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Abstract
Studies on concrete dam breach are limited compared to earthen and other types of dams. With an increase in the 
construction of concrete dams, particularly in the developing world, it is imperative to have a better understanding 
of the dam breach phenomena and the identification of the most influential breach parameters. This study aims 
to contribute to this gap by taking the case of the concrete arch dam proposed for the 1200 MW Budhigandaki 
Hydropower Project located in central Nepal. This study carries special significance for Nepal, primarily because of 
the increasing number of under construction and proposed large dams for water resources development in the 
country. We carry out dam breach analysis of the Budhigandaki dam using HEC-RAS 2D model to calculate the 
flood discharge peaks, time to peak, water surface elevation and the extent of inundation for two scenarios (with 
and without probable maximum flood) to estimate the damage on four downstream settlements. We carry out 
sensitivity analysis of the breach parameters on the flood magnitudes and severity. Results show that all the study 
locations lie in the high flood hazard zone. Flood peaks can reach as high as 286,000 m3s− 1 to 511,000 m3s− 1 in the 
considered settlements. The time to peak ranges from 11.3 to 17 h after the breach at these locations. We estimate 
that if a breach should happen, it would most likely inundate around 150,000 buildings, impact nearly 672,000 lives 
and flood 3,500 km of road downstream. Furthermore, dam breach elevation is found to be the most sensitive 
parameter to downstream floods. Hence, rather than structural measures, it is recommended that non-structural 
measures are implemented for minimizing the impacts of flood disasters at the study locations. The findings could 
be a useful reference for future dam projects in Nepal and other areas with similar hydrological and topographical 
conditions.
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Introduction
Dams are storage structures providing beneficial func-
tions such as flood control and water supply for differ-
ent types of users (for example, domestic water supply, 
hydropower, irrigation, recreation and water transport). 
The construction of large dams along with generation 
of electricity started during the industrial revolution in 
Europe and America. The early 1900s ushered in an era 
of “big dam” building in America mostly for hydropower 
generation as demands for electricity increased, the 
Hoover Dam being regarded as an engineering marvel. 
The Asian region includes some of the largest dams in 
the world today such as Tarbela Dam and Mangla Dam 
in Pakistan, Nurek Dam in Tajikistan, San Rogue Dam in 
Phillipines and Three Gorges Dam in China, mostly for 
hydropower generation.

Despite the benefits, failure of dams can cause tre-
mendous losses by generation of unforeseen flood mag-
nitudes in downstream areas. Unfortunately, the history 
of dams has been studded with disasters of various types, 
sometimes of great magnitude, with loss of human lives 
and destruction of property and infrastructure (Aureli 
et al. 2021). USACE (2018) lists causes of dam breach as 
earthquakes, landslides, extreme storms, piping, equip-
ment malfunction, structural damage, foundation failure, 
and sabotage. Regardless of the reason, almost all failures 
begin with a breach formation.

Basically, breach is defined as the opening formed in 
the dam body that leads the dam to fail and this phe-
nomenon causes the stored water behind the dam to 
propagate rapidly downstream (Dincergok 2007). Despite 
piping or overtopping being the main modes of dam fail-
ure, the actual mechanics are still not completely under-
stood for either earthen or concrete dams (USACE 2018). 
Past dam-failure disasters have shown that the majority 
of dams that have failed are earthen (74 dam breaks out of 
7812 earthen dams) and the highest percentage of failure 
of rockfill dams (17 dam breaks out of 200 rockfill dams) 
(Fang et al. 2017). The world’s worst dam disaster hap-
pened in China in 1975 when the Banqiao and Shimantan 
dams failed killing about 171,000 people while 11 million 
lost their homes (Vincent et al. 2020). In 1979, the 25 m 
high Machu Dam in India, which stored 100 million m3, 
failed after several hours of over-topping causing about 
10,000 deaths, 150,000 people were displaced, and 10,000 
habitations were destroyed (Lempérière 2017). A recent 
case of the failure of the Rishiganga dam in Uttarakhand 
(India) in 2021 due to glacier avalanche caused more than 
200 deaths and severely damaged infrastructure (Shugar 
et al. 2021). Similarly, failure of the Edenville dam fol-
lowed by the Sanford dam downstream on the same day 
in 2020 due to heavy rain in Michigan USA ( Independent 
Forensic Team 2022), and failure of the Spencer Dam in 
Nebraska USA in 2019 due to ice run (Ettema et al. 2021), 

demonstrate the devastation that dam breaches can lead 
to. Thus, identification of the vulnerable areas and being 
aware of the likely damages are key for minimization of 
the adverse impacts of dam breach.

