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Abstract
Floods are becoming more frequent in Himalaya, particularly in the NW Himalaya, and have been related to the increasing 
impact of changing climate. Uttarakhand in the NW Himalaya has witnessed 2 major flood events in the last decade that 
killed more than 6000 people. This study is an attempt to explore the impact of potential flood on a riverbank slope in Utta-
rakhand, NW Himalaya. The response of this riverbank slope during extreme rainfall is also explored in terms of stability and 
debris flow runout. Therefore, we evaluated the riverbank slope stability and the runout extent of its material to understand 
the slope response during extreme rainfall. Flood simulation was also performed to determine the potential flood impact on 
the riverbank slope. Results revealed that the slope material at the exposed fluvial sequence and slope toe might displace 
forward ~0.12–0.4 m. The potential debris flow from the slope may impact the retaining wall supporting the slope with a 
pressure up to 150 k Pa. The potential flood may strike the riverbank with a velocity and stream power of 10 ± 2 m/s and 
0.2 ± 0.1 M N/m-s, respectively, which is about three times higher than the approximated resistance of the retaining wall.
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Introduction

Recent studies from Himalaya and other mountain systems 
have noted various implications of changing climate in the 
form of elevation-dependent warming, extreme rainfalls, and 
increased surface runoff (Bhutiyani et al. 2010; Shekhar et al. 
2010; Dimri et al. 2020; Kumar et al. 2021a). Such a change 
in these climatic parameters is noted to be the primary cause 
of frequent snow avalanches, landslides, cloud bursts, and 
floods particularly in Himalaya (Dhakal 2014; Gupta et al. 
2017; Kumar et al. 2018, 2021b; Dimri et al. 2021; Sundriyal 
et al. 2023). Notably, the NW part of the Himalaya has been 
subjected to frequent extreme hydro-climatic events, debris 
flows, cloud bursts, and floods in the last decade that have 

caused the social and economic loss of ~6000 lives and more 
than 1 billion USD, respectively, within a decade (Chopra 
2014; Martha et al. 2015; Sati and Kumar 2022). The poten-
tial loss in future associated to similar events can be approxi-
mated from the fact that only two extreme events; June 16–17,  
2013 flood and February 7, 2021 flash flood have resulted 
in the aforementioned socio-economic loss (Sundriyal et al. 
2015; Rana et al. 2021). Such floods have been observed to 
affect the landform processes along their downstream flow  
in the form of riverbank erosion, generation of new land-
slides, and reactivation of old landslides (Martha et al. 2015;  
Sundriyal et al. 2015). In this study, we are exploring the 
aspect of riverbank erosion in case of potential flood, which 
is still a less studied phenomenon despite the risk associated 
with such riverbanks, particularly if the riverbanks are com-
posed of fluvial sediments.

Though the riverbank stabilization using various slope 
stabilization measures has been a common practice (Gray 
and Sotir 1996; Goldsmith et al. 2013), the sustainability of 
such measure has been ineffective owing to a poor under-
standing of slope response and impact of potential flood 
(Thorne and Tovey 1981; Baker 1987; Van der Wal 2020; 
Das and Samanta 2022). By evaluating the slope response  
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in terms of stability under different natural/anthropogenic 
conditions and simulating the potential flood impact, the 
response of the riverbank and/or stabilization measures pro-
tecting such banks can be understood. Continuum modelling-
based slope stability evaluation has been among the most 
widely used approaches for complex slope geometry problems 
like riverbanks (Griffiths and Lane 1999; Jing 2003; Jamir 
et al. 2017; Kumar et al. 2021b). Since the possibility of 
debris flows on the riverbanks consisting of loose fluvial 
sediments cannot be ignored in case of extreme rainfall, 
debris flow runout analysis is also an integral part of under-
standing the slope response. Such runout analysis method 
could be classified into empirical/statistical and dynamical  
categories (Rickenmann 2005). Dynamic models have been 
relatively more realistic due to the flexibility in rheology,  
reference frame, and entrainment. Among different run-
out prediction approaches, dynamic model based Flo-2D 
(O’Brien et al. 1993), MassMov2D (Begueria et al. 2009), 
rapid mass movement simulation (RAMMS) (Christen et al. 
2010), and r.avaflow (Pudasaini and Mergili 2019) have 
been relatively more rational for reconstruction and predic-
tion (Rickenmann and Scheidl 2013). Though the different 
runout numerical models have different advantages and limi-
tations, Voellmy rheology (Voellmy 1955; Salm 1993)-based 
RAMMS has been used widely owing to the inclusion of 
rheological, multiple release area, temporal setting, quick 
and effective visualization, and entrainment rate flexibility  
(Christen et al. 2010; Kumar et al. 2021a, b).

Apart from the stability and runout aspect of riverbank 
slope, impact of regional hydro-climatic processes like 
flood is also required to explore. Flood simulation using  
the 2D hydrodynamic models has been the most widely  
used approach due to parameterization capability, inclusion 
of climatic variables, lateral inundation understanding, and 
flexible time steps (Teng et al. 2017 and reference therein). 
Though the 3D hydrodynamic models have also been in use 
in the last decade, computational feasibility, high order tur-
bulence, and limited understanding of vertical layers over a 
larger area make them a less preferred choice over the 2D 
models (Alcrudo 2002; Teng et al. 2017). Though more than 
20 commercial and open-access software currently offer 2D 
hydrodynamic flood simulation, each has certain advantages 
and limitations that are changing with time. Among these 
softwares, HEC-RAS software has been used widely owing 
to finite volume approach, open access, the flexibility of 
equation solver, and time step (HEC-RAS v.6).

