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1 ABSTRACT

During the last four years a detailed GLOF hazard assessment was carried out in the
upper watershed of the Pho river, namely in the Lunana and the Tarina area (see
reports HAUSLER et al., 2000; LEBER et al., 2001, 2002, 2003). Based on sateliite
image interpretation and field investigation diﬁerent sceharios of possible GLOFs -~
occurring under worst-case conditions in the future - were elaborated by the Austro-
Bhutanese team.

Amongst these scenarios the “Thorthormi GLOF scenario”, which is to be expected
to happen in the near future (<10 years) under worst-case conditions, is the most
severs one.

- Near the terminus of the large Thorthormi glacier a net of several supraglacial

lakes is developed. Due fo fast glacier melting in the Lunana area these supraglacia
lakes are extending — and it is expected that within 10 years a larger proglacial lake
will form. In that case it is likely that the at present already destabilized damming

- moraine will give way — Ieadmg to a glacier lake outburst fiood (GLOF) devastatlng
- the downstream valley. -

To avoid this development the execution of technical mitigation measures was
proposed by the Austrian team to the Department of Geology and Mines. Within the
next years the outlet of the Thorthormi lake should be widened and deepened to
lower the water table of the existing lakes and to guarantee a free discharge of
the runoff of the glacier system.

The planning of the technical mitigation measures presented in this report is
based on information gained during the previous project phases. Due to the fact
that there never was the infention behind the previous work and especially during
data collection and measurement to provide very detailed information required for
the planning and execution of a technical project — it is evident that this data can
only serve as a rough basis for the design of the widening of the Thorthormi outlet
cannel. Given the extreme urgency — expressed by the Department of Geology and
Mines, Royal Goverament of Bhutan — making a longer planning phase including field
survey impossible, the Austrian expert group agreed to “take what is available”. Due to
these constraints the present report on proposed measures presented by the
Ausirian expert group can only serve as a rough guideline — the final responsibility
for the execution of the technical mitigation measures rests with the Department
of Geology and Mines, Royal Government of Bhutan.

As a feasible GLOF mitigation measure the fowering of the actual water levei in the
supraglacial iakes by excavating a trench through the moraine crest at the active
spifiway channel and the lowering and widening of the upper part of the channei is
proposed. To limit the construction time and o avoid very rough working conditions the
‘wet work” (i.e. below the channel water line) must be reduced. This is achieved by the
construction of a coffer dam af the channel inlet for each down-cutling step and by
draining of the design discharge of 4 m*/sec through an artificial pipe system (2 PE
pipes with a diameter of 0.8 m} fo be inserted in the channal,

It is proposed fo execiute the necessary excavation work in 4 down cutting phases -
ke outlined in the attachect maps- uniil the iake water isvei has been lowered by
3 m. Each of these phases consisis of the following steps:
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u Establishment of a water diversion by the construction of a coffer dam with pipe
conduits.

Establishment of stable sideslopes on both sides of the channel.

Widening of the channel bed. |

Lowering of the channel bed.

Opening of the coffer dam (not at pipe location) and shift of the coffer dam to the
new lake water shoreline.

[P T % R

After the base level of the trench is established the armouring fayer build up by larger
boulders can be executed, starting at the lower end with the foundation. Also for this
procedure a water diversion is recommended.

During the down cuiting a stable trench has to be guaranteed following the conditions

~ -gpecified in this report (e.g. channel bed slope of 1:20, maximum sideslope of 2:3).

Based on the length of the trench o be excavated and its cross section area the total

- gxcavation volume was calculated to be approx. 34500 m>. The smaller grain sizes
(<20 mm) of the excavated material can be used for the construction of the coffer

dam, larger grain sizes (bouider >0.5 m diameter) can be used for the construction of

the channel armouring layer. Due (o the fact that the quantity of material showing

smaller grain sizes — like necessary for the construction of the coffer dam is not
sufficient - additional 8000 m® have o be excavated.

To complete the total work load in fotal 83500 man days are necessary. Assuming the
deployment of 300 workers (20 parties with 14 workers and one supervisor} the
technical mitigation can be completed within four working seasons.

The preliminary calculation of the cost for the mitigation works at the Thorthormi shows
that to cover the cost for the first phase approx. 39 million (NU 38.942.400} Ngultrum
are required {what approx. equals 733.000 EURQ). The other three phases require
approx. 27.6 million {NU 27.558.240) Ngultrum each year {(what equals approx. 522.971
EURO).

The total cost to finish the technical mitigation measures at the Thorthormi lake is
assumed to be 121.6 million Ngultrum, what equals approx. 2.3 million EURO.
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2 BACKGROUND iNFORMAT!ON ABOUT PREVIOUS WORK IN THE
THORTHORMI AREA

In 1994 a Glacier Lake Outburst Flood (GLOF) originating at the Luggye Lake, Lunana
area, Gasa province devastated the downstrearn area along the Pho Chhu, killing 21
people, damaging Punakha Dzong, houses, infrastructure and arable land (WATANABE
& ROTHACHER, 1996). This disastrous event raised the awareness of the local
politicians, concerned authorities and of the population for the risk of glacial hazards in
the High Himalayan watersheds. Different expeditions were sent by the Department of
Geology and Mines to Lunana to assess the future risk of GLOF hazards {TSHERING
TASHI et al., 1994). The Raphsireng glacier lake, close to the Thorthormi glacier, was
found ready to burst — immediate technical mitigation measures (widening of the outlet
thereby iowering the water table of the fake) were started by a Bhutanese-Indian team

-~ (BGEOLOGICAL SURVEY OF INDIA; 1995; WAPCOS, 1897). Due to the fact that there

exists an inferconnected system of different glaciers and glacial lakes in the Lunana
area (see Figure 2.1) — with different hazard processes and triggering mechanisms — an

-~ Austrian expert group was called in for assistance in 1998. Based on a detailed hazard

assessment procedure cembining the Enterpretation of remete sensing data with figld

" and. the upper. reachesﬁ,of,,,the Pho Chhu watershed and techmcat and non-technical -

mitigation measures were proposed to the Royal Government of Bhutan (BRAUNER st
al, 2003; HAUSLER et al., 2000; LEBER et al., 2002, 2003).