Dam breach analysis involves three key sequential 
steps: predicting the reservoir outflow hydrograph, 
determining dam breach parameters, and routing the 
hydrograph downstream. Essentially, the breach flood 
hydrograph depends on the prediction of breach geom-
etry and breach formation time (Basheer et al. 2017). 
There have been many studies on dam breach analysis 
around the world from the 1980’s (Leng et al. 2023; Singh 
and Snorrason 1984; USACE 2024). Dam breach analy-
sis is generally carried out by either numerical/computer 
models or scaled-down physical models. The United 
States Department of Interior (1988), recommends esti-
mating a reasonable maximum breach discharge using 
four principal methods:
 
Physically Based Methods: Using erosion models based 
on principles of hydraulics, sediment transport and soil 
mechanics, development of breach and resulting breach 
outflow are estimated;
Parametric Models: Time to failure and ultimate breach 
geometry are assessed utilizing case studies; breach 
growth is simulated as a time-dependent linear process 
and breach outflows are computed using principles of 
hydraulics;
Predictor Equations: Using data of case studies, peak dis-
charge is estimated from empirical equations and a rea-
sonable shape of outflow hydrograph is assumed; and.
Comparative Analysis: Breach parameters are deter-
mined by comparison of dam under consideration and a 
dam that failed.

 
There are far fewer studies on the failures of concrete 
dams compared to earthen dams, especially due to 
breaches which leads to difficulty in determining the 
concrete dam breach parameters (Fang et al. 2017). 
Moreover, a study of well documented dam-failure cases 
showed that empirical formulas provide results closer to 
reality (Fang et al. 2017). For instance, Froehlich(1995) 
developed a prediction equation for the average breach 
width based on 63 cases of embankment-dam failures 
and an equation for the breach-formation time based on 
21 cases. Focusing on earthen dams has been driven by 
their historical prevalence, cost-effectiveness, and adapt-
ability. However, studying concrete arch dams is crucial 
for advancing engineering practices, improving safety 
and efficiency in dam construction, supporting hydro-
electric power generation, addressing environmental 
impacts, and preserving significant cultural landmarks. 
Many federal agencies such as FERC (1993),Office of the 
State Engineer(2020) and USACE (2014) have published 
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guidelines recommending possible ranges of values for 
breach width, side slopes, and development time for dif-
ferent types of dams. This study aims to investigate the 
breach characteristics of concrete arch dams, an area 
with limited existing literature. Several dam breach 
analysis studies have been carried out in Nepal such as 
in Kulekhani dam using HEC-RAS (Pandey et al. 2023), 
Kaligandaki landslide dam using BREACH (Bricker et al. 
2017), Koshi high dam using HEC-RAS (Gyawali, D.R. 
and Devkota, 2015), among others. However, no sensitiv-
ity analysis of dam breach parameters has been carried 
out for the afore-mentioned studies.

The proposed Budhigandaki dam located in the trans-
boundary Budhigandaki Basin, spread over southern 
China and central Nepal, is taken as a case. The Govern-
ment of Nepal (GoN) has prioritized hydropower genera-
tion as the backbone of economic development to attain 
the goals to raise the country’s status to middle income 
country level by 2030 (Government of Nepal 2020). As a 
result, there are currently more than 9 planned and pro-
posed large hydropower dam projects by the state (Nepal 
Electricity Authority 2022). The Budhigandaki Hydro-
power Project (BGHPP) could be the largest storage 
project of Nepal, if constructed, which could lead to cata-
strophic damages downstream in the event of a breach.

Hence, the overarching objective of this study is to 
assess the flood impacts of the Budhigandaki Dam on 
the downstream settlements due to possible dam breach 
scenarios. Specifically, this study intends to quantify the 
peak discharge, time to peak, and the water surface eleva-
tion at the downstream locations due to a dam-breach 
flood. Further, sensitivity analysis of five different dam 
breach parameters is conducted to acquire informa-
tion about extent of influence of each parameter on the 
dam breach. The analysis is carried out in the widely-
used hydraulic model Hydrologic Engineering Center’s 
- River Analysis System (HEC-RAS) developed by the 
United States Army Corps of Engineers (USACE). Fur-
thermore, zoning of the downstream settlement areas 
in Geographic Information System (GIS) based on flood 
severity provides meaningful information to the project 
developers as well as planners in the impacted areas.

Materials and methods
Study area
The Budhigandaki Hydropower Project (BGHPP) is a 
1200 MW storage type proposed project of Nepal located 
approximately 2 km upstream of the confluence of Bud-
higandaki River with Trishuli River as shown in Fig.  1. 
The Budhigandaki Dam is a 263 m high double curvature 
concrete arch dam with a reservoir volume of 4.5 billion 
cubic meters (BCM), out of which the active storage is 
2.2 BCM. The dam crest length is 737.4 m and the res-
ervoir Full Supply Level (FSL) is at 540 m above sea level 

(masl) (Budhigandaki Development Committee, 14a). 
There are some major settlement areas nearly 110  km 
downstream which are susceptible to danger in case of 
dam breach. For this study, four major towns namely, 
Narayangarh, Baraghare, Divyanagar and Meghauli, have 
been assessed. Moreover, future risk of impact from the 
dam failure can be expected to increase as increased in 
population growth due to improved job opportunities 
and other economic activities in the area because of the 
construction of the dam. Therefore, the Budhigandaki 
Dam has been taken as a case in this study to assess the 
flooding impacts of the dam on the downstream areas 
through simulation of a hypothetical dam failure.