In the present study, we are discussing a riverbank situ-
ated at the right bank of Alaknanda River valley, Uttara-
khand, NW Himalaya. The June 16–17, 2013 flood in 
Alaknanda valley had carved out ~95,000 m3 (“Fieldwork, 
laboratory analyses, and unmanned air vehicle (UAV) map-
ping” section) slope mass of this riverbank that used to sup-
port roads and other infrastructure facilities until the flood 

stroke. Later in the year 2016–2017, to minimize the slope 
toe erosion and protect the remaining vulnerable river-
bank from future floods, a ~537-m-long retaining wall was 
constructed at the cost of USD ~1.24 million. Within 3–4 
years, this wall has collapsed at two places and hence poses 
a socio-economic risk in case of another flood. The present 
study is an attempt to evaluate the response of this exposed 
riverbank in case of local (slope stability/debris flow) as 
well as regional processes (flood) that might impact the riv-
erbank and pose associated infrastructure risk.

Study area

The study area, i.e., riverbank slope, is situated at latitude 
30° 13′ 21.8″ N and longitude 78° 48′ 20.3″ E along the 
Alaknanda River, Uttarakhand, NW Himalaya (Fig. 1). The 
slope that has an azimuth of 73°–74°N with 22–27° inclina-
tion is composed of unconsolidated overburden comprising 
fluvial sediments underlain by Phyllite rock mass.

The vulnerability of the study area can be understood 
from the fact that it is situated within 100 km from the origin 
and epicenter of a major flood and major earthquakes in the 
region. The four known major flood events in the region are 
as follows: August 24–26, 1894, July 20, 1970, June 16–17, 
2013, and February 7, 2021 that resulted in widespread loss of 
lives and property (Ziegler et al. 2014; Sundriyal et al. 2015), 
whereas three major earthquakes are September 1, 1803 (Mw 
7.8), October 20, 1991 (Mw 6.8), and March 29, 1999 (Mw 
6.6) (Kayal 1996; Pandey et al. 2001; Bilham 2019).

Notably, all these major events occurred in the vicin-
ity of the Main Central Thrust (MCT). The position of the  
MCT fault has been attributed to the Main Himalayan Thrust  
(MHT) ramp structure in the region that allows strain accu-
mulation at shallow depths and hence the occurrence of 
frequent and major earthquakes (Bilham 2019). The MCT 
also acts as an orographic barrier to saturated winds of the 
Indian summer monsoon (ISM) and western disturbance 
(WD), resulting in relatively higher precipitation in the 
orographic front (Gadgil et al. 2007; Hunt et al. 2018). 
Notably, increasing rainfall, surface runoff, and surface 
radiative temperature during the years 1991–2021 in the 
orographic barrier increase the possibility of another flood/
ice-rock avalanche that might impact the study area situated 
downstream (Fig. 2a–e). The daily rainfall is also noted to 
increase in the upstream and study area, particularly after 
the year 2010 (Fig. 2f, g).

The impact of the last major flood, i.e., June 16–17, 2013 
was also noted in the river discharge at various measuring 
points along the Alaknanda valley (Fig. 3a–e). Apart from 
this flood, the upstream region of the study area has been 
subjected to 2 major hydro-climatic events (Fig. 3a). This 
flood killed > 6000 people and carved out ~0.95 M m3 mass 
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from the riverbank slope, which involved infrastructure loss 
in the form of roads and sports stadium.

Details of the carved-out volume are mentioned in the 
“Fieldwork, laboratory analyses, and unmanned air vehicle 
(UAV) mapping” section. Reconstructed road, sports sta-
dium, temple, and other buildings situated on this fluvial 
sequence slope comprising gravelly sand and pebble-cobble 
layer are still at risk in view of another major flood event 
(Fig. 4). Though a 537-m-long retaining wall comprising 
front rows of concrete blocks and back row of gabion walls 
was constructed in the year 2016–2017 to protect this river-
bank slope from further flood erosion, it has collapsed at two 
places even without any flood since construction (Fig. 4b). 
Localized slope failure activities along the riverbank are also 
noted that may aggravate the situation in case of further satu-
ration of loose material by rainfall or toe cutting by another 
major flood (Fig. 4d, e).

Methodology

The possibility of another major flood event in the study area 
cannot be denied because of the history of floods and associ-
ated high river discharge. We understand that the retaining 
wall, constructed to protect the riverbank slope from further 
erosion, is subjected to local and regional impacts that might 
damage it completely, hence making riverbank slope and 
roads/other infrastructure (buildings) vulnerable again. For 

local impact evaluation, slope stability analysis and debris 
flow analysis were performed, whereas flood simulation 
study was performed for regional impact evaluation. Details 
of these analyses are as follows;

Fieldwork, laboratory analyses, and unmanned air 
vehicle (UAV) mapping

Fieldwork involved mapping of the retaining wall and soil 
sampling. The dimension (volume) of concrete and gabion 
blocks of retaining wall was measured (Fig. 5) in the field 
to calculate their mass (kg) and, hence, resistance (N/m) 
toward external forces (debris flow pressure and/or flood 
stream power).

