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ABSTRACT

The Manahara River, alarge tributary of the Bagmati River, islocated in the northeast of the Kathmandu basin. Recently,
theriver (especialy, itslower reach) has been excessively mined for sand and gravel. Such anthropogenic activitiestogether
with the natural processes have led to rapid and haphazard shifting of its channel. As aresult, its banks and adjacent areas
are subject to failures and other mass movements. In thispaper, theriver courseisevaluated intermsof itsbank erosion and
lateral instability (BELI) hazard by considering bank erodibility hazard index, near-bank stress index, lateral instability

hazard index, and anthropogenic disturbances.

The downstream reaches of the fourth-order stream bel ong to amoderate BEL | hazard, whereasthefifth-order streaminthe
middle reach, near Mulpani, falls under a very high hazard. The rest of its fifth-order stretch exhibits a high hazard. An
increasein the degree of anthropogenic disturbancesincreasesthe BELI hazard in the downstream stretch of theriver. Poor
riparian vegetation seemsto be one of the factors aggravating the bank erodibility hazard in theriver. Hence, the restoration
of bank vegetation and establishment of riparian vegetation buffer zones can significantly reduce the BEL| hazard.

INTRODUCTION

The systemwideinstabilities resulting from the changes
in land use and channel modification (by human
encroachment or intervention) lead to accelerated
streambank erosion, channel shifting, and pollutioninariver
basin (Leopold and Wolman 1960; Rosgen 1994, 2001). In
somerivers, erosion and bank failure produce a significant
amount (about 50%) of bed load (Rosgen 1976). The
Bishnumati River, atributary of the Bagmati River, has been
known for its high bank erodibility hazard and channel
instability (Adhikary and Tamrakar 2007). A number of
anthropogenic activities are destabilising the banks of this
river (Tamrakar 2004).

TheManaharaRiver isone of themajor tributaries of the
Bagmati River (Fig. 1a) in the Kathmandu basin, which is
filled up with fluvio-lacustrine sediments Sakai 2002).
Bajracharya (2006) reported that the Manahara River has
shifted its meander belt axisby an average of 143 mduring a
period of 11 years.

The Manahara River stretches for 28 km from northeast
to southwest in an elongated basin, and has a high gradient
with a short-headed upstream stretch (1st to 3rd order), and
agentle and long downstream course (4th to 5th order). Its
4th order main stem (i.e. Sali Nadi) extendsfrom Dandakateri
to the confluence with the Ghatte Khola. The fifth-order
stream initiates from this confluence towardsthe confluence

with the Hanumante River. Inthisstretch, theriver exhibitsa
sinuous pattern with wide floodplains and is a gravelly to
sandy meandering river (Fig. 1b). The northern watershed
of the Manahara River liesin the Shivapuri Range, whichis
composed of gneissic and granitic rocks (Ohta 1973). The
eastern and southeastern watersheds are formed of hills
composed of quartzites, schists, metasandstones, phyllites,
and siltstones (Stocklin and Bhattarai 1977). The fluvio-
lacustrine sediments of late Pleistocene age border the
western and southern low-lying regions of the ManaharaRiver.

The Manahara River has awide valley and has incised
into the fluvio-lacustrine sediments (Bajracharya 1992).
Presently, between Kurthali and Sano Thimi, the river is
actively wandering in its valley with the deposition of a
huge amount of sediments. Several NW-SE trending
lineaments and the Manahara Fault crosscut the basin
(Bajracharya 1992).

Inthe ManaharaRiver basin, average monthly rainfall of
447 and 567 mm was recorded at Changu Narayan and
Sankhu, respectively during 1980-2004 (DHM 2005). Heavy
precipitation is recorded between June and September with
its highest value in July, whereas low rainfall is experienced
during November.