Methodology
Dam breach analysis of the Budhigandaki dam has been 
carried out in HEC-RAS using unsteady flow simulation 
with terrain and land cover as the geometric input data. 
The upstream boundary condition is the probable maxi-
mum flood (PMF) hydrograph which has been generated 
using an empirical method while the downstream bound-
ary condition is normal depth. Two dam failure scenar-
ios, namely, dam breach at reservoir full condition with 
PMF (Scenario I: base case) and dam breach at reservoir 
full condition without PMF (Scenario II), have been mod-
elled in the study. Outputs of the simulation are used for 
creating flood inundation maps, flood hazard vulner-
ability maps and flood arrival time maps correspond-
ing to the different scenarios. Sensitivity analysis of the 
dam breach parameters is also carried out to assess their 
impacts on the flood conditions downstream of the dam. 
Figure 2 summarizes the overall research methodology.

Data
The spatial inputs required to model the dam breach are 
digital elevation model (DEM), land cover and Manning’s 
roughness coefficient. Rainfall and discharge are needed 
for generation of inflow hydrograph as upstream bound-
ary condition to the model. In addition, infrastructure 
data of the downstream area is required for estimating 
the impacts of floods. Details of the required data and 
their sources are presented in Table 1.

PMP and PMF
The probable maximum precipitation (PMP) is the theo-
retical maximum precipitation for a given duration under 
current meteorological conditions (World Meteorologi-
cal Organization 2009). Daily maximum rainfall data of 
13 surrounding stations from 1972 to 2014 has been used 
for the calculation of PMP. The 1-day PMP for all the sta-
tions was calculated using Hershfield formula (Hershfield 
1965) given in Eq. (1) :

	 PMP = M + K.S � (1)



Page 4 of 16Awal et al. Environmental Systems Research           (2024) 13:37 

Where, PMP = Probable maximum precipitation.
M = mean of maximum daily rainfall sample S = Stan-

dard deviation.
K = Frequency factor = 15 (Hershfield 1965).
The calculated 1-day PMP of the point stations was fur-

ther interpolated using Thiessen Polygon, Kriging, Spline 
and Inverse Distance Weighing (IDW) methods in GIS 
to compute the 1-day PMP for the Budhigandaki Basin. 
In order to model a worst-case scenario, the maximum 
value of the PMP among these methods was chosen for 
generating the PMF hydrograph.

Probable Maximum Flood (PMF) is theoretically the 
flood resulting from a combination of the most severe 
meteorological and hydrologic conditions that could 
conceivably occur in a given area (FERC 2001). HEC-
RAS requires a flood hydrograph to be provided as input 
for the unsteady flow analysis in the dam breach model. 
Therefore, a synthetic unit hydrograph was developed 
using Snyder’s Method (American Geophysical Union 
1938) using the following equations (Eq.  (2) to Eq.  (7) 
which was then transposed to generate a direct runoff 
hydrograph of PMF.

Mathematically,

	 Tlag = Ct(L ∗ Lca)
0.3 � (2)

	
Td =

Tlag

5.5
� (3)

	
qp =

640 ∗ A ∗ Cp

Tlag
� (4)

	
Tb = 3 +

Tlag

8
� (5)

	
W50 = 770 ∗

(qp
A

)−1.08

� (6)

	
W75 = 440 ∗

(qp
A

)−1.08

� (7)

Dam breach analysis
Dam breach analysis of the Budhigandaki dam has been 
carried out in HEC-RAS model under two-dimensional 
dynamic (unsteady-flow) mode. Hypothetical breach 
of the dam and its propagation downstream has been 

Fig. 1  Location of Budhigandaki dam and downstream settlement areas

 



Page 5 of 16Awal et al. Environmental Systems Research           (2024) 13:37 

modelled using 2D Diffusion wave equations (Eq.  (8) to 
Eq. (10)).

	

∂ ζ

∂ x
+

∂ p

∂ x
+

∂ q

∂ y
= 0 � (8)
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+

∂
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� (9)

	

∂ q

∂ t
+

∂

∂ x

(
q2

h

)
+

∂

∂ y

(pq
h

)
=− n2qg

√
p2 + q2

h2
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∂ ζ

∂ y
+ qf

+
∂

ρ ∂ y
(hτ yy) +

∂

ρ ∂ x
(hτ xy)� (10)

Where, h is the water depth (m), p and q are the specific 
flow in the x and y directions (m2 s− 1), ζ is the surface 
elevation (m), g is the acceleration due to gravity (9.8 m 
s− 2), n is the Manning’s coefficient, ρ is the water density 
(1000 kg m− 3), τxx, τyy, and τxy are the components of the 
effective shear stress along x and y directions (N m− 2), 
and f is the Coriolis (s− 1).