The density of concrete and gabion wall blocks is based 
on IS 14458 (Part 2) 1997, Reaffirmed 2002, and IRC: SP: 
116–2018. The gabion block and concrete block, with their 
resective masses of ~15,147 kg (or 148541 N) and ~1800 
kg (or 17651 N), offer ~166,193 N/m (or 0.16 M N/m) 
force against potential flood or debris flow pressure. This 
force or resistance, however, decreases to (166,193–17651 
N/m)  0.14 M N/m at two places where concrete blocks  
are collapsed.

The slope stability analysis, which was performed on this 
riverbank slope, required various input parameters of soil 
and rock, among which soil parameters were determined in 
the National Geotechnical Facility (NGF), Dehradun, India 
for various input parameters (Supplementary Table 1). The 

Fig. 1   Study area. a Position of study area. Points 1 (August 24–26, 
1894), 2 (July 20, 1970), 3 (June 16–17, 2013), and 4 (February 7, 
2021) refer to major flood/landslide/cloud burst events, and points 5 
(March 29, 1999, Mw 6.6), 6 (September 1, 1803, Mw 7.8), and 7 
(October 20, 1991, Mw 6.8) refer to major earthquake events. Yellow 

dashed lines represent main central thrust fault zone. b Study area in 
year 2012. c Study area in year 2014. Note the exposed slope on right 
bank, carved out by June 2013 flood. d Study area (exposed riverbank 
slope) in year 2022 comprising 537 m long retaining wall constructed 
in year 2016–2017. Image source: Google Earth
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soil samples were tested for grain size analysis (IS: 2720-
part 4–1985), density (IS: 2720-part 4–1980), UCS test (IS: 
2720-part 10–1991), and direct shear test (IS: 2720-part 13- 
1986). In the direct shear test, soil samples were sheared 
under constant normal stress of 50, 100, and 150 kN/m2. The 
UCS soil test was performed under three different movement 
rates, i.e., 1.25, 1.50, and 2.5 mm/min.

The DJI Phantom 4 RTK UAV (having ± 0.1 m horizontal 
and vertical accuracy) was used to prepare the current topogra-
phy and hence to extract the 2D slope section for the slope sta-
bility analysis and debris flow analysis (Fig. 6). Drone height 
was maintained at 100 m to achieve the ~2.7 cm/pixel accuracy 
as per H/36.5 equation (https://​www.​dji.​com/​phant​om-4-​rtk/​
info, retrieved on 03/07/2022). H refers to aircraft altitude 
relative to the shooting scene. Drone images were processed 
to prepare the DSM and DTM using Pix4DMapper (v 4.7.5) 
software (Pix4D SA, Switzerland). The volume of the slope 

material carved out by June 16–17 flood was determined by 
calculating the riverbank slope area’s difference in 2012 and 
2014 (Fig. 1b, c) in QGIS (v.3.14). The ALOS PALSAR DEM 
(accessed from www.​vertex.​daac.​asf.​alaska.​edu, on February 
2, 2022) was used to extract the volume in this area. An uncer-
tainty of 2.0% was noted between known distances/area (field 
measurement) and measured ones in Google Earth. The river-
bank had an approximate area of 52,529 ± 1050 and 29,386 ± 
587 m2 in 2012 and 2014, respectively (Fig. 1c).

Slope stability analyses

The finite element method (FEM)-shear strength reduction 
(SSR)-based slope stability analysis was performed to infer 
the total displacement (TD) using the RS2 v.11.012 soft-
ware. The boundary conditions with the restraining X and  

Fig. 2   Climatic pattern. a Location of the study area in spatially vary-
ing avg. monthly rainfall (1982–2021) map underlain by ALOS PAL-
SAR DEM (accessed from www.​vertex.​daac.​asf.​alaska.​edu on Febru-
ary 2, 2022). 500-m and 1-km buffer areas on both sides of river were 
used to extract rainfall and elevation profiles, as shown in (b). White 
dashed area represents the region used to extract time series climate 
data (1991–2021) of rainfall, surface radiative temperature (SRT), and 

surface runoff (SRF), shown in (c), (d), and (e). f–g Daily rainfall data 
at orographic barrier and study area, respectively. Climate data source 
except in (f)–(g): FLDAS_NOAH01_C_GL_M model (McNally 
2018). Spatial resolution: 0.1° (∼10 km). Data source of (f–g): GPM 
IMERG Final Precipitation (Huffman et  al. 2020) Spatial resolution: 
0.01° (∼1 km)

