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ABSTRACT The dam is a crucial river-crossing structure that ensures a sustainable water supply and offers numerous benefits. However, the potential

hazard of dam failure is an imminent threat that could materialize unexpectedly. To comprehend the potential impact of dam break flood and identify

vulnerable areas, it is essential to conduct rigorous analysis and simulate various dam failure scenarios. This comprehensive assessment is invaluable

for informed land use planning and the development of effective emergency response plans. Therefore, this study aimed to analyze flood inundation

resulting from the hypothetical failure of Gongseng dam, using Iber model. The modeling approach relied on a two-dimensional finite volume

shallow water model, guided by specialized software. The scenarios for Gongseng dam break showed inundation areas of 12.57 km² and 7.55 km² for

overtopping and piping failure, respectively. Overtopping failure resulted in the highest discharge, with Von Thun method causing severe damage

due to wide break dimensions, and eventually leading to catastrophic consequences. However, this study showed that Froehlich method provided

the most rational prediction for break parameters. In contrast to the other methods focusing solely on water height behind dam, Froehlich equation

considered both the volume and height at the time of failure. Implementing dam break analysis held the potential to benefit downstream communities

by providing inundation maps, thereby aiding in the mitigation of flood risks. Particularly, in situations with limited data and resources, as shown in this

study, the cost-effective modeling method proposed could be an attractive option for simulating extreme flood induced by dam break.
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1 INTRODUCTION

The maintenance of sustainable water resources

is challenged by factors such as population

growth, restricted water availability, and increas-

ing droughts. Therefore, strategic management of

water resources is essential to meet diverse de-

mands, including irrigation,water supply, ground-

water recharge, andhydroelectricity. Acknowledg-

ing the significance of rivers in business activi-

ties and human existence, effective management

should consider fundamental needs and pursue

sustainable economic growth (Guo et al., 2022).

Achieving an appropriate allocation of demands

for river flows is inherently challenging, requiring

effective regulation considering socio-economic

and ecological sustainability aspects. Therefore,

strategic development is essential to ensure ratio-

nal and efficient allocation of water resources in

a river basin. Dam is significant infrastructure for

securing a water supply by controlling stream flow

and establishing reservoir (Khosravi et al., 2016).

Situated in Kedungsari Village, Temayang Dis-

trict, Bojonegoro Regency, East Java Province,

Gongseng Dam plays a crucial role in impound-

ing Soko River, resulting in a water volume of

22.47 million cubic m. Bengawan Solo River Basin

Agency 2021 Database of Water Resources Infor-

mation shows various benefits of Gongseng Reser-

voir, including supplementary irrigation covering

6191 ha with a planting intensity of 250%, a wa-

ter supply of 300 l s-1, groundwater recharge, and

a 20% reduction in peak flood discharge (133.27

m3 s-1). Despite these advantages, the pending

threat of dam failure is ever-present. A potential

collapse could lead to a large-volume flood, pos-

ing a significant threat to life and property down-
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stream. Emergency response plans should con-

sider factors such as property damage, loss of life,

environmental impact, and landscape disruption

(Bharath et al., 2021). Categorized as a medium-

sized dam by da Hora et al. (2018), Gongseng falls

in the range of 15 to 30 m in height and reservoir

volumes between 1 to 50 million m3. In terms of

technical risk, dam is classified as low, showing a

minimal possibility of structural failure due to en-

gineering errors, operational failure, maintenance

negligence, damage, or monitoring lapses. The

potential for governance-induced damage is ex-

tremely low. However, concerning potential dam-

age capacity, Gongseng Dam falls into the high-

risk category.

Mandatory monitoring activities capable of de-

tecting early signs of dam failure need to be con-

ducted. These monitoring activities should be

seamlessly integrated with dam operation and

maintenance procedures. Although monitoring in

isolation is considered insufficient, the implemen-

tation of mitigation strategies should be based on

a well-defined emergency response plan. Oliveira

et al. (2022) showed that the graphical methods

for calculating non-permanent flow resulting from

dam break originated with Craya and Re in 1946.

evolving into a framework for dam management

authorities to implement emergency procedures.