River morphology

Thethird-order main stemriver isstraight (sinuosity, K =
1.09) and narrow with an average slope of 0.070 m/m. Steps,



Pramila Shrestha and Naresh Kazi Tamrakar

T T T T .
BRIy AEEATOC | REMRT AT wEln e =
Fe
" | o3
EX /W\\-\:LI i + | M =
TG HEPAL i | 1
23 4 —— |l
w Y s -f;|u.1n!|!'-|ﬂ_'w:|r_:"|;|.~ Halh-[?ndul 1 2 km
p L .-
-1
\ -
k'_ [
2 B
= I:" o=
-\'._ E
s
.
\\, M
....... : S ;
Ay e \_.\QI‘_F\"-C‘\C‘N'-L' e \c""-? e
e xx\*:kl‘xm\\\\m\ it .“.‘:‘:‘:ﬁ““)s
''''''''''''''''''' i l,,&-f._r.rﬁ’ o :
5 T g
DRI DN }&}W .
. IR ”;,a&&&ﬂum‘
e
b 1 =
I
[=
Legend
3 Leiverr Ererik deprsdl praaesl, sarel st s clhry
5". AR Hpune of brds LIpi Lienih sl el ssiat Al s slay
. at 1328 e endion :I PO Tz S, s e skay
= L &
w18 Sady siles |_| Gakoma Farmation:Cabblz, grmeel, sard and lignis
Tishira Favnatizn: Messsardstora, = zra s1ak ard nedlis
Bl i Feopslicae Sl sl cpame s e pHgnnslile e
K Flhequnl I e STrH = Toard Fdm skl s egsnniEESs T H I S e
it N =
G (o) J
B --'u._1||l.'=- = T T | BATET AT SaE0 F07 . -
-|F.II"I' JE-""I2 ] i 1 1 =]

Fig. 1a: Location map of the study area, Fig. 1b: map showing geology and study sites

riffles, and pools contain sediments ranging in size from
mega-boulders (>1.5 m) to sand. Point and side bars contain
boulders, cobbles, and pebbles with a little (less than 5%)
sand. Thefourth-order main stemriver issinuous (K = 1.43)
with a slope of 0.014 m/m, and has alternating riffles and
pools. Itsriverbed material is made up of sand, cobbles, and
pebbles. Point bars are small containing cobbles, pebbles,
and sand with a minor amount of silt, whereas floodplains
are narrow.

Theupper stretch of thefifth-order stream ismeandering
(K =1.50) with rifflesand pools, and has a slope of 0.011
m/m. The riverbed material is composed chiefly of pebbles
with alittle sand (Fig. 2a). Some mid-channel and side bars
contain sand, cobbles, and pebbles. The middle stretch is
highly sinuous (K = 1.81), wide, and has many large channel
bars. The channel has avery gentle slope of 0.006 m/m with
riffles and pools. The riverbed material comprises sandy
pebbles, whereas bars contain cobbles, pebbles, and sand
(Figs. 2b and c). The lower stretch of the main stemriver is
meandering (K = 1.52) with agentle slope (0.023 m/m), but it
is less sinuous as compared to the middle stretch. The

riverbanks exhibit erosional scars (Fig. 2d). The riverbed
and bar materials comprise pebbly sand. Floodplains are
widely developedinthefifth-order stream, and are composed
of silt, sand, and gravel.

HAZARD MAPPING IN THE MANAHARA
RIVER

Streambank erosion is a dynamic and natural process,
whereindividual soil particles constituting the bank surface
are carried away by the tractive force of flowing water and
the magnitude of force generally increases with increasing
flow velocity. Rosgen (1994, 1996, 2001) observed that bank
erodibility is a function of (a) its morphology, vegetation,
and material, which are incorporated in the bank erodibility
hazardindex (BEHI), and (b) stream slope, depth, and vel ocity
in near-bank region, which are considered in terms of the
near-bank stressindex (NBSI). Other factorswhich aggravate
streambank erosion are lateral instability of channel
(depending onitswidth/depth ratio and meander width ratio)
expressed in terms of the lateral instability hazard index
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Fig. 2: Photographs showing (a) bank height and material at Salambutar, (b) bank material and its erosion at Mulpani,

(c) concave bend of Manahara River at Somathali, and (d) bank failure at Sano Thimi

(LIHI), and anthropogenic disturbance (AD). These
parameterswere assessed to generate a streambank erosion
and latera instability hazard map of the ManaharaRiver .