https://www.dji.com/phantom-4-rtk/info
https://www.dji.com/phantom-4-rtk/info
http://www.vertex.daac.asf.alaska.edu
http://www.vertex.daac.asf.alaska.edu
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Y movements were applied to the base and back, whereas 
the front face of the slope sections was kept free for the 
movement (Fig. 7a–c). Notably, If x and y movements are 
not restrained at the base and back, displacement of front 
face cannot be reliable because the model itself would not be 
stationary. In situ field stress was adjusted in view of domi-
nant forces, i.e., compressional regime, by using the value 
of the coefficient of earth pressure (k) = (horizontal field 
stress)σh/(vertical field stress) σv = 1.5. The compressional 
regime was taken in view of the vicinity of the north Almora 
thrust (NAT) fault (Supplementary Fig. 1). Analysis was 
performed in two stages: without water ponding and with 
water ponding. Water ponding was applied as per the guide-
lines for retaining wall construction along the waterbody 
(https://​www.​rocsc​ience.​com/​help/​rs2/​tutor​ials/​excav​ations/​
retai​ning-​wall). Water ponding condition was used because 

the toe of the riverbank slope and part of the retaining wall 
remain submerged in the river water during high discharge 
season (July–October). Rainfall infiltration was applied in 
both stages. Rainfall infiltration (RF) is based on extreme 
rainfall (~98 mm/24 h) events on June 16, 2013 in the region 
(Fig. 2g) and the possibility of recurrence.

The soil and rock mass were used in the FEM analysis  
through Mohr–Coulomb (M-C) failure criterion (Coulomb  
1776; Mohr 1914) and generalized Hoek–Brown (GHB) criterion 
(Hoek et al. 1995), respectively.The soil behavior was assumed 
as undrained in view of field conditions. Water bulk modulus  
was taken as 2.18 GPa (The study area has an avg. annual 
temperature of 24 ± 2 °C). The degree of saturation and 
permeability were determined using the Van Genuchten 
function. The value of input parameters for this function  
was based on empirical studies of Schrothet al. (1998).  

Fig. 3   River discharge. a Locations of flood simulation area. June 16, 
2013, July 20, 1970, and February 7, 2021 are major hydro-climatic 
events upstream of the study area. b–e River discharge (annual aver-
age) measurement points. The red highlighted area represents peak  
discharge during June 2013 flood. Data source: Himalaya Ganga Divi-

sion, Central Water Commission, Uttarakhand, India. f–g Flood simu-
lation area marked on ALOS Palsar DEM and Google Earth imagery, 
respectively. h Hydropower project reservoir, which is considered upper  
boundary (source of discharge) for flood simulation

https://www.rocscience.com/help/rs2/tutorials/excavations/retaining-wall
https://www.rocscience.com/help/rs2/tutorials/excavations/retaining-wall
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The joint between the retaining wall and fluvial sediments 
(Fig.  7c) was applied through Barton–Bandis (B-B) slip  
criterion (Barton and Choubey 1977; Barton and Bandis 
1990). Plane strain triangular elements having 6 nodes were 

used through the graded mesh in the models. Details of  
input parameters are present in Supplementary Table 1. To  
find out the relative influence of main input parameters on  
the displacement, a sensitivity analysis was also performed.

Fig. 4   Field pictures of study area. a Bird view of exposed riverbank slope retaining wall and risk elements (road, buildings, stadium, and tem-
ple). b Collapse in the retaining wall. c Composition of slope, i.e., fluvial sediments. d Slope failure development. e Side view of slope failure



Bulletin of Engineering Geology and the Environment          (2023) 82:196 	

1 3

Page 7 of 18    196 

Run‑out simulation

Due to its loose material (fluvial sediments) composition 
and previous response during the June 2013 flood, the riv-
erbank slope is more prone to rainfall-induced slope fail-
ures, particularly in the form of debris flows. Such debris 
flows can initiate either by increased pore pressure or runoff 
involving entrainment, as Godt and Coe (2007) noted. The 
Voellmy friction law-based model was simulated using the 
rapid mass movement simulation (RAMMS) software to 
ascertain the outreach of such potential debris flow during 
an extreme rainfall event. The RAMMS divides the fric-
tional resistance into dry-Coulomb-type friction (μ) and 
viscous-turbulent friction (ξ) (Christen et al. 2010). The 
frictional resistance S (Pa) is thus

(1)S = �N +
(

�gu2
)

∕�

where N = ρhgcos(ϕ). N =normal stress on the running  
surface, ρ = density, g = gravitational acceleration, φ = slope 
angle, h = flow height, and u = (ux, uy), consisting of the flow 
velocity in the x- and y-directions, generally, the values for 
μ and ξ parameters are achieved using the reconstruction of 
real events through simulation and subsequent comparison 
between dimensional characteristics of real and simulated 
event. However, the toe of riverbank slope and previous flow 
material has been altered after the retaining wall construction;  
hence, there is an uncertainty in the reconstruction of the vol-
ume of previous flow events. Therefore, µ and ξ along with  
depth and density are taken by sensitivity analysis in view of  
the topography of slope and run-out path, slope mate-
rial, and based on previous studies/models (Hürlimann  
et al. 2008; Rickenmann and Scheidl 2013; RAMMS v.1.7.0). 
Details of input parameters and their source are presented 
in Supplementary Table 2. Slope material depth levels were 

Fig. 5   Retaining wall description. a Bird view of exposed riverbank 
slope along with retaining wall. b–d Field measurement of concrete 
and gabion blocks of retaining wall. e–g Dimension of concrete and 

gabion blocks. Density of concrete blocks and gabion blocks are based 
on IS 14458 (part 2) 1997, Reaffirmed 2002, and IRC SP:116 (2018)
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approximated based on field observation (Supplementary 
Fig. 2). Further, details of the governing equations of debris 
flow simulation can be accessed in Kumar et al. (2021a).

