non-Newtonian fluids, the shear rate versus 

shear stress relationship can be nonlinear and may not pass through the origin 

[18]. According to Hegrgarten and Robl [19], the conservation equations for 

mixtures and the properties of non-Newtonian flow can be described using a 

single-phase mathematical model [10]. However, to distinguish between liquid 

and solid in non-Newtonian flow and to solve the conservation problems of each 

phase, a two-phase model [10] in [20] can be utilized. 

 

2.5 Debris flow discharge 

In 2010, JICA released a guidebook titled "Manual Sabo Works" which discusses 

the influence of sediment on the magnitude of flood discharge (referenced in 

[18]). Qw (design flood discharge), which is calculated based on the 100-year 
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return period flood discharge considering the sediment influence, represented by 

sediment concentration (Cd). 

𝑄𝑠 = 𝑄𝑤  (1 +  𝐶𝑑)      (1) 

𝐶𝑑 =
𝜌𝑤 .𝑇𝑎𝑛𝜃

(𝜎 − 𝜌𝑤). (𝑇𝑎𝑛∅ − 𝑇𝑎𝑛𝜃)
 

𝐶𝑑 =
1000 .  𝑇𝑎𝑛 36,67°

(2770 − 1000). (𝑇𝑎𝑛 35° − 𝑇𝑎𝑛 36,67°)
= 0,06 

Where 𝑄𝑠 represents the sediment influence on the planned flood discharge, 𝑄𝑤 

represents the flood discharge calculated using the HSS Snyde equation, 𝐶𝑑 

represents the sediment concentration, ρ_w represents the water mass density 

with a value of 1000 kg/m³, σ represents the sediment mass density with a value 

of 2770 kg/m³, ∅ represents the sediment's shear angle of 35°, θ represents the 

average river bed slope. Given the Cd value (sediment concentration) of 0.064, 

which is below 0.3, the Cd value is considered to be 0.3. The results of the 

calculation for the planned flood discharge considering the sediment 

influence/debris flood discharge are shown in the table below. 

2.6 Non-Newtonian flow equations 

Continuity Equation 

 

The conservation of mass can be expressed using the following equation: 

 
𝜕𝜂

𝜕𝑡
+ ∇ ∙ (ℎ𝑉) = 𝑞      (1) 

Change in elevation of the flow surface t is time,  η  is depth, hV is  velocity 

vektor,  and q is ateral flow rate per unit length, to account for external and 

internal fluxes. 

Momentum Equation 

The momentum of the average depth can be written by Hergarten and Robl [20] 

in [20]: 

𝜕𝑉

𝜕𝑡
+ (𝑉 ∙ 𝛻)𝑉 = −𝑔𝑐𝑜𝑠2𝜑𝛻𝜂 + 

1

ℎ
𝛻 ∙ (𝜈𝑡ℎ𝛻𝑉) −

𝜏

𝜌𝑚 𝑅
 
𝑐𝑜𝑠 𝜓

𝑐𝑜𝑠𝜑
 

𝑉

|𝑉|
        (1) 

With the following definitions g as gravity with a value of 9.81, ν_t is the 

turbulent flow viscosity, τ is the total basal stress, ρ_m is the bulk density of the 

water-solid mixture, R is the hydraulic radius, | V| is the magnitude of the velocity 

vector, φ is the slope of the water surface, and ψ is the angle of inclination with 

respect to the direction of the flow velocity. 

 

For the fluid stress equation in a non-Newtonian model, the following formula 

can be used [20]: 

𝜏 =  𝜏𝑟 +  𝜏𝑀𝐷 (2) 
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where the selection of material for the stress-strain model (rheology) is based on 

the basal stress and derived from τ_r τ_MD[ [20]. The combination of basal stress 

with channel bed roughness makes it a function of friction slope Sf. 

𝜏𝑟 =  𝛾𝑅𝑆𝑓 (3) 

where the unit of fluid weight is τ_r hydraulic radius is γR, and friction slope 

from the Manning's equation S_f. 

𝑆𝑓 =  (
𝑛𝑉

𝑘𝑅2/3)
2
 (4) 

where the flow velocity is V and the unit conversion factor is k. 

2.7 Rheology (stress-strain relationship) of non-Newtonian fluids 

According to S. Gibson and A. Sánchez in the HEC-RAS manual book [18], the 

study that investigates shape changes under pressure is called Rheology. 

Rheology is the branch of science that deals with the flow and deformation of 

materials under stress. In [21], a rheological model is described as a simple 

relationship between stress and strain, as depicted in Figure 4. 

 

Figure 5 Rheology model, (a) clear water and (b,c) mud and debris flow [20]. 

This research utilizes the Bingham rheological model, assumed as a non-

Newtonian fluid (debris flows). The Bingham stress model can be written as 

follows: 

𝜏𝑀𝐷 =  𝜏𝑦 +  𝜏𝑣  (5) 

𝜏𝑣    =  𝜇𝑚𝛾̇  (6) 

Where yield is .τ_y the yield stress is τ_v,   the viscosity is μ,  the shear rate is γ  ̇
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3 Results and discussion 

3.1 Changes in the Tuva basin 

The visual observation method can be employed to comprehend debris flow 

issues, as mentioned by Alfianto, A., Iswardoyo, J., & Sukatja, C. B., in [22]. 