Two-dimensional (2D) mesh of size 100 m x 100 m was 
chosen to represent the downstream land. Comparison 
of different mesh sizes (100 m and 200 m) indicated no 
significant difference in model performance. The stor-
age areas and downstream areas are connected using an 
inline structure (Budhigandaki dam) as shown in Fig. 3. 
“Storage Area” refers to upstream reservoir of the dam 
axis while “Downstream Study Area” represents the 

Fig. 2  Overall research methodology of this study. DEM: Digital Elevation Model, PMP: Probable Maximum Precipitation, PMF: Probable Maximum Flood, 
SA: Storage Area, 2D: Two Dimensional, FSL: Full Supply Level
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Table 1  Data required for dam breach analysis of the Budhigandaki dam and mapping the downstream impacts
Data Description Source Resolution/ 

Remarks
DEM Digital Elevation Model SRTM 1-Arc Second grids

earthexplorer.usgs.gov
(Accessed: 10th Jan 2021)

Rainfall Daily observed rainfall Department of Hydrology and Meteorology (DHM), Nepal 13 stations; 
(1972–2014) 43 
years data

Discharge Mean Monthly observed 
streamflow

(BGHPP Development Committee 2014b) 1 station; (1964–
2012) 49 years data

Land use Land use/cover map ICIMOD (2013)
https://rds.icimod.org/Home/DataDetail?metadataId=9224
13th Jan 2021

30 m x 30 m grids

Manning’s Roughness 
Coefficient

Land use Roughness Chow, 1959 Values

Infrastructure Buildings, Roads, Bridges Open Street Map (OSM)
https://download.geofabrik.de/asia/nepal.html
(Accessed: 20th Jan 2021)

Shapefiles

Fig. 3  HEC-RAS 2D flow area and model schematic for the flood simulation of Budhigandaki dam breach

 

https://rds.icimod.org/Home/DataDetail?metadataId=9224
https://download.geofabrik.de/asia/nepal.html
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four towns (Narayangarh, Baraghare, Divyanagar, and 
Meghauli) located downstream which are likely to be 
inundated in case of dam breach (BGHP, 2015). Bound-
ary conditions are required at the upstream and down-
stream ends of the model for flood routing. The upstream 
boundary was fixed at the reservoir extent (storage 
area) and the boundary condition was provided in the 
form of flood hydrograph generated from PMF. Outlet 
is the downstream boundary past the settlement areas 
as shown in Fig. 3 while the boundary condition of nor-
mal depth is maintained by providing the river bed-slope 
obtained from the DEM.

Scenarios and sensitivity analysis
In order to quantify the downstream effects of the Bud-
higandaki dam breach, the following two scenarios have 
been simulated:

Scenario 1: Dam breach when reservoir is at FSL 
with PMF.
Scenario 2: Dam breach when reservoir is at FSL.

Only overtopping breach mode was analyzed as the dam 
is made up of concrete and there are less chances of other 
failure modes (Zhang et al. 2016). Moreover, for better 
understanding the Budhigandaki dam breach mechanism 
and impacts, sensitivity analysis of the following five 
important breach parameters as breach bottom elevation, 
breach bottom width, breach weir coefficient, breach 
formation time and breach side slope was carried out 
by varying their values over a reasonable range obtained 
from literature.

Scenario I have been considered as the base case. Sen-
sitivity of the above-mentioned breach parameters on 
flood peak discharge, water surface elevation and flood 

arrival time at the four downstream locations along with 
inundation area are analyzed considering the base case.

The inputs for the dam break analysis adopted for the 
base case i.e., Scenario I is listed in the Table 2. The val-
ues of breach parameters have been derived from FERC 
(1993), Office of the State Engineer (2020) and USACE 
(2014) specific for concrete dams.

Flood characteristics from 2D simulations
Using RAS Mapper, a series of flood maps were gener-
ated based on the outputs of the 2D simulation of the 
Scenario I dam breach. These maps were helpful in iden-
tifying the potentially risky and safe areas. The outputs 
of the HEC-RAS model were exported to GIS for further 
analysis and mapping.

Maximum Flood depth map  Using the simulation results, 
flood inundation maps were prepared illustrating the 
maximum flood depths across the study area for the dif-
ferent scenarios.

Flood Hazard Vulnerability Map: A flood hazard vul-
nerability map based on the product of depth and veloc-
ity was prepared using the Australian Rainfall-Runoff 
Guidelines (Australian Rainfall and Runoff 2019) which 
categorize the flood in six zones as: H1 ( D*V ≤ 0.3, Dmax 
= 0.3  m, Vmax= 2.0  m/s, safe for people, vehicles and 
buildings); H2 ( D*V ≤ 0.6, Dmax= 0.5  m, Vmax= 2.0  m/s, 
unsafe for small vehicles); H3 ( D*V ≤ 0.6, Dmax = 1.2 m, 
Vmax = 2.0 m/s, unsafe for vehicles, children and elderly); 
H4 ( D*V ≤ 1.0, Dmax = 2.0 m, Vmax = 2.0 m/s, unsafe for 
people and vehicles); H5 ( D*V ≤ 4.0, Dmax = 4.0 m, Vmax 
= 4.0 m/s, unsafe for people and vehicles, buildings vul-
nerable to structural damage) ; H6 ( D*V > 4.0, unsafe 
for people and vehicles, all buildings vulnerable to fail-
ure) where D and V refer to the flood depth and velocity, 
respectively while Dmax and Vmax refers to the maximum 
depth and maximum velocity, respectively.