Break mechanisms can be triggered by various

factors, but for the sake of simplicity, this study

assumes only two failure scenarios. Determin-

ing break parameters necessitates meeting abso-

lute conditions, such as ensuring the bottom el-

evation is not lower than the foundations and

the final break width is less than the abutment

(Wahl, 2004). The two-dimensional model is most

widely recognized for simulating flood and inun-

dation due to dam break (Kao and Chang, 2012;

Álvarez et al., 2017). The depth-averaged shallow

water equations, also known as two-dimensional

St. Venant Equations (2D-SWE), are solved using

numerical methods. These equations consider a

Figure 1 Study area at Gongseng dam
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hydrostatic pressure distribution and a relatively

uniform depth velocity distribution (Wu, 2004).

The primary focus of this analysis is the examina-

tion of the outflow hydrograph arising from dam

infractions with varying break parameters. This

study aims to predict essential characteristics of

the ensuing flood waves at Gongseng Dam, in-

cluding peak flood discharge, timing of the occur-

rence, and the routing of the hydrograph for differ-

ent downstream sections of the river course. Ad-

ditionally, the generation of inundation maps for

various dam failure scenarios is included in the in-

vestigation.

2 STUDY METHODOLOGY

This study simulated the potential failure of

Gongseng Dam in Bojonegoro. Mathematical

models were adopted to simulate scenarios and

identify inundation area downstream. The study

methodology was established through a review of

appropriate literature, and data organization was

conducted based on the availability of the sources

and study needs.

∂h

∂t
+

∂hUx

∂x
+

∂hUy

∂y
= Ms (1)

Flood routing was conducted in this study, de-

picting the study area in Figure 1 which con-

sisted of six villages, namely Kedungsari, Kedung-

sumber, Papringan, Temayang, Pandantoyo, and

Belun. The optimal time for running flood models

due to dam break was determined when inunda-

tion had not significantly evolved (Bo et al., 2015;

Khosravi et al., 2016; Álvarez et al., 2017; Bharath

et al., 2021). Google Earth imagery estimated the

distance between dam area and rural area at ap-

proximately 1.22 km, covering a total study area

of 35.22 km2.

Incorporating two primary steps in the study, the

first included routing breach flood hydrographs

downstream,while the second focused on generat-

ing floodplainmaps for various dam failuremodes.

The dam break analysis used the Iber hydraulic

model, incorporating a previously developed finite

volume scheme for solving the two-dimensional

shallow water equations in hydrological applica-

tions. Iber proved effective in simulating 2D dam

break wave, impacting an obstacle downstream

of dam. This induced the generation of a hy-

draulic jump upstream of the obstacle and a weak

zone downstream (Cea et al., 2010; Cea and Bladé,

2015). Iber adopted flood routing methods pro-

posed by depth-averaged shallow water equations

(2D-SWE) for unsteady flow (Bladé et al., 2014;

Bladé, Cea, Corestein, Escolano, Puertas,Vázquez-

Cendón, Dolz and Coll, 2014; Cea Gómez et al.,

2019). The depth-integrated continuity and con-

servation of momentumwere as in Equation 2 and

Equation 3.

Where h is the flow depth, t is time, x and y are

the horizontal cartesian coordinates, Ux and Uy

are the depth-averaged flow velocities in the x and

y directions, and Zs is the water surface elevation.

Other factors included g for acceleration due to

gravity,ρ for the density of the flow,ω for the Earth

rotation angular velocity, λ for the latitude of the

studied point, s for free surface friction due to

wind-induced friction, b for bed friction, and xx
e,

xy
e, as well as yy

e for effective horizontal tangen-

tial stresses. Additionally,Ms,Mx, andMy served

as the terms for mass source/drain and momen-

tum, respectively, used to model precipitation, in-

filtration, and drainage.

The data processing commenced with the ad-

justment of raw data to make it suitable for

computation in Iber software. Boundary condi-

tions were a crucial input that significantly influ-

enced the downstream water depth. The essen-

tial data for this study included hydrological in-

formation, comprising probable maximum precip-

itation (PMP) and 2-year return period precipita-

tion, used as input for the synthetic unit hydro-

graph. According to Bengawan Solo River Basin

Agency, the selected extreme rainfall event was

Figure 2 Basin models of Gongseng dam
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Figure 3 Flood hydrographs for PMF and 2-year return period

forecasted rain using Global Precipitation Mea-

surement (GPM). The Snyder unit hydrograph was

selected to simulate rainfall-runoff transforma-

tion, and the Green-Ampt method was applied for

loss calculations. The boundary conditions, pro-

cessed using HEC-HMS software, were shown in

Figure 2, depicting flood routing scenarios in the

hydrological model.