For this purpose, twenty locations (Fig. 1b) in the
Manahara River were surveyed. The cross-sections and
longitudinal profiles measured with a levelling instrument,
tape, and staff. At the same time, planiform (sinuosity,
meander length ratio, meander width ratio), morphological
(width, depth, ared), and hydraulic parameters (discharge,
velocity, tractive shear stress, stream power) were also
determined. Finaly, BEHI,NBSI, LIHI, and AD were assessed
and their values were transformed into corresponding
ratings using Table 1 together with Figs. 3, 4, and 5. The
total BELI rating for a given location was then found by
adding the corresponding values of the four parameters.
After that, it was further classified into very low (<22), low
(22-44), moderate (44-66), high (66-88), very high (88-99),
and extreme (>99) hazard categories (Table 1).
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Bank erodibility hazard index

Five streambank characteristicswere assessed following
Rosgen (1996) in the stream widths sel ected for streambank
erosion study. The variables included were 1) bank height
ratio (BHR = streambank height/maximum bankfull depth);
2) ratio of root depth to bank height (RDR); 3) root density
(RD); 4) bank angle; and 5) surface protection (Table 2).
Using Table 1 and Fig. 3, these streambank variables were
transferred to hazard ratings ranging from 1 to 10
corresponding to a very low (VL), low (L), moderate (M),
high (H), very high (VH), and extreme (E) BEHI hazards(Table
2). Following Rosgen (1996), apart from above five
parameters, bank material type, itsstratification, texture, and
stiffnesswere also considered for obtaining BEHI. The BHR,
bank angle, and RDR were calculated quantitatively in the
field at each location, where the root density and per cent
surface area of bank protection were obtained by
qualitatively evaluating the vegetation present on banks of
each location.
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Table1: Criteriafor evaluating bank erosion and lateral instability hazard levels

Parameters Attributes Hazard Ievels. -
Verylow Low Moder ate High Very high Extreme
Bk height ratio vaue | 1011 | 1112 | 1215 152 228 >2.8
Index 12 2-4 46 6-8 89 10
Root depthratio () |—Aue | 100-80 80-55 55-30 30-15 155 <5
*Bank Index 12 2-4 46 6-8 89 10
erosion Root density (%) value | 100-80 80-55 55-30 30-15 155 <5
_hajaf d(BEHI) Index 1-2 2-4 46 6-8 8-9 10
Inaex
Benk angle (degrees) YA€ 0-20 20-60 60-80 80-90 90-120 >120
Index 12 2-4 46 6-8 89 10
Surface protection (%) |_Yaue_| 100-80 90-50 50-30 30-15 155 <5
Index 12 24 46 6-8 89 10
Total BEHI <10 1020 2030 30-40 4045 >45
**Near bank ) Value <0.8 08105 | 106114 | 115110 | 120 1.60 > 1.60
stressindex (NBSI) | N6 bank stressindex —ra <2 24 46 68 89 >9
S0ty () Value <12 1214 | 1416 1618 1820 >2.0
y Index 12 24 46 6.8 89 >9
Lateral ———— Value <2 25 510 1015 1520 >20
instability Meander widihratio =0 2 24 46 68 89 >9
hazard ) Value <10 10-15 15-20 20-25 25-30 >30
index (LIHI) Meander length ratio =7 3 10 24 46 68 89 >0
WD retio Value <14 1420 2.010 1020 2040 >40
Index 1-2 2-4 4-6 6-8 8-9 >9
Total LIHI = 816 1624 2432 3236 >36
Anthropogenic - Value <5 5-10 10-15 15-20 20-25 >25%
disturbance Percent disturbance Tndex 2 24 7% 5.8 89 >9
Total rating <22 244 2466 6683 8899 >99

* Rosgen (1996): For adjustment in points for specific nature of bank materials and stratification, the following is used: Bank material:
Bedrock (very low), Boulder (low), Cobble (Subtract 10 points unless gravel/sand>50%, then no adjustment), Gravel (add 5-10 points
depending on % sand), Sand (add 10 points), silt/clay (no adjustment) Stratification: points depending on the number and position of

layer 5-10 points were added ** Categories of Rosgen (2001)

Bank height ratio and bank angle

Generally, ahigher BHR indicates ahigher susceptibility
to erosion. The slope of streambank is an indicator of its
erosion rate. Vertical slopes or cantilever banks generally
exhibit high erosion rates. In the Manahara River,
streambanks are steep (Fig. 7) at al thelocationsand fall on
ahigh to very high category of hazard levels (Table 2).