Flood simulation

Since the study area has been subjected to floods in the past 
(Ziegler et al. 2014; Sundriyal et al. 2015), possibility of 
another similar or more impactful flood cannot be denied. 
Therefore, to determine the velocity and stream power of 
potential flood that might impact the riverbank slope and 
retaining wall, we performed a flood simulation with upper 
boundary at 330 MW Srinagar Hydroelectric project reservoir 
and a lower boundary 500 m downstream from the study area 

(Fig. 3f–h). Notably, the unexpected release of water from  
this reservoir by dam authorities during the June 2013 flood 
has been attributed to a widespread socio-economic loss in the 
downstream region, and hence a monetary fine of 1.1 M USD 
was imposed on dam authorities by National Green Tribunal, 
India (https://​sandrp.​in/​tag/​uttar​akhand-​floods-​of-​june-​2013/; 
https://​www.​thehi​ndu.​com/​sci-​tech/​energy-​and-​envir​onment/​
notice-​to-​hydel-​firm-​over-​damage-​to-​uttar​akhand-​town/​ 
artic​le562​0878.​ece, retrieved on 17/06/2022).

We used 2D unsteady shallow water equations (SWE) 
(Temam 1968). The formulation described below is a basis 
of flood simulation in the HEC-RAS (v.6.3.1), which is 
used in the present study by considering diffusion wave 
approximation. The formulation has the following assump-
tions: flow is incompressible, it has uniform density, 

Fig. 6   UAV- DJI Phantom 
4 RTK based mapping. a 
D-RTK-2 Mobile GNSS station 
setup. b Flight plan in study area. 
c, d Image processing in Pix4D 
software. e Final ortho-image

https://sandrp.in/tag/uttarakhand-floods-of-june-2013/
https://www.thehindu.com/sci-tech/energy-and-environment/notice-to-hydel-firm-over-damage-to-uttarakhand-town/article5620878.ece
https://www.thehindu.com/sci-tech/energy-and-environment/notice-to-hydel-firm-over-damage-to-uttarakhand-town/article5620878.ece
https://www.thehindu.com/sci-tech/energy-and-environment/notice-to-hydel-firm-over-damage-to-uttarakhand-town/article5620878.ece
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hydro-static pressure and equations are Reynold averaged 
to approximate turbulent motion, and the vertical length 
scale is much smaller than horizontal. Thus, the mass con-
servation equation for 2D-unsteady flow is

Here, h, flow depth (m); U and V, velocity in x and y 
directions (m/s); and Q, discharge (m3/s).

When horizontal length > vertical length, volume conserva-
tion implies that Vz < Vx,y . Further, in absence of variable density,  

(2)
�h

�t
+

�Uh

x
+

�Vh

y
= Q

wind friction (drag), Non-hydrostatic pressure, vertical aver-
age of momentum equation, is adequate. The SWE therefore  
achieves momentum conservation as follows:

(3)

�u

�t
+ u

�u

�x
+ v

�u

�x
− fcv = g

�zs

�x
+

1

h

�

�x

(

vex
⋅ h

�u
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)

+
1

h

�
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(
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)

−
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�R

+
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Fig. 7   Slope stability analysis. 
a Highlighting the location of 
slope section used for slope 
stability analysis. Zones d.1 and 
d.2 represent exposed riverbank 
slope and collapsed retaining 
wall. b 2D slope section. Rain-
fall infiltration is based on June 
16, 2013 rainfall event when 
slope saturated and was carved 
out by flood. c Zoomed section 
highlighting applicable loads on 
submerged blocks of retaining 
wall. d, e Total displacement 
pattern with water ponding and 
without water ponding
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Here, u and v, velocities in Cartesian coordinates; fc , 
coriolis parameter (2 ω sin φ). Here, φ is latitude and ω is 
angular velocity of earth; Zs, water surface elevation; τb, bot-
tom shear stress; τs, surface wind stress; R, hydraulic radius 
(A/w). A represents cross sectional area of channel, and w 
represents wetted perimeter; ve , eddy viscosity coefficient.

The bottom shear stress can be determined using the fol-
lowing equation:

Here, v is flow velocity, ρ, water density; CD, drag coef-
ficient, which can be determined as

Here, n, Manning roughness coefficient. The “n” can be 
calculated using the following equation (Jarrett 1985):

Here, sf is friction slope (or energy slope: slope of energy 
gradient). Once, “n,” A, Sf, Q (flow discharge), and R param-
eters are known, the flow velocity can be calculated using 
the following equation:

Similarly, once τb is known, shear velocity can be deter-
mined using following equation:

The region used for flood simulation, along with historical 
river discharge, is shown in Fig. 3. Flood was simulated at the 
following range of river discharge; 1500, 2000, 2500, 3000, 
3500, and 4000 m3/s. The input parameters and their values 
used in the flood simulation are presented in Supplementary 
Table 3. Manning coefficient (n) was taken in view of domi-
nant grain size of river bed, i.e., gravely sand (Aldridge and 
Garrett 1973; Arcement and Schneider 1989). Turbulence 
coefficients were taken in view of gentle meanders and mod-
erate surface irregularities (Supplementary Fig. 3).
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Results