Probable maximum flood (PMF) and 2-year return

period discharge (Q2) served as the inlet bound-

ary conditions upstream of Gongseng Reservoir.

Flood hydrographs were generated probabilisti-

cally, therefore, both hydrographs were selected,

as shown in Figure 3.

The hydrological analysis of Gongseng dam sim-

ulation indicated a peak flow of 1009 m3 s-1 dur-

ing PMF and 125.8 m3 s-1 in 2-year return period.

Gongseng Watershed was divided into five sub-

watersheds, with a total area of 51.21 km2. The

land use distribution map showed a dominance of

woods and dryland agriculture in Gongseng sub-

watershed, with Pellic Vertisols and Lithosols as

the predominant soil types (Balai Besar Wilayah

Sungai Bengawan Solo, 2021).

Iber was capable of simulating dam failure along

with its hydrological processes and could be in-

stalled as a plug-in. The intended hydrological

model included processes related to loss due to in-

filtration, particularly in dry soil conditions. The

loss method used in this study was the soil con-

servation service (SCS-CN), a simple method in-

Figure 4 Subset of DEMNAS used for dam break simulation and
cross-section of Soko-Pacal River

cluding specifying curve number (CN) values for

each area and adjusting the initial abstraction co-

efficient values. CN values from Al-Weshah et al.

(1993) were used in the simulation, assuming that

the soil conditions were previously dry in flood

area.

The turbulencemodel used an eddy viscosity tech-

nique based on the Boussinesq hypothesis. Iber

provided a turbulence module to calculate the

pressure, known as Reynolds stresses (Cea et al.,

2007). These turbulent stresses were integrated

with viscous strain and lateral dispersion terms,

collectively termed effective pressure. The hor-

izontal effective stresses appeared in the hydro-

dynamic equations of Iber. Downstream dam

break modeling was analogous to open-channel

flowmodels, and the shallowwatersmixing length

model, widely used for determining the turbulent

viscosity (t), was adopted (Jia and Wang, 1999).

The advantage of this model lies in its simplicity

in algebraic expressionwhile remaining physically

acceptable, considering bed friction and horizon-

tal velocity gradient for resulting turbulence flow.

The geometry model was established using

Quantum-GIS version 3.28.4, serving as the
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Table 1. Predictions of average break width and failure time

Investigator
Overtopping Piping

Average

Break

Width

(m)

Failure

time

(min.)

Average

Break

Width

(m)

Failure

time

(min.)

Froehlich (Fr) 116 89 68 84

Von Thun and Gillete (VTG) 115 44 102 38

Bureau of Reclamation (USBR) 72 48 57 38

foundation for the computation mesh. Elevation

values from the National Digital Elevation Model

(DEMNAS) were used as references in constructing

the geometry model, correlating with topographic

conditions illustrated in Figure 4. The processing

of Digital Elevation Model (DEM) included using

supporting tools, namely AutoCAD 2024 Student

version and Ms. Excel 2016.

Break parameters were calculated using empiri-

cal methods developed by Froehlich (2008), Von

Thun and Gillette (Bo et al., 2015), and USBR (U.S

Department of The Interior Bureau of Reclama-

tion, 1988). Froehlich equation incorporated both

reservoir volume and the height of water behind

dam,whileVonThun Gillette, andUSBRequations

solely considered the length. Break parameters

obtained from these three empirical methods are

presented in Table 1. Following the Guidelines for

Dam Emergency Action Planning (Balai Bendun-

gan, Direktorat Jenderal Sumber Daya Air, Kemen-

trian Pekerjaan Umum dan Perumahan Rakyat,

2019), established at Makassar in 2019, three con-

ditions were required for identifying flood inun-

dation. Although this study only investigated two

failure situations, the scenarios represented both

extreme and common conditions. Dam failure due

to piping (pip) was projected to occur during rain-

fall with 2-year return period resulting in normal

flow (Q2), with reservoir water level being normal.