Extent of bank vegetation, RDR, RD, and surfaceprotection

The riparian vegetation buffer zone (area between
channel and flood plain) of the Manahara River includes (a)
overstorey (more than 5 m high tree and bamboo), (b)
understorey of more than 1 m high shrubs, tall grasses and
small trees, and (c) ground cover of herbs, grass, bushes,
and plant litter. Riparian vegetation buffer isvariableinterms
of types and extent, and in the third- and fourth-order
stretches, it comprises a wide corridor (5-20 m) of mixed
overstorey, understorey, and ground cover. |n some places,
overstorey is discontinuous and leans out but dense
understorey and ground cover line up the stream banks.
The whole buffer zone leans out from the fifth-order stretch
downstream, where overstorey comprises patches, and
understorey and ground cover densely distributein anarrow

corridor. Further downstream (south of Mulpani), most of
the banks are cultivated where overstorey is rare but the
understorey and ground cover exist asavery narrow (<5 m)
corridor. Because of river wandering on cultivated land, no
overstorey and understorey could be re-established.

Along the ManaharaRiver, up to thefourth-order stretch
in Sankhu, the vegetation is present not only on banks but
also beyond them. Overstorey trees forming canopy,
understorey trees, shrubs and grasses forming ground cover
are present providing high RDR and RD. The extent of
vegetation in the 5th order main stemis very poor (Fig. 7),
where shrubs and grasses with very rare trees represent
bank vegetation. The extent of bank vegetation, RDR and
RD are very week, which are not enough to support
streambanks.

Bank material texture, stratification, and stiffness

The Manahara River flows over the resistant rock up to
the fourth-order stretch where the streambanks are mostly
bounded by rockswith sporadic unconsolidated aluvial and
colluvial deposits (Figs. 6a, 7). In thefifth-order stretch, the
streambanks comprise stratified and unconsolidated cobbl es,
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Fig. 3: BEHI attributesplotted againgt hazard ratings. VL =very low, L =low, M = moderate, H = high, VH = very high, and

E = extreme hazards (after Rosgen 1996)

pebbles, sand, silt, and clay of the basin-fill sediments(Figs.
6b, 6¢, 7). Inthe downstream stretches, black clay or silt and
clay beds underlie sand and gravel. In the Sano Thimi area,
silt and sand lamina are dipping at an angle of 40 degrees
and on top of them are horizontal sand and gravel beds
(Fig. 6d). Except at some locations where bedrock and
black cohesive clay are exposed, most of the bank materials
are made up of cohesionless sediments (Fig. 7).

Status of bank erodibility hazard

Accordingtotheresults(Table 2), upstream|ocationsas
V1 and V2 at Sankhu and location V9 (Fig. 1) exhibit the
moderate potential of streambank erosion. LocationsV5, V7,
V11 to V13, and V17 to V19 (Fig.1) bear very high bank
erodibility potential. Therest of the study locationsindicate
high bank erodibility hazard. BEHI does not indicate
downstream trend and is probably influenced by the local
variation of the parameters assessed. In most of the fifth-
order stretches, BEHI is high to very high. Similar results
werealso obtained from the Bishnumati River (Tamrakar 2001,
Adhikary and Tamrakar 2007).
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Table2: Field data of BEHI valuesand their corresponding hazard ratings