Slope stability evaluation

Static displacement (or equilibrium state) is shown in Sup-
plementary Fig. 4. It is noted that during the water ponding, 
the riverbank toe (or slope toe) accommodating retaining 
wall develops relatively higher total displacement (0.1–0.4 
m) and relatively lower (0.04–0.12 m) in the exposed fluvial 
sediments section highlighted as d.1 (Fig. 7d, e). The retain-
ing wall failure at two places (marker d.2) can be attributed 
to this relatively higher total displacement at the riverbank 
toe. This can be further understood from the “water ponding 
effect.” In order to highlight the influence of water pond-
ing, slope was also simulated without water ponding, which 
shows no displacement at the slope toe. Water ponding effect 
has been attributed to the lateral force of water that pushes 
embankments backward, and in the case of retaining wall 
along the water body, the backward rotation has also been 
noted (Nowatzki and Wrench 1988; Adair 2002; Hubble and 
Carli 2015). The displacement in the exposed fluvial section 
(marker d. 1) is an outcome of decreased shear strength, 
which refers to rainfall infiltration (based on maximum rain-
fall at this location, i.e., 98 mm/24 h.). The displacement 
vectors point toward the slope toe and hence may be respon-
sible for the forward bulging of retaining wall. Further, to 
justify the selection of values of main input parameters, sen-
sitivity analysis was performed (Supplementary Fig. 5). It 
is noted that angle of internal friction of soil and Poisson’s 
ratio have relatively more influence on displacement in this 
case study. Kumar et al. (2021b) have also noted the domi-
nating influence of these parameters in case of debris laden 
hillslopes. The output of the values selected for the analysis 
remains in the middle of varying pattern. This exposed flu-
vial section, which develops slope instability under rainfall 
effect, is also prone to debris flow that is described below.

Debris flow evaluation

Debris flow velocity ranges from 1 to 5 m/s along the riv-
erbank slope with relatively higher values (3–5 m/s) in the 
central part (Fig. 8). Debris flow height ranges from 1 to 5 
m with somewhat higher values in the central part, too. The 
impact pressure of debris flow ranges from 9.6 to 30 kPa, 
and it strikes the retaining wall with a pressure of 25–30 
kPa (Fig. 8c).

Among all these parameters, flow velocity and flow 
pressure are noted to follow relatively better correlation 
(Fig. 9a–c). It implies that increasing debris flow velocity 
will result in increased debris flow pressure. Further, on 
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taking a range of input parameters, we noted that among 
all output variables (debris flow height, velocity, and 
pressure), pressure is relatively more sensitive to density, 
depth, and turbulence, whereas for friction, velocity and 
pressure are equally sensitive (Fig. 9d–o). Bugnion et al. 
(2012) and the reference therein have also noted such 
inter-dependency of flow velocity and pressure. Among 
all input parameters that were used for sensitivity, den-
sity is found to result in more scattering of pressure and  

velocity (Fig. 9i). Such scattering effect caused by density  
variation can be understood from the Voelly-Salm  
fluid flow continuum model (Voellmy 1955; Salm 1993). 
It assumes density as a primary component of formula-
tion and its variation have considerable effect on velocity 
component, as can be seen in Eq. (1). However, it is noted 
that the pressure–velocity correlation fits relatively better 
until 6 m/s and 50 kPa and above these values, scattering 
takes place (Fig. 9c, f, i, l, o).

Fig. 8   Debris flow results. a–c 
Debris flow velocity, height, 
and pressure. Results are based 
on depth of 5 m, density of 
1900 kg/m3, friction of 0.2, and 
turbulence of 150 m/s2
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Flood impact evaluation

Potential flood in response to a maximum river discharge of 
1500 m3/s from the upstream HEP reservoir may pick up a 
velocity of 5–20 m/s (Fig. 10a, b). This velocity increases 
up to 10–15 m/s at the following two places between HEP 
reservoir and study area: the first corresponds to deep gorge 
just 300 m downstream from the reservoir and the second 
corresponds to study area (i.e., exposed riverbank slope). 
Further, such potential flood was also simulated at a range 
of river discharge (Q = 1500, 2000, 2500, 3000, 3500, and 
4000 m3/s) to determine the flood velocity impact at the 
retaining wall. At this range of Q, flood velocity attains the 
peak (10 ± 2 m/s) at the lower part along the retaining wall 
(section A–B) (Fig. 10c).

The flood stream power in response to a maximum river dis-
charge of 1500 m3/s from the upstream HEP reservoir ranges 
from 0.1 to 0.5 M N/ms with higher values confined to deep 
gorge just 300 m downstream from the reservoir (Fig. 10d, 
e). Along the riverbank (or retaining wall), it remains 0. 1 M 
N/ms. Similar to flood velocity, flood stream power was also 
determined at a range of river discharge (Q = 1500, 2000, 
2500, 3000, 3500, and 4000 m3/s). We noted that stream power 
also attains its peak with 0.2 ± 0.1 M N/ms at the lower part 
along the retaining wall (section A–B) (Fig. 10f).