The second scenario included dam failure due to

overtopping (ovt), corresponding to reservoir wa-

ter level being similar to dam crest elevation, and

PMF becoming an inlet boundary condition. Each

of the scenarios was simulated using three differ-

ent break formations.

3 RESULTS AND DISCUSSIONS

This study reported scenarios resulting from the

overtopping and piping failuremodes of Gongseng

Figure 5 Downstream flood hydrographs for different empirical
methods at +3.12 km from main dam

dam, along with presenting flood inundation map

for the 7.8 kmstretch downstreamof reservoir. Ad-

ditionally, the analysis provided valuable insights

into the potential impacts and responses to dam

failure in the specified conditions.

3.1 Flood Hydrographs

The hydrograph method comprised various pa-

rameters, with this sub-section specifically ad-

dressing the analysis of flood hydrographs. Figure

5 showed the distinct nature of flood hydrographs

for each method. Von Thun method stood out by

yielding the highest discharge with the shortest

time to peak in comparison to others. This result

correlated with the findings in Table 1, indicating

that the VTG method exhibited the largest break

volume and the shortest failure time.

This study delved into the investigation of flood

wave propagation, aiming to determine arrival

times and flowdischarge at various cross-sections.

Combining flood hydrographs at each cross-

section into a unified chart provided insights into

floodwave propagation. Flood hydrographs at var-

ious river sections downstream of dam, including

0.3 km, 1.1 km, 1.7 km, 2.3 km, 3 km, 3.6 km, 4.4

km, 5.5 km, 6.6 km, 7.3 km, and 7.8 km from dam

for piping and overtopping failure were depicted

in Figure 6 and Figure 7, respectively.

Figure 6 shows flood wave propagation from VTG

method, known for causing the most severe dam-

age. The attenuation of peak flow magnitude

was observable as flood wave moved downstream.

Based on VTG peak flow attenuation, section 1

reached 9070.33 m3 s-1 with the shortest arrival

time of 0.67 hours from the dam break incep-

tion. At section 2, peak flow started declining to
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(a) Froehlich (b) Thun (c) USBR

Figure 6 Attenuation of flood hydrographs for overtopping as flood wave propagates downstream

(a) Froehlich (b) Thun (c) USBR

Figure 7 Attenuation of flood hydrographs for piping as flood wave propagates downstream

8919.86m3 s-1 with a relatively similar arrival time

to group 1. Flood hydrograph started decreasing at

section 3, reaching a peak flow of around 7700.78

m3 s-1. Peak flow at section 4 stabilized at 7300.86

m3 s-1, and at section 5, it was 6840.21 m3 s-1.

Flood hydrograph continued to descend until sec-

tion 11,where attenuation percentages dropped to

309%, corresponding to 2216.3 m3 s-1. Peak flow

attenuation percentages were relatively low in the

higher reach (S1 to S5), while the lower side (S6 to

S11) were particularly high.

The downstream discharge in piping scenario was

lower than the flow in overtopping situation. This

correlation was consistent with the initial condi-

tions established for each scenario and break pa-

rameters for the methods. Figure 7 shows flood

wave propagation for the three methods in the

piping scenario. According to flood hydrograph re-

sults, VTG method produced the most severe peak

discharge. Using this method in section 1, peak

discharge value reached 5188.65 m3 s-1, with a

longer arrival time of 0.58 h or 35 minutes com-

pared to the overtopping failure of 5 minutes. Ad-

ditionally, with an identical arrival time as section

1, peak flow started decreasing toward 5428.48

m3 s-1 in category 2. Flood hydrograph started

decreasing at section 3, reaching a peak flow of

around 4878.16 m3 s-1. The maximum flood hy-

drograph at section 4 stabilized at 3125.9 m3 s-1,

while the peak flow at section 5 showed 2387.01m3

s-1. Flood hydrograph continued to decrease until

it reached section 11, where peak hydrograph had

dropped to 467%, corresponding to 511.25 m3 s-1.

Flood hydrographs started flattening at section

11 and remained in the full capacity of the river

banks, showing that the overtoppingmode did not

significantly affect inundation in rural area.

Time to peak was defined as the time for flood hy-

drograph to reach its discharge at a specific sec-

tion and the arrival time of the wave. The time of

arrival showed the time it takes for flood to reach

a particular section. Figure 8 showed the time to

peak and flood wave arrival time as a function of

the distance from dam. According to Froehlich

method, the time to peak of the hydrographs at

sections 1, 2, and 3 in overtopping failure arrived

at 1.25 h from the inception of the dam failure.