Field measured variables Bank erosion hazard index (BEHI) rating
; Ba}nk Root Root Bank Surface Bank Root Total
Location - Bank hre;g*;t ‘:‘:Ipit: densty | Angle Protection | height | depth dsn";?;y Eflgl'; Prs(‘)‘t’g;?gn adjusted
(mim) %) (%) (Degr ees) (%) ratio ratio BEHI
V1 left 1.23 75 70 125 50 4.5 2.8 2.8 10.0 4.0 24.1 (M)
V2 right 1.09 20 40 85 20 15 7.2 5.0 7.0 7.5 28.2 (M)
V3 left 1.04 1 15 90 10 1.0 84 7.7 8.0 8.5 38.6 (H)
V4 left 1.08 B 40 105 20 15 5.3 5.0 8.5 7.5 32.8 (H)
V5 right 1.67 18 20 85 15 6.8 74 7.0 7.0 8.0 41.2 (VH)
V6 right 1.07 19 15 90 10 14 7.3 7.7 8.0 7.5 36.9 (H)
V7 left 1.06 20 20 115 25 14 7.2 7.0 8.8 6.5 40.9 (VH)
V38 left 1.13 24 20 85 27 15 6.8 7.0 7.0 6.4 33.9 (H)
V9 right 1.07 4 35 80 30 15 4.1 5.3 6.0 6.0 27.9 (M)
V10 left 1.08 2 15 75 20 16 6.0 7.7 55 75 333 (H)
V11 right 1.09 13 5 125 15 1.6 8.1 9.0 10.0 8.0 41.7 (VH)
V12 right 121 2 20 90 20 4.0 6.0 7.0 8.0 6.5 41.5(VH)
V13 right 1.48 12 15 85 15 55 82 7.7 7.0 8.0 46.4 (VH)
Vi left 1.08 54 17 90 25 16 40 7.6 8.0 6.5 32.7 (H)
V15 left 117 21 15 90 20 3.8 72 7.7 8.0 75 39.2 (H)
V16 right 111 R 15 90 10 20 5.9 7.7 8.0 7.0 35.6 (H)
V17 right 112 14 10 90 10 21 99 8.5 8.0 7.0 40.5 (VH)
V18 left 1.16 16 10 90 10 3.7 79 8.5 8.0 7.0 45.1 (VH)
V19 right 2.00 10 5 90 10 7.9 95 9.0 8.0 7.0 46.4 (VH)
V20 right 1.06 38 30 70 25 1.6 48 6.0 5.0 6.5 339 (H)

For location see Fig. 1, M = moderate, H = High, VH = very high
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Fig. 7: Photographs showing (&) gully erosion on sandy cobblesand gravelly sand at Sankhu, (b) riverbank at Salambutar
composed of sandy cobbles and thin vegetation cover at Salambutar, (¢) sandy gravel and gravelly sand in theriverbank at

Kurthali, and (d) Inclinded strata of clay and silt (i.e. Thimi Formation) at Sano Thimi overlain by sandy grave of the
Manahara River

Cua, e -

Unconsolidated and cohesionless bank material
distributed in most of the places of the river offer low
resistance to shearing force of stream. Poor riparian
vegetation seems to be one of the influencing factors
aggravating bank erodibility hazard in the river. Low root
depth ratio and low root density greatly increase BEHI. The
canopy cover (overstorey and understorey) distributed in
the fourth-order stretchesis good in terms of bank material
protection from the erosion as the root depth of these
vegetation exceeds 1 m and the root network also supports
sediment. Because understorey and ground cover mostly
represent theriparian vegetation of thefifth-order main stem,
the roots hardly exceeds 1 m in length and their network
supports only the upper few centimetres of soil. Therefore
such vegetation is not strong enough to protect the banks.
However, the vegetation hel psto prevent sheet erosion and
raindrop impact.

Near-bank stressindex

Each streamwidth at a sel ected locality was divided into
three equal parts to find the shear stress in the near-bank
region as compared to the bankfull tractive shear stress of
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theentire channel. The depth and slope of near-bank region
weretakenfor estimatingthenear-bank shear stress(Rosgen 2001):

Tnb = ydnb'snb (1)

where T, = near-bank shear stress (KN/r?), y = unit
weight of water (kN/n#),d,, = near-bank maximum depth (m),
and S,, = near bank stream slope (m/m).

Tractive shear stresst wasobtained using thefollowing
expression of Shield's (1936):

T =yRS @

Then, NBSI (ratio of T to T ) wascalculated. Thevalues
of NBSI were then converted to a hazard rating system
(Fig. 4, Tablel). If the near-bank shear stressisgreater than
the tractive shear stress, the flowing river water is capable
of eroding the banks.

Status of near-bank shear stress

Almost all the locations (except V1) exhibit very high to
extreme near-bank shear stress hazard ratings (Table 3). The
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Table 3: NBSI valuesand cor responding hazard ratings

Location | tnn (KPa) T (KPa) NBSI =1tnp/t Rating Hazard level
V1 30.90 35.71 0.87 2.50 L
V2 48.07 31.59 152 8.90 VH
V3 30.61 18.85 162 9.02 E
V4 34.14 23.47 1.46 8.80 VH
V5 40.02 22.56 177 9.17 E
V6 43.16 25.17 1.72 9.12 E
V7 23.54 18.98 124 8.28 VH
V8 2453 20.22 121 8.10 VH
V9 38.26 22.42 171 9.10 E
V10 20.60 13.13 157 8.93 VH
V11 19.62 10.42 1.88 9.20 E
V12 18.98 13.33 142 8.60 VH
V13 21.58 14.07 153 8.92 VH
V14 18.84 12.36 152 8.90 VH
V15 18.84 11.30 167 9.10 E
V16 74.46 48.57 153 8.92 VH
V17 42.87 39.65 1.08 4.40 M
V18 80.05 41.72 192 9.20 E
V19 63.77 41.24 1.55 8.95 VH
V20 83.39 51.99 1.60 9.00 E