Discussion

The study area and upstream catchment area have been 
subjected to floods/channel debris flows even in the past 
(Ziegler et  al. 2014; Sundriyal et  al. 2015; Srivastava 
et al. 2017; Rana et al. 2021), but the frequency of such 
events, including landslides, cloud bursts, and snow/rock 
avalanches, have increased in the past 10 years (Sundriyal 
et al. 2015; Rana et al. 2021). Frequent occurrence of these 
activities can be attributed to changing climate, as high-
lighted through rainfall, temperature, and runoff pattern 
(Fig. 2). Anthropogenic activities and the resultant change 
in land use/land cover might also have contributed to such 
change in climatic parameters in the upstream catchment 
(Joshimath, Badrinath, and Kedarnath regions) of the 
study area (Agarwal et al. 2022). However, anthropogenic 
activities are local in nature, whereas changing climate 
and resultant impacts are being observed in different parts 
of Himalaya and other mountains (Bhutiyani et al. 2010; 

Shekhar et al. 2010). Therefore, it is more rational to relate 
the frequent occurrence of floods/channel debris flows to 
the changing climate, and the possibility of another such 
events in study area and upstream catchment cannot be 
denied. Though the floods had impacted the study area in 
the past, the extent of possible flood impacts was rarely 
studied. Therefore, the possible impacts of the potential 
flood were determined by using a range of river discharge 
as the main input, whereas flood velocity and stream 
power pattern were aimed as outputs (Fig. 10). Along with 
the flood impact, the stability of riverbank slope and its 
tendency as debris flow source were also evaluated that 
are being discussed first.

We found that the riverbank slope is unstable in nature as 
the material near the crown may displace forward ~0.12 m 
under saturation (rainfall effect) and the slope toe accommo-
dating retaining wall may displace ~0.4 m under water pond-
ing (Fig. 7). The forward displacement initiated at the top 
and displacement at slope toe might be major contributory 
factors in the retaining wall collapse at two places (Fig. 4b). 
In case of water ponding along the solid structures like 
retaining wall, the displacement or failure of retaining walls 
has been attributed to the backward rotation of such solid 
structures due to backward force of water body (Nowatzki 
and Wrench 1988; Adair 2002; Hubble and Carli 2015). 
Further, since the retaining wall is situated along the river 
channel, it straightens the river flow, increasing the water 
velocity and consequent bank/retaining wall erosion (Adair 
2002). Apart from the forward displacement impact and 
backward water push, the retaining wall is also subjected to 
potential debris flow with a pressure of 25–30 kPa from the 
unstable riverbank slope in the central part (Fig. 8c). These 
relatively higher values of debris flow in the central part 
can be attributed to relatively steeper topography (Fig. 11a).

Such debris flow impact pressure may rise to higher val-
ues if we consider velocity-dependent empirical equations 
of debris flow impact pressure (Bugnion et al. 2012); p = 
c.ρ.v2 (where c is a coefficient that has been proposed by 
Swiss and Hong Kong guidelines (GEO Report 2000; Egli 
2005) as 2–3, ρ is water density, and v is flow velocity). 
Using this equation with c as 2, range of v as 2–5 m/s, and 
ρ as 1700–2000 kg/m3, debris flow impact pressure is noted 
to vary from 13.6 to 100 kPa. Further, if we consider c as 
3, the upper limit of pressure might reach up to 150 kPa. 
Notably, the predicted pressure of 25–30 kPa and empirical 
equation based highest pressure will impact the retaining 
wall where it is already collapsed. Since the study area had 
received 148–150 mm of rainfall during June 16–17, 2013 
flood and rainfall of this magnitude are becoming more fre-
quent (Fig. 2g), and the possibility of saturation of unstable 
slope and resultant debris flow becomes more prevalent.

Further, though we have determined potential displace-
ment contributed by rainfall infiltration in Fig. 7, the process 

Fig. 9   Debris flow sensitivity. a–c Correlation of debris flow height, 
velocity, and pressure. d–f Debris flow height, velocity, and pressure 
at varying depth. g–i Debris flow height, velocity, and pressure at var-
ying density. j–l Debris flow height, velocity, and pressure at varying 
friction coefficient. m–o Debris flow height, velocity, and pressure at 
varying turbulence coefficient

◂
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involving infiltration, saturation, resultant loss of shear strength, 
and potential failure needs to be addressed. In order to involve 
such saturation component in our slope model, we used Van 
Genuchten function (Van Genuchten 1980) as the soil water 
retention model. According to this model, matric suction has 
been observed to be more sensitive to rainfall as this process 
increases the pore water pressure and hence increases matric 
suction. Such increasing matric suction has been observed to 
increase the shear strength of soil up to a peak followed by a 
sharp decline in shear strength (Abd et al. 2020). In many case 
studies, this decrease in shear strength has led to the failure in 
soil mass (Fourie et al. 1999; Fredlund 2000).

Thus, the displacement caused by rainfall infiltration, as 
shown in Fig. 7, seems viable as laboratory-based studies, 

mentioned above, have observed similar pattern of defor-
mation during saturation. Notably, despite the frequent 
rainfall-induced landslides in the NW Himalaya, studies 
exploring the infiltration, subsequent saturation, and slope 
instability have been relatively rare (Singh et al. 2018; 
Thomas et al. 2023). A detailed explanation of such field 
and model-based hydrological perspectives along with 
monitoring can be accessed in similar case studies (Yang 
et al. 2019; Wei et al. 2020).