The time to reach peak increasedwith the distance
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Figure 8 Time to peak (Tp) (dashed line) and flood wave ar-
rival time (Ta) (solid line) versus distance from dam for empirical
methods

fromdam, consistentwith the calculated break de-

velopment time using empirical equations Com-

paring overtopping and piping failure, it was con-

cluded that Von Thun overtopping formation had

the shortest time to peak, as shown by an orange

solid line. Considering that the time-to-peak val-

ues for overtopping were faster than for piping

model, the fastest mode was considered the crit-

ical failure mode. Additionally, all results gener-

ated by dam failure simulation were sensitive to

break parameters, prompting a comparison of the

three approaches to determine the most reason-

able parameters.

The chart pattern of time to peak and flood wave

arrival time showed differences, primarily caused

by the non-linear progression at each section, par-

ticularly downstream of dam. The arrival time

showed a linear development betweenflood arrival

time and the section distance, naturally increasing

with distance resulting in a positive linear graph

as confirmed by various methods. Similarly, with

the time to peak, Von Thun method showed the

fastest arrival time of 5 minutes for the first sec-

tion. Flood wave continued downstream, arriving

at the second section after 20 minutes with a dis-

tance of about 0.8 km, showing a 15-minute ar-

rival time—a relatively short time for evacuating

residents. In the last section, flood wave reached

BelunVillage after 1.58 hours, with the flow veloc-

ity ranging from 0.21 to 4.3 m s-1 between S1 and

S11.

3.2 Flood Inundation Maps

Based on Figure 9, VTG method caused the most

severe damage due to overtopping. Kedungsari

Village experienced flood inundation reaching

4.51 m with average depth of 1.39 m, lasting for

approximately 4.58 hours. About 500 m from Ke-

dungsari, Kedungsumber faced a predicted depth

of 4.83 m with average intensity of 1.95 m, inun-

dated for 2.08 hours. Downstream of Kedungsari,

TemayangVillage, a crucial area known as the cap-

ital of Temayang District, estimated flood depth

of 3.72 m with average of 1.49 m, lasting for 4.25

hours. Papringan Village near Temayang was im-

pacted with an intensity of 2.96 m and average

depth of 1.17 m, lasting for 4.08 hours. The

downstream of Papringan was Pandantoyo Vil-

lage, which experienced inundation up to 2.11 m

with average depth of 0.78 m and lasted for 3.92

hours. In the final downstream section, Belun Vil-

lage, the maximum flood depth was only 0.42 m

with average intensity of 0.29 m, and inundation

lasted for 0.75 hours.

Figure 10 showed that piping failure mode de-

veloped by VTG resulted in flood inundation in

Kedungsari up to 2.54 m with average depth of

1.25 m, lasting for approximately 1 hour. A flood

depth of 2.61 m with an average intensity of 1.54

m was faced by Kedungsumber, located approx-

imately 500 m from Kedungsari, lasting for 0.75

hours. Temayang Village, a crucial area downflow

of Kedungsari, had an estimated flood depth of

0.13 m and average of 0.12 m, lasting for only 0.33

hours. Perpignan also experienced flooding, with

depth of 0.47 m, average intensity of 0.33 m, and

inundation time of 0.75 hours. Towards the river’s

mouth of Papringan, inundation up to 0.19 mwith

an average depth of 0.14 m was experienced by

Pandantoyo Village, lasting for 0.67 hours. How-

ever, BelunVillage in the final downstream section

was not affected by flood in piping failure mode.

3.3 Flood Velocity Maps

Figure 11 shows flood velocity based on the most

severe damage due to overtopping failure mode.