For location see Fig. 1, L = low, M = medium, VH = very high, E = Extreme

resultsshow that the banks of the ManaharaRiver are subject
tovery high near-bank stresses. At thelocationswhereNBS|
isvery highto extreme (e.g. Kurthali, Mulpani, Sano Thimi),
the lateral erosion is a so remarkable (Shrestha 2007).

Lateral instability hazard index

Bank erosion is directly related to stream sinuosity.
Erosion is often confined to the outside edge of a meander.
Ontheother hand, the meander belt width ratio (MWR: ratio
of meander belt width to width of channel with bankfull
discharge), meander length ratio (MLR: ratio of meander
wavelength to width of channel with bankfull discharge)
and width depth ratio (W/D: ratio of the channel with
bankfull discharge to the mean depth of bankfull stream) of
the river also influence the lateral instability of ariver, as
laterally unstableriversusually have higher values of above
indices. MWR and MLR indicate lateral containment of the
river. W/D ratio indicates instability, as an increased W/D
ratio is often associated with bank erosion and channel
widening. Lateral instability hazard indicesof al study sites
were calculated using Table 1 and Fig. 5 from the planiform
and cross-section survey results.

Satus of lateral instability hazard

The results of lateral instability hazard are indicated in
Table 4. Except for one location (V13), LIHI ranges from
moderate to high. Very high LIHI is due to high values of
amost all the planiform parameters. MWR and K largely
influence the hazard rating, as increased MWR and K
increase LIHI.

LIHI is moderate to high. MWR, MLR and sinuosity
influence LIHI, and increase in these attributes tends to

increaseLIHI. Such planiform parametersare often subjected
to change with time due to adjustment in river caused by
basin-wide land use change and sediment yield and along-
term variation in discharge.

Anthropogenic disturbances

Natural aswell asanthropogenic factorsareresponsible
for contributing to bank erosion hazard in a river. Bank
encroachment, mining of construction materialsfrom channel
and bank, and cultivation on banks are the major
anthropogenic activities contributing to bank erosion. Per
cent disturbances were assessed qualitatively (usng Tablel)
in the study site to give ratings from 1 to 10 into six hazard
categories from very low to extreme.

Status of anthropogenic disturbances

The inhabitants have encroached on the streambanks
and bars of the Manahara River mainly for agricultural use
and infrastructural development. The extent of
anthropogenic activities affecting streambank erosionisless
observed in headwaters. The forth-order stretch in Sankhu
ismoderately affected by human activities. In this segment,
cultivation onriverbanks accel erates bank erosion. Thefifth-
order stretchesareremarkably affected by human activities,
but compared to the Bishnumati River, the disturbances
observed in the Manahara River are low. The study sites
located downstream of Mulpani belong to very high to
extreme hazard levels. The stretches near the Mulpani and
Sano Thimi areasare seriously affected by the anthropogenic
disturbances, such as cultivation, disposal of sewage, and
sand mining.
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Table 4: Determination of total hazard ratingsfor LI1HI based on river morphology and planiform geometry

Location | K | Rating | MWR | Rating | MLR | Rating | W/Dratio | Rating ;Fa%tr]aé legd
V1 13 34 14.2 7.7 258 815 28.0 8.6 27.9 H
V2 15 53 3.82 3.3 16.0 4.40 82.1 95 225 M
V3 14 41 5.19 45 25.2 8.02 82.1 95 26.1 H
2 1.6 6.1 8.50 54 18.3 520 27.9 8.58 25.3 H
V5 15 52 6.03 4.4 9.44 175 74.4 9.45 20.8 M
V6 15 51 6.79 4.6 12.9 310 63.0 9.3 221 M
V7 17 6.7 9.26 5.7 174 490 74.2 9.44 26.7 H
V8 1.3 27 131 7.3 26.2 825 16.6 75 25.8 H
V9 1.6 55 14.3 7.7 324 9.25 16.2 7.42 29.9 H