Furthermore, the retaining wall collapse that we have 
discussed in the context of instability of riverbank slope 
and potential debris flow owes this collapse/failure to 
nearby depressions in the river channel, too (Fig. 11). Dur-
ing floods, these depressions offer decreased hydraulic 

Fig. 10   Flood simulation results. a, b Potential flood velocity. Red 
polygons highlight relatively higher values. c Potential flood velocity 
along the retaining wall (A–B) at a range of river discharge (Q = 1500, 
2000, 2500, 3000, 3500, and 4000 m3/s). d, e Potential flood stream 

power. f Potential flood stream power along the retaining wall (A–B) 
at a range of river discharge (Q = 1500, 2000, 2500, 3000, 3500, and 
4000 m3/s)
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radius in limited region that will increase the drag coef-
ficient and slope friction of the river bed in that region 
and hence increased shear velocity as per shallow water 
equations (SWE) (Eqs. (5)–(9)). Such increased flow 
velocity has been observed to increase the erosion of riv-
erbanks and/or the scouring of retaining walls (Nowatzki 
and Wrench 1988; Hubble and Carli 2015). Along with 
the implications of river channel depressions during a 
potential flood, the retaining wall will also be subjected 
to 10–15 m/s flood velocity and ~0.1 M N/ms flood stream 
power if considering peak river discharge as 1500 m3. 
These parameters may rise up to 10 ± 2 m/s and 0.2 ± 0.1 
M N/ms at a range of river discharge (Q = 1500, 2000, 
2500, 3000, 3500, and 4000 m3/s) (Fig. 10c, f). Notably, 
the reliability of these flood parameters mainly depends 
on river discharge, which was used in the present study 
based on historical river discharge patterns (Fig. 3b–e). 
Further, the river discharge during previous floods and 
similar studies in the upstream region of the study area has 
also been observed to range between 1500 and 1800 m3/s 
(Rao et al. 2014; Panwar et al. 2017).

Thus, if we summarize all the findings together, we 
observe that retaining wall protecting the riverbank slope 
might not sustain the pressure of potential debris flow and/or 

flood, particularly at the places where it is already collapsed 
(Fig. 12). Further, another factor that might contribute to 
the slope instability and increased load on retaining wall, 

Fig. 11   a–c Contour profiles in the study area. Red polygons in (b) highlight the retaining wall collapse. Source of contour: 0.5 m spatial resolu-
tion DTM, prepared using processing of DJI Phantom 4 RTK based images

Fig. 12   Retaining wall resistance vs. forces of debris flow and flood. 
A–B sections can also be seen in Fig.  10(b) and (e). Retaining wall 
resistance is explained in the “Fieldwork, laboratory analyses, and 
unmanned air vehicle (UAV) mapping” section. The value of debris 
flow pressure corresponds to 150 kPa (maximum possible debris flow 
pressure as mentioned in the “Discussion” section)
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in case of saturation is dumping of phyllitic rock fragments 
on this riverbank slope (Fig. 7a). Such dumping has been 
taking place since July 2022 and may aggravate the already 
weakened slope and retaining wall, as also observed in other 
case studies (Satyanaga et al. 2020).

Conclusion

The study area and upstream catchment area have been sub-
jected to frequent hydro-climatic events in the past, but the 
frequency of such events has increased in the last decade that 
is attributed to changing climatic. Thus, the possibility of 
another such event in the study area and upstream catchment 
cannot be denied. We found that the retaining wall, which 
has already collapsed at two places in the last 3–4 years 
under the normal flow of river water, is subjected to local 
and regional impacts that might damage it completely and 
hence making the riverbank slope and roads/other infrastruc-
ture (buildings), situated above, vulnerable again.

The local impacts involve instability of this riverbank 
slope and potential debris flow. The slope material near the 
crown may displace forward ~0.12 m under saturation (rain-
fall effect), and the slope toe accommodating retaining wall 
may displace ~0.4 m under water ponding. The potential 
debris flow of this unstable mass from the slope may impact 
the retaining wall with a pressure of 25–30 kPa that might 
increase up to 150 kPa if we consider flow velocity-dependent 
empirical equations. The regional impact involves the influ-
ence of flood velocity and stream power as the retaining wall 
will also be subjected to 10–15 m/s flood velocity and ~0.1 
M N/ms flood stream power if consider peak river discharge 
as 1500 m3. These parameters may further rise up to 10 ± 2 
m/s and 0.2 ± 0.1 M N/ms at a range of river discharge (Q = 
1500, 2000, 2500, 3000, 3500, and 4000 m3/s).

Since the study area had received 148–150 mm of rainfall 
during June 2013 flood and rainfall of such magnitudes are 
becoming more frequent, the possibility of debris flow is 
becoming prevalent in the slope. The upstream catchment 
that has become the source of frequent disastrous floods 
in the last decade has been experiencing frequent snow 
avalanches/rock avalanches since the year 2021, and such 
events pose more risk in downstream regions. This study 
is an attempt to identify the possible response of the river-
bank slope and/or retaining wall in case of another disastrous 
flood/debris flow that might put the lives and infrastructure 
of the study area at risk.
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