Flood velocity in Kedungsari Village exceeded 6.26

m s-1, and the maximum velocity occurred rapidly

with only 35 minutes after dam collapse. Kedung-

sumber Village had estimated flow velocity of 1.92

m s-1 with average speed of 0.84 m s-1. Further

along the river of Kedungsari, in Temayang Vil-

lage, the estimated flood momentum was 1.26 m

s-1 with average velocity of 0.2 m s-1. A velocity
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(a) Froehlich (b) Thun (c) USBR

Figure 9 Maps of maximum inundation due to the overtopping scenario

(a) Froehlich (b) Thun (c) USBR

Figure 10 Maps of maximum inundation due to the piping scenario

of 3.12 m s-1 and an average speed of 0.84 m s-1

were experienced by Papringan as well. Pandan-

toyo Village, down the stream of Papringan, expe-

rienced a maximum velocity to be 1.23 m s-1 with

average speed of 0.65 m s-1. Belun Village expe-

rienced a maximum flood momentum was 0.26 m

s-1 with average velocity of 0.18 m s-1.

Figure 11 on the right shows the flow velocity

based on piping failure mode. The greatest flood

velocity that occurred in Kedungsari was 5.21 m

s-1, with average velocity of 2.49 m s-1. Kedung-

sumber Village had a predicted flood velocity of

1.51 m s-1 and average speed of 0.96 m s-1. The

predicted flood velocity in Temayang was just 0.39

m s-1 with average of 0.28 m s-1. Papringan and

Pandantoyo had a similar maximum velocity of

0.23 m s-1 and average speed of 0.12 m s-1. Sim-

ilar to the previous sub-section, based on the pip-

ing failuremode, BelunVillage was not affected by

flood.

3.4 Bed Shear Stress

The sediment transport capacity in the riverbed

was estimated using various parameters, includ-

ing critical erosion velocity, bed shear stress, unit

crucial discharge, and specific stream power. Bed

shear stress remained a frequently used param-

eter, playing a crucial role in identifying alter-

ations in bed morphology, sedimentation result-

ing from riverbank erosion, and corrosion con-

nected to river-crossing structures (Petit et al.,

2015; Li et al., 2022; Wang et al., 2023). Dam fail-

ure simulation results showed that the maximum

bed shear stress at KedungMaorwaterfall occurred

0.67 hours after the initiation of dam failure.

Figure 12 shows the evolution of bed shear stress

magnitude at KedungMaor, showcasing variations

along various flood discharges. At maximum dis-

charge, the value surged to 1745.42 N m-2, con-

tributing to increased downstream damage.

The erosion resistance of sediment was charac-

terized by critical shear stress. When the flow-

induced bed shear stress reached a critical point,

sediment movement was ensured, signifying the

prediction of initial bed sediment mobilization.

Due to the challenges in measuring this stress di-

rectly, empirical methods were used for sediment

erosion studies (Joshi et al., 2017; He et al., 2021).

Iber predicted bed shear stress based on velocity
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(a) overtopping (b) piping failure

Figure 11 Predicted velocity map

Figure 12 Evolution of bed shear stress at +0.81 km from main
dam

Figure 13 Evolution of critical diameter at +0.81 km from the
main dam

at the bottom boundary layer. The magnitude of

critical bed shear stress was instrumental in de-

termining the crucial diameter, showing the po-

tential size of sediment particles transportable by

flash flood. The efficacy of mathematical model-

ing in evaluating bed morphology evolution was

evident, with a preference for 2D modeling for its

simplicity, as shown by Feng et al. (2020); Hu et al.

(2020). Figure 13 showed that flood flowwas capa-

ble of transporting sediment with a relatively large

diameter, reaching up to 1.66 m with average di-

ameter of 1.2 m.

Figure 14 shows a bridge located approximately

450 m downstream from the waterfall, connecting

Kedungsumber and Kedungsari. Recognizing the

potential for severe damage, specific policies and

countermeasures were essential to safeguard the

Figure 14 Map of maximum bed shear stress at t = 0.67 hour

bridge.

3.5 Comparison with Real Dam Failure Data

The predicted peak flow was compared with real

dam failure data from Pierce et al. (2010). Model

results were compared with real-world dam fail-

ure to determine the consistency of peak discharge

predictions with available observations. Pierce

et al. (2010) composite database, which comprised

hydrologic and geometric variables from 87 dam

break case studies, provided regression relations

predicting peak discharge for embankment dam

break. Channel resistance expressed as Manning’s

roughness coefficient ’n’, served as the sole pa-

rameter required for the hydraulic model calibra-

tion. However, flood forecasting applications ne-

cessitated data from a similar magnitude flood for

calibration, which might not always be available
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Figure 15 Comparison of the linear best-fit equations of Pierce et al. (2010), U.S. Bureau of Reclamation (1982), Kirkpatrick (1977), Singh
and Snorrason (1982), Singh and Snorrason (1984), Evans (1986), MacDonald and Langridge-Monopolis (1984), Costa (1985), and peak
flow simulated by Iber model

(Bharath et al., 2021). The Manning’s coefficient

values also showed spatial variation based on land

use, as determined by satellite images, and the se-

lected figures were integrated into Iber model.