V10 15 54 9.66 5.9 138 350 33.6 88 23.6 M
Vi1 18 8.3 13.3 7.4 185 5.30 78.4 95 30.5 H
V12 14 43 15.1 8.1 34.0 9.40 50.5 9.2 31.0 H
V13 31 9.8 21.1 9.2 19.6 582 75.0 9.46 34.3 VH
V14 19 85 5.86 4.3 7.95 115 95.2 9.6 23.6 M
V15 13 34 5.86 4.3 155 415 58.9 9.25 211 M
V16 15 49 7.66 5.1 13.2 312 68.1 9.35 225 M
V17 2.2 9.6 9.71 5.8 6.00 4.00 87.5 9.55 29.0 H
V18 14 44 8.21 54 7.86 1.10 69.3 9.38 20.3 M
V19 12 17 6.82 4.7 118 2.76 87.7 9.57 18.7 M
V20 12 24 11.6 6.7 23.2 7.30 76.2 9.46 259 H

For location see Fig. 1, L = low, M = medium, VH = very high, E = Extreme
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Fig. 8: Map of theManahara River indicating BEL| hazard levels
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Table5: BELI hazard ratingsand their corresponding hazard levels

Location | BEHI | NBSI | LIHI | AF | Total rating | Hazard
V1 241 | 250 | 27.9 4 58.5 M
V2 28.2 | 890 | 225 6 65.6 M
V3 386 | 9.02 | 26.1 8 81.7 H
V4 328 | 880 | 25.3 7 73.9 H
V5 412 | 917 | 20.8 7 78.2 H
V6 369 | 912 | 221 7 75.1 H
V7 409 | 828 | 26.7 7 82.9 H
V8 339 | 815 | 25.8 8 75.8 H
V9 279 | 910 | 29.9 8 74.9 H
V10 33.3 | 893 | 236 8 73.8 H
Vi1l 417 | 9.20 | 305 8 89.4 VH
V12 415 | 860 | 310 8 89.1 VH
V13 464 | 892 | 343 8 97.6 VH
V14 327 | 890 | 23.6 8 73.2 H
V15 39.2 | 910 | 21.1 9 78.4 H
V16 3656 | 892 | 225 9 76.0 H
V17 405 | 440 | 29.0 9 82.9 H
V18 451 | 9.20 | 20.3 9 83.6 H
V19 464 | 895 | 187 9 83.1 H
V20 339 | 9.00 | 25.9 9 77.8 H

For location see Fig. 1, M = medium, H = high, VH = very high, BEHI = bank erosion
hazard index, NBSl = near bank shear stress, LIHI = lateral instability hazard index, AF
= anthropoginic factor

RESULTSOF BELI HAZARD

The results obtained from the above four major

parameters (i.e. BEHI, NBSI, LIHI, and AD) were combined
to obtain afinal BELI hazard map (Fig. 8, Table5). It shows
that the riverbanks having moderate hazard (V1 and V2) are
located upstream from the confluence of the Sali Nadi and
the Ghatte Khola. Theriverbankswith very high hazard (V11,
V12 and V13) are observed in the Mulpani area. The
riverbanks from Salambutar to Kurthali and Somathali to
Jadibuti are characterised by high bank erodibility and lateral
instability hazards (Fig. 8).

The major causes of accelerated bank erosion in the
study area are human encroachment, lack of riparian buffer
zone, and | oose sedi ments constituting the banks. Besides,
neotectonics and river meander length or belt migration are
theregional causes responsible for the bank erodibility and
lateral instability hazard in theriver.

CONCLUSIONS

The fourth-order main stem of the Manahara River falls
inamoderate level of BELI hazard. A very high hazard level
is observed in the river stretch near Mulpani. The rest of
river stretches around Kurthali and Sano Thimi possess a
highhazard level. The BELI hazard level isgreatly influenced
by BEHI and anthropogenic disturbances. Minimising human
disturbances (prohibiting river bar cultivation, sand and

gravel excavationfromriverbeds, effluent dischargeintoriver,
and bank encroachments) is a way to minimise the hazard
level, but itisnot enough. One of the most effectivewaysto
reduce the hazard is to establish riparian vegetation buffer
zones with diverse plant species that produce a strong
root network.
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