Flood arrival Time Map  Flood arrival time maps repre-
sent the computed time (in hours or days) from a speci-
fied time in the simulation when the water depth reaches 
a specified inundation depth. For the case of Budhigan-
daki dam breach, flood arrival times at the four settlement 
areas were calculated and mapped.

Results
Estimated values of PMP and PMF
The 1-day PMP value using the 13 precipitation stations 
was calculated to be 518  mm, 530  mm, 556  mm and 
485  mm using Thiessen polygon, Kriging, inverse dis-
tance weighted (IDW), and Spline interpolation methods, 
respectively. As a worst-case scenario, we chose the IDW 
method, which gave the maximum value of PMP among 
the four methods, for generating the PMF hydrograph. 

Table 2  Breach parameters for the base case of dam breach
Parameter Value Unit Ranges for 

Sensitivity 
Analysis

Dam type Double Curvature 
Concrete Arch

Dam height 263 meters
FSL 540 masl
Breach mode Overtopping
Breach formation 
time

0.1 hours 0.05 h to 0.3 h

Breach width base 80 meters 55 m to 150 m
Breach weir 
coefficient

1.44 0.9 to 1.7

Side Slope 1.3H:1V 0.7H:1V to 
2.5H:1V

Breach Bottom 
Elevation

450 masl 525masl to 
450masl
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Using the input data listed in the Appendix 1, ordinates 
of the synthetic unit hydrograph was computed using 
Snyder’s method as shown in Fig. 4.

From the synthetic unit hydrograph and rainfall inten-
sity duration curve, Direct Runoff Hydrograph was gen-
erated. The flood values are generated for a 60-minute 
interval by linear interpolation between the ordinates of 
the unit hydrograph. August is the month with the high-
est flows at the Budhigandaki dam site. Therefore, base 
flow of 441 m3 s− 1 which is the mean August flow (during 
1964–2012) was added to obtain the final hydrographs 
(BGHPP Development Committee 2014b). The final 
results are plotted in Fig. 4. I t can be seen that the peak 
discharge of 11,669 m3 s− 1 occurs at 33.9 h after the start 
of rainfall for PMF + base flow.

Flood depth and flood hazard vulnerability
The river valley of 110 km length from Budhigandaki dam 
to Meghauli was considered for the analysis. The maxi-
mum flood depth Fig. 5 shows that the flood depth is as 
high as 212 m in the upstream area as the river channel is 
narrow whereas the depth becomes lesser in the down-
stream river sections where the area is relatively wide and 
plain. The maximum water depths at Narayangarh is esti-
mated to be 90 m followed by 50.3 m at Baraghare.

Similarly, Flood Hazard Vulnerability Map based on the 
depth and velocity was prepared as shown in Fig. 6. It can 
be identified from the map that all the downstream area 
lies in H6 zone i.e., unsafe for people and vehicles and all 
buildings are vulnerable to failure.

Flood arrival time
Simulated flood peak arrival times calculated at the four 
downstream settlement areas are shown in Fig.  7. It 
is useful in designing of early warning systems at these 
locations. It can be seen that the travel times range from 
11.3  h (Narayangarh) to 17  h (Meghauli) immediately 
after the dam breach depending on the proximity from 
the dam.

Flood inundation across different land covers
As an impact of dam breach on land cover, it is seen 
that the inundated type to be most likely inundated is 
agricultural area (538 km2). Similarly, 239 km2 of for-
est is likely to be inundated second in rank. Grassland, 
water body, barren area, built-up area and shrub land 
are expected to be inundated with areas of 43 km2, 38 

Fig. 5  Flood Inundation Map Based on Maximum Depths

 

Fig. 4  Synthetic Unit Hydrograph and Probable Maximum Flood Hydro-
graph for the Budhigandaki dam
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km2, 25 km2, 22 km2 and 1.5 km2 respectively as shown 
in Fig. 8.

Flood Impact on Water Surface Elevation (WSE) and peak 
discharge
Water surface elevations along the modelled river 
reach corresponding to the two scenarios are shown 
in Fig.  9. It is seen that the water surface is nearly 
110  m above the bed level at immediate downstream 

of the dam site while it is as low as 30 m in the down-
stream study areas. There is an enormous volume of 
water flowing down in a very short time because of the 
breach resulting in such high values of water depths 
along the river reach. There is very less change in the 
water surface elevation between Scenario-1 and 2. 
Also, at the settlement areas, the flow width is large 
i.e., flat plain area and hence lesser change is seen on 
the water surface elevation at downstream areas.