Peak flow of 6982.35 m3 s-1 was obtained for

Gongseng damusing Evans (1986) equation,with a

coefficient of determination R2 of 0.836. This rep-

resented approximately a 17% difference in peak

discharge from Iber model predictions. Peak dis-

charge predictions correlated with the observa-

tions reported by Pierce et al. (2010), as presented

in Figure 15, showing the best-fit equation be-

tween peak outflow and dam parameters. Iber

model predicted peak flow for Gongseng dam cor-

related reasonably effectively with all historic re-

gression relations.

3.6 Comparison of Empirical Methods

Flood wave propagation occurred in irregular to-

pography, comprising of contractions and expan-

sions due to riverbanks or other obstructions. Al-

though two-dimensional modeling may have sim-

plifications, it still reflected flow conditions, as

suggested by Kocaman et al. (2020). The limi-

tations of two-dimensional modeling further led

to irrational and excessive values. Users had ad-

ditional alternatives for adjusting numerical and

physical parameter values. The implementation

of this approach in dam break analysis yielded ac-

ceptable and logical results.

Comparing peak discharge in Figure 16 showed

that break geometry significantly impacted flood

peak amplitude. Mattas et al. (2023) and this

study reiterated the importance of failure time

over other characteristics. USBR break volumewas

Figure 16 Peak flow due to overtopping for different empirical
methods

Figure 17 Peak flow due to piping for different empirical meth-
ods

smaller than Froehlich, but USBR peak flow was

larger, indicating Von Thun method results in the

most severe destruction, as observed in Figure 16

Peak discharge values followed the order of Von

Thun, USBR, and Froehlich from largest to small-

est.

Based onFigure 17,floodpropagation downstream

decreased to 7.8 km, with Froehlich method re-

sulting in a flatter hydrograph compared to other

methods. The flatness was attributed to the time
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of failure, with Froehlich bursting resulting in the

lowest discharge. Water velocity affected flood

inundation and progression downstream, while

higher velocity correlated with greater destruc-

tion. Additionally, shorter arrival times made

evacuation and property protection more chal-

lenging. Dam failurewas also accompanied by sed-

iment transport,with a greater flow load leading to

increased impact force (Mo et al., 2023).

4 CONCLUSION

In conclusion, determining the precise nature of

dam failure was a complex undertaking in this

study on Gongseng dam. Peak discharge estimates

were derived as 6982.35m3 s-1 (Froehlich), 9070.33

m3 s-1 (Von Thun), and 8296.86 m3 s-1 (USBR). The

calculated inundation areas were 7.55 km² for pip-

ing and 12.57 km² for overtopping failures. Over-

topping scenarios presented the highest poten-

tial discharge, capable of transporting sediment

with a significant diameter, reaching up to 1.66

m. The empirical model proposed by Von Thun

yielded the most severe damage, particularly im-

pacting Kedungsumber village, where the proba-

ble maximum depth of inundation reached 4.58 m

and average velocity attained 0.84 m s-1. How-

ever, Belun experienced the least impact, with a

maximum inundation depth and average veloc-

ity of 1.08 m and 0.22 m s-1, respectively. This

study considered three various empirical methods

for estimating break parameters, with Von Thun

method resulting in the most catastrophic conse-

quences, followed by USBR and Froehlich analy-

ses. Von Thunmethod outperfromed for its capac-

ity to generate the largest break dimensions in a

short time, leading to extreme flood events. The

Ibermodel used a 2D technique, assuming velocity

averaging over depth, with the potential to limit

the accurate understanding of the intensity pro-

files. Subsequent investigations were promoted

to incorporate an advanced turbulence model and

higher-resolution DEM to enhance the association

of results with real-world conditions. Further-

more, this study recommended the integration of

the Pacal Dam into the emergency action plan, re-

iterating the significance of preparedness in miti-

gating the potential impact of dam failure.
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