Changes in the River Basin Area (DAS) before and after an earthquake can be 

observed in Figure 5, where part a demonstrates a condition where the river is 

still abundantly covered with lush vegetation, indicating that the DAS is still in 

good condition. However, in Figure 5 part b, the Tuva River can be seen to have 

experienced numerous landslides and sedimentation within the river. Based on 

these two conditions, it can be analyzed that the Tuva River has undergone 

significant morphological changes from before the earthquake occurred to after 

the earthquake. 

 

Figure 5 The condition of the Tuva River before the earthquake (a), Tuva River 

condition after earthquake and debris flood (b). 

3.2 Hidrology Tuva 

Figure 6 shows the results of the analysis using the HEC-HMS software, which 

indicates that the catchment area of the Tuva River is 5,405 km2. The planned 

flood discharges for various return periods, including 2 years, 5 years, 10 years, 

25 years, 50 years, and 100 years, were considered in the analysis. 

 

Figure 6 Hidrograf Tuva  
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Table 2 Periode return and debris flow discharge. 

No Return Period 

(Years) 

Design Flood 

Discharge (m/s) 

Debris Flood 

Discharge 

(m/s) 

1 2 24.97954 32.4734 

2 5 28.62433 37.21162 

3 10 30.51818 39.67364 

4 25 32.51465 42.26905 

5 50 33.78728 43.92346 

6 100 34.91812 45.39355 

The results of the planned flood hydrograph analysis multiplied by the 

sediment-affected discharge coefficient are obtained. The calculation of Cd 

(sediment concentration) yields a value of 0.06, which is less than 0.3. 

Since the result is smaller than 0.3, the Cd value is set to 0.3. Therefore, 

the calculation for Qs (sediment discharge) is obtained as Qs=Qw.(1+0.3). 

The summarized results can be found in Table 2. This modeling is 

conducted for the debris flood using the debris flood discharge for a return 

period of 100 years. 

3.3 Results of dam break modeling 

 

Figure 7 Dam break modeling results. 

Based on the debris flood simulation results in Figure 7 above, it can be observed 

that the distribution of debris flood flow is most pronounced in residential areas 

or around the estuary where the Tuva River meets the Miu River. The Tuva River 

serves as a significant sediment transport pathway to the Miu River, resulting in 
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a reduction in the capacity of the Miu River and potential changes to the 

morphological balance of the Miu River. The debris flow volume at a water 

surface elevation of 499 m amounts to 104.663 m3/s. 

3.4 Comparison between Newtonian and Non-Newtonian flows 

 

Figure 8 Depth of Newtonian and Non-Newtonian flow modeling results. 

Based on the modeling results shown in Figure 8 (Depth), the area of 

inundation for the Newtonian flow is 44.872 hectares or 0.448 km², while 

the area of inundation for the Non-Newtonian flow is 58.978 hectares or 

0.589 km². These results indicate that the area of inundation for the Non-

Newtonian flow is larger compared to the Newtonian flow or regular 

flooding. 

 

Figure 9 Velocity of Newtonian and Non-Newtonian flow modeling results. 
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Figure 10 Graph of Newtonian and non-Newtonian velocities 

Based on Figure 10, modeling Newtonian flow and non-Newtonian flow 

using the software, the Newtonian flow results in a very high velocity of 

12,987.67 m/s. However, in the non-Newtonian flow modeling, where 

there was a significant sediment concentration, the flow velocity slowed 

down to 2645.33 m/s. Based on the obtained results, the velocity of the 

Newtonian flow appears to be unrealistic, while the velocity of the non-

Newtonian flow is still within an acceptable range. 

 

Figure 11 Water Surface Elevation (WSE) Newtonian and Non-Newtonian 

From the modeling results using the Q100 debris flood discharge in Figure 11, it 

is observed that using the Hec-RAS software, the water surface elevation (WSE) 

increases when the flood water elevation is influenced by sediment concentration. 

However, the velocity decreases or slows down as it moves towards flatter areas, 

causing sediment deposition and formation. 
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Figure 12 Riverbed changes 

In Figure 12 above, the analysis results indicate that there are changes in the 

riverbed of the Tuva River after the debris flood. In the upstream and middle 

sections of the Tuva River, there is a predominant decrease in the riverbed 

(degradation), while in the downstream section, there is an increase in the 

riverbed (aggradation). This implies that the Tuva River serves as a sediment 

transport supplier to the Miu River. It is important to address this issue promptly 

to prevent a reduction in the bank full capacity of the Miu River. 

4 Conclusion 

After conducting hydraulic analysis in this study using Hec-ras software, it can 

be concluded that the Tuva River has a very high risk of debris flooding with the 

potential for debris flooding as follows: 

1. The debris flow that occurred in the Tuva River, Sigi Regency, occurred 

after a natural disaster of an earthquake and soil liquefaction, where 

landslides from the mountain ridge formed a natural dam. The Tuva River, 

located in a highland area, has a very steep slope. When heavy rainfall hits 

the village, it has the potential to cause flash floods. Based on the results of 

dam-break modeling, the estimated volume is 104.663 m3/s. 

2. From the non-Newtonian flow modeling results, it was found that the Tuva 

River has the potential for debris flow with a flooded area of 58.978 hectares 

or 0.578 square kilometers, with a maximum flow velocity of 2645.33 

meters per second. This debris flow has the potential to erode the riverbed 

and supply sediment to the Miu River. 

3. In the upstream and middle sections of the Tuva River, there is a decrease in 

the riverbed elevation (degradation), while in the downstream section of the 

Tuva River, there is an increase in the riverbed elevation (aggradation). 
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