Fig. 7  Flood arrival time for the major downstream settlement locations; D/S is downstream

 

Fig. 6  Flood Hazard Vulnerability Mapping Based on Depth and Velocity
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Fig. 9  Profile of water surface elevation and river bed for Scenario I and Scenario II. Scenario I: Dam Breach at FSL with PMF and Scenario II: Dam Breach 
at FSL without PMF

 

Fig. 8  Inundation extent due to dam breach by land cover
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For the two scenarios (Scenario-1 and Scenario-2), 
the flow hydrographs have been compared at immedi-
ate downstream of the dam and at the four major settle-
ment locations as shown in Fig. 10. It is to be noted that 
the peak discharge occurs nearly at the same time for 
both scenarios at all locations. At Narayangarh, peak 
discharges for Scenarios-1 and 2 are 511,587 m3 s− 1 and 
501,479 m3 s− 1 respectively i.e., around 2% of difference 
in the value. Similarly, at Baraghare, the peak discharge 
for Scenario-1 is 454,267 m3 s− 1 whereas 441,862 m3 s− 1 
for Scenario-2 and for Divyanagar, the peak discharge for 
Scenario-1 is 364,697 m3 s− 1 whereas 357,294 m3 s− 1 for 
Scenario II respectively. Lastly for Meghauli, the peak dis-
charge for Scenario-1 is 294,928 m3 s− 1 whereas 286,813 
m3 s− 1 for Scenario-2. It is obvious that the peak dis-
charge for Scenario-1 is greater than that of Scenario-2, 
however, the differences in the peak values between the 
two scenarios are quite small (in the range of 2–3%). This 
implies that the storage volume of the dam is the major 
contributor to the flood discharge rather than the PMF.

Flood impact on infrastructure
The possible impact of inundation due to dam breach 
on buildings and roads was assessed. The total road 

length includes several types of roads such as highways, 
feeder roads, district roads and local roads. The inun-
dated highway road length has been computed sepa-
rately and all other types of roads has been kept as other 
roads (Table 3). It can be seen that Chitwan is the most 
impacted district with 58.5% of buildings and 2,541  km 
of road likely to be inundated. Meanwhile, Gorkha 
is expected to be the least affected district with 2.6% 
buildings and 132.4  km road inundated. Also, 149,311 
numbers of buildings are inundated in total. If the total 
number of persons on average per household is taken as 
4.5 (Cental Bureau of Statisitics 2016), a total of about 
0.7 million people are likely to be affected by inundation 
in the case of dam breach. This is about 2.3% of the total 
population of Nepal.

Sensitivity analysis
Sensitivity analysis was performed in order to estimate 
the impact of the breach parameters on the simulated 
floods in the downstream impacted areas. The values 
of the input breach parameters were changed within 
a reasonable range, one at a time, in the dam breach 
model and the corresponding values of the peak dis-
charge, water surface elevation, flood arrival time 

Fig. 10  Comparison of flood hydrographs at major study locations for Scenario I and Scenario II. Scenario I: Dam Breach at FSL with PMF and Scenario II: 
Dam Breach at FSL without PMF
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and land inundation area were recorded. Breach bot-
tom elevation was varied from 450 masl to 525 masl. 
Similarly, breach width was varied from 55 m to 150 m 
and breach weir coefficient was varied from 0.9 to 1.7. 
Also, breach formation time was varied from 0.05  h 
to 0.3  h and breach side slope was varied from 0.7:1 
to 2.5:1 (H: V). Results of the sensitivity analysis have 
been presented in Table 4.

Breach bottom elevation
It is seen from Table 4 that as the breach bottom ele-
vation is increased from 450 masl to 525 masl, the 
value of peak discharge and WSE are significantly 
decreased at the different downstream locations. It is 
observed that a 30% increase in breach bottom eleva-
tion (450 masl to 475 masl) led to 20–35% decrease 
in peak discharge, 20–25% decrease in WSE at differ-
ent downstream locations and nearly 30% decrease 
in inundation area (893 km2 to 735 km2). However, 
the flood peak arrival time is not much altered due to 
change in breach bottom elevation.

Breach bottom Width
It is seen from Table 4 that an increase in breach width 
from 55 m to 150 m corresponds to an increase in dis-
charge, WSE and inundation area but the change is not 
as significant as compared to that of change in breach 
bottom elevation. A 30% increase in breach width 
(80  m to 105  m) led to nearly 3% increase in peak 
discharge at all downstream locations. However, not 
much change is seen on the WSE, flood arrival time 
and inundation area due to change in breach bottom 
width.

Breach weir coefficient
An increase in the breach weir coefficient from 0.9 to 1.7 
led to increase in discharge, WSE and inundation area 
but with a smaller magnitude compared to that of change 
in breach bottom elevation (Table  4). A 20% increase 
in breach weir coefficient (1.44 to 1.7) led to nearly 3% 

increase in peak discharge at all downstream locations. 
Also, no significant change is seen on the WSE, flood 
arrival time and inundation area due to change in breach 
weir coefficient.

Breach formation time
Interestingly, there is very insignificant change in peak 
discharge, WSE, flood arrival time and inundation area 
due to varying breach formation time (Table 4). The val-
ues of peak discharge, WSE, flood arrival time and inun-
dation area remain almost unchanged despite the breach 
formation time is increased up to 200% (0.1 h to 0.3 h).

Breach side slope
A 50% increase in the side slope (1.3:1 to 2:1) led to nearly 
2–3% increase in peak discharge as shown in Table  4. 
Also, no significant change is seen on the WSE, flood 
arrival time and inundation area due to change in breach 
side slope.

Thus, results of the sensitivity analysis varying the 
values of the breach parameters, namely, dam breach 
bottom elevation, breach bottom width, breach weir coef-
ficient, breach formation time and breach side slope on 
the peak discharge, WSE, flood arrival time and down-
stream inundation area has been summarized in Table 5. 
It can be seen that dam breach bottom elevation is the 
most sensitive parameter with respect to output values 
such as peak discharge, WSE and downstream inunda-
tion area while breach formation time is the least sensi-
tive parameter with respect to all the output parameters.

Discussion
Input data
We have estimated the PMP followed by PMF which is 
the upstream boundary condition required for the dam 
breach model in HEC-RAS. The PMP value was chosen 
as 556 mm from the IDW method. Also, the PMP value 
as per the detail design report (BGHPP Development 
Committee 2014b) is 594  mm. Both the values of PMP 
are generated using Hershfield formula. However, this 

Table 3  Impacts of inundation due to dam breach on infrastructure
Infrastructure District

Chitwan Dhading Tanahu Nawalparasi East Gorkha
Buildings
Total Number of Buildings 182,458 88,411 109,406 90,783 93,631
Number of Building Affected 106,739 2,370 3,614 34,242 2,346
Percentage Affected 58.5% 2.7% 3.30% 37.7% 2.5%
Road
Total Highway Length (km) 1,377
Total Highway Inundated (km) 88 33.1 7.4 25.6
Total Other Road Length (km) 8,900
Other Roads Inundated (km) 2,453.3 101.8 142.6 738.8 132.4
Total Road Length Inundated (km) 2,541.2 134.8 150.0 764.4 132.4
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slight variation in the PMP values is due to the difference 
in the values of frequency factor. The value of frequency 
factor in this study is taken as 15 (Hershfield 1965). Sub-
sequently, the PMF value for this study is generated using 
Snyder’s Unit Hydrograph Method with peak discharge 
as 11,669 m3 s− 1. Besides, by using regional method the 
PMF was calculated to be 11,479 m3 s− 1 and regional 
regression flood analysis method 11,957 m3 s− 1 (Depart-
ment of Electricity Development 2006). Hence, the PMF 
values considered in this study are assumed to be reliable.

Impacts of dam breach and sensitivity analysis of dam 
breach parameters
Simulation results of Scenario I and Scenario II showed 
that there is a huge peak discharge immediately down-
stream of the dam breach (Fig. 10 and the difference in 
discharge values for both scenarios is low. The reason for 
this is due to the large storage volume of the dam lead-
ing to minimum effect of PMF being observed. Also, the 
downstream tributaries are much smaller compared to 
the Budhigandaki mainstream river. Hence, their addi-
tional impacts on the dam breach flood magnitudes can 
be considered to be marginal. Additionally, the outputs 
such as peak discharge, WSE, flood arrival time and 
inundation area from the dam breach has been estimated 
as a standalone event. The impact of addition of inflows 
from the other tributaries (for example, due to localized 
cloudburst events) to the mainstream river in the down-
stream settlement area could be areas of further study.

Previous dam breach analysis on Budhigandaki dam 
has been carried out by Tractebel and jade consult as JV 
using TELEMAC software (BGHPP Development Com-
mittee 2014a). The output results of the previous study 
appeared to be quite different from the study carried out 
using HEC-RAS. There could be various reasons for such 
discrepancies. The TELEMAC model has considered full 
dam breach whereas our study does not consider full dam 
breach. Also, the earlier model has considered high accu-
racy resolution LiDAR data and other input data (mesh 
size 30 m*50 m) whereas our study considers 30 m*30 m 
DEM data and 100 m*100 m mesh size due to model sta-
bility issues. However, the pattern of change in peak dis-
charge and WSE at the different study locations are quite 
similar for both models.

Dam breach analysis has been carried out in different 
parts of the world using HEC-RAS adopting a method-
ology similar to ours. For example, simulations of the 
breach of Batutegi earthen Dam, Indonesia (Wahyudi 
2004), Mosul earthen Dam, Iraq (Basheer et al. 2017) and 
the results of sensitivity analysis are found out to be quite 
similar to this study. All these studies showed that dam 
breach bottom elevation is the most sensitive param-
eter. Further, the trends in WSE and peak discharge with 
time and distance from the dam obtained in these studies Ta
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are also comparable to those of our study. The WSE and 
peak discharge increased with the increase in the breach 
parameters as breach bottom elevation, breach bottom 
width, breach weir coefficient and breach side slope. The 
peak discharge decreased with increase in breach for-
mation time and negligible change was seen on WSE. 
Hence, through sensitivity analysis, it is seen that dam 
breach bottom elevation is the most sensitive parameter 
while breach formation time is the least sensitive param-
eter with regards to the floods.

Challenges to flood management
This analysis of a hypothetical dam breach provides 
insight to the level of possible damage should such a 
breach occur. Also, it can be deduced from this study 
that construction of embankments along the river is not 
a practical mitigation measure because of the extremely 
high-water depths (nearly 90  m) that these structures 
need to retain within them. Hence, other non-structural 
preventive measures such as creating awareness regard-
ing flood risks, community-based flood early warning 
system (CBFEWS), training and deployment of efficient 
disaster response teams, zoning of high-risk areas, avoid-
ing construction/settlements in such areas, identification 
of evacuation centers etc. are recommended. The Yoko-
hama Strategy and Plan of Action (World Conference 
on Natural Disaster Reduction 1994), Hyogo Framework 
for Action 2005–2015 (International Strategy for Disas-
ter Reduction 2005), and the current Sendai Framework 
for Action 2015–2030 (United Nations 2015) highlight 
the importance of early warning in reducing disaster 
risk and enhancing the resilience of vulnerable commu-
nities. CBFEWS generates and disseminates meaningful 
and timely flood warnings to vulnerable communities 
threatened by flood, so they can prepare and act correctly 
in sufficient time to minimize the possibility of harm. 
Owing to non-structural measures, the response and 
adaptation to floods of the vulnerable communities vary 
widely and are impacted upon by various factors, such as 
community resilience and susceptibility to flood. Also, 
the effectiveness of the non-structural measures appears 
sensitive to the socio-economic changes and governance 
arrangements (Dawson et al. 2011). Nonetheless, non-
structural measures provide flexible flood management 

options for adapting to the ever-changing river basins, 
socio-economic and climate scenarios, and are in line 
with the spirit of environment friendly and sustainable 
development (Shah et al. 2018). Also, research on iden-
tification of shelter areas and evacuation plan can be an 
extension of this study using network analysis, buffers 
and proximity analysis in GIS. Moreover, the sensitivity 
analysis depicts the most sensitive breach parameters 
which need to be considered with extreme importance 
during planning, design, construction and operation of 
the dam.

Conclusions
This paper simulated the dam breach scenarios of the 
proposed Budhigandaki dam in central Nepal using 
HEC-RAS and assessed the impacts on the downstream 
settlements. Flood peaks, water surface elevations and 
flood arrival times were calculated for the two scenarios 
with and without PMF. In addition, sensitivity analysis 
was carried out to examine the influence of the breach 
parameters on the flood characteristics.

Results show that the entire downstream area lies in 
high hazard zone with flood arrival times at Narayangarh, 
Baraghare, Divyanagar and Meghauli ranges from 11.3 h 
to 17 h. Moreover, a total of 1,49,311 number of buildings 
are prone to inundation in the case of dam breach along 
with 671,900 lives at risk and around 3,500  km stretch 
of road most likely to be severely damaged. The dam-
break flood peak exceeds 650,000 m3s− 1 in the immedi-
ate downstream of the dam while it attenuates to 511,000 
and 286,000 m3s− 1 at Narayangarh and Meghauli, respec-
tively. The maximum depth of water ranges from 30  m 
(in the downstream flat areas) to 212 m (in the upstream 
steep gorges) clearly discarding the physical and eco-
nomic feasibility of structural measures for flood man-
agement in this case. In addition, 538 km2 of agricultural 
land and 25 km2 of built-up land is at risk of flood inunda-
tion. Therefore, it is imperative to implement preventive 
and non-structural measures such as creating awareness 
regarding flood risks, developing community-based flood 
early warning system (CBFEWS), training and deploy-
ment of efficient disaster response teams, zoning of high-
risk areas, avoiding construction/settlements in such 
areas, identification of evacuation centers, monitoring 

Table 5  Summary of Sensitivity Analysis
Parameter Sensitivity on Peak 

discharge
Sensitivity on WSE Sensitivity on Flood arrival 

time
Sensitivity on 
Downstream in-
undation area

Dam Breach Bottom Elevation High High Low High
Dam Breach Bottom Width Moderate Low Low Moderate
Weir Coefficient Values Moderate Low Low Moderate
Breach Formation Time Low Low Low Low
Breach Side Slope Moderate Low Low Moderate
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and constant auscultation of the structure and develop-
ing robust and efficient emergency and alert plans.

Furthermore, the differences in the peak discharges 
and water surface elevations between the two scenarios 
are very less at the study locations. This implies that the 
impact of the huge storage volume of the reservoir on 
the breach flood characteristics is considerably larger 
in comparison to the PMF. In addition, change in dam 
breach bottom elevation was found to be the most sensi-
tive to floods compared to other dam breach parameters.

Additionally, the methodology applied in this study 
is conveniently replicable of other dams, large or small. 
However, the simulation run-times may vary depending 
upon the size of the dam, mesh size, simulation time step 
and other model complexities. It is to be noted that the 
case may change for snow fed rivers and glacier lakes. 
Also, while applying this method to other projects, one 
should always be careful about the boundary conditions 
and the initial values of dam breach parameters as they 
vary depending upon the dam under consideration.

Nepal has currently only one storage dam hydropower 
project (Kulekhani) in operation. With a greater number 
of storage projects being planned and under construc-
tion, this study could be a useful reference for such future 
projects. Moreover, this study provides interesting results 
particularly related to the sensitivity of the breach param-
eters of concrete arch dams, which could be applicable in 
study of similar dams in other regions of the world.
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