Figure 2.1: Interconnected system of glaciers and glacier lakes in the Lunana area,
upper Pho Chhu watershed.

The Thorthormi area itself was investigated in detail in summer 1999 using an
interdisciplinary approach c&mbmmg different fi eid methods (geomorphological and
geological mapping, engineering geodetic survey, engineering geophysics,
hydrogeology) to assess the risk of future glacier hazards. The location was revisited by
the Ausiro-Bhutanese team in summer 2000 and 2003 to document changes i(e.g.
axpansion of glacier lakes due to excessive meiting of giaciers). A Tinal evaluation of &k
gyadiable information led o the definiion of haravd sosnanios with a8 considerabis
downstrearm: impaci and to the definiion of recommended mitigation measures LEBER
el g, 2002}
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2.1 GLOF hazard scenario “Thorthormi glacier/lakes”

According to the hazard assessment methodology defined by the Austro-
Bhutanese team for the upper watershed of the Pho river, combining remote sensing
methods, field mapping, computer calculations and simulations for every glacier/glacier
lake area, the geo-hazard potential was evaluated (see Table 4.9.1 in LEBER et al.,
2002). The geo-hazard risk evaluation matrix for the Thorthormi glacier and the
supraglacial lakes considering different criteria like e.g. stage of the glacier retreat,
increase of lakes in size and number, occurrence of dead-ice, occurrence of mass
movements, stability of moraine dam, occurrence of seepages, erosion of the moraine
dams by weathering and/or flooding and height difference between glacier lakes is
reprinted in Table 2.1.

Based on the detailed assessment it was found that there is the probability for a
worst-case GLOF hazard scenario in the near future (possibly occurring within
the next ten years) originating in the Thorthormi area, having a very high impact
on the Lunana villages and the downstream area.

Near the terminus of the Thorthormi glacier a net of several interconnected
supraglacial lakes is developed. At present three large supraglacial iakes, one close to

the unstable outlet area with a probable volume of 120.000 m*® and additional 20 smaller

lakes were mapped. Due to fast glacier melting these lakes are extending rapidly
and it is very probable that they will soon form one large proglacial lake. At present
the hazard potential is low and a possible outburst will only result in a minor flood. But
in the near future it can be of significantly higher magnitude, with a downstream
impact comparable to the 1994 Luggye GLOF event (18 mill. m?). To mitigate the risk
of a future GLOF originating at the Thorthormi lake the decision was taken by
DGM/RGOB to widen the outlet channel within the next years.

Glacier Moraines Qutlet
. _ Steep active channel with
Fast decaying glacier RLM stable. TM destabilized by tandslides not capable to

snout. Supraglacial
lakes expanding.
Possible formation of

seepages. LLM (Thorthormi-Raphstreng | block the outlet. Seepages
segment) shows sliding and is probably | in the right sideslope.

large proglacial lake. destabilized by melting ice lenses. Possible reactivation of

second outlet.
Assessed actual Assessed hazard potential in the | Proposed mitigation
hazard potential near future (<10 a measures

Monitoring program. In
case of fast development of
proglacial lake technical
mitigation measures in the
outlet. Hazard zonation
plans, EWS.

Outburst of small
supragtacial lake
(6000 m?) is possible.
No major impact on
the downstream area.

Table 2.1: Results of the assessment of geo-hazard potential for the Thorthormi glacier
and supraglacial lakes as executed by the Austro-Bhutanese team (modified after
LEBER et al., 2002). RLM = right lateral moraine; LLM = left lateral moraine; TM =
terminal moraine; Yellow shading = low hazard potential; red shading = high to very
high hazard potential.
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3 GEOMORPHOLOGIC AND GLACIER-GEOLOGIC CONDITIONS IN
THE AREA OF THE PROPOSED TECHNICAL MITIGATION
MEASURES

The decaying Thorthormi glacier is characterized by several supragiacial lakes spread
over the distal part of the glacier. These iakes show a tendency to develop englacial
conduits forming a big supraglacial to proglacial lake. During the field period 2000 to
2001 a quick expansion of the supraglacial lakes could be mapped and notable
morphological changes indicate the increase of these glacial lakes.

The area around these glacier lakes, close to the terminal moraine, is characterized by
an “undulated morphology” showing an intense creeping of slope debris and by
collapsed, concave structures mostly filled with fine-grained sediments. Several small
isolated ponds occur. Approximately 700 meters NW of the outlet in the terminal
moraine rapidly melting ice cores feeding supraglacial lakes are outcropping, covered
only by an up to 15 m thick debris. Below the debris cover a more or less continuous ice
sheet with a thickness of more than 60 meters exists, what could be proved by
geoelectric measurements.

Legend

Mophomefry

Process

=d conglruction site

Figure 3.1: Present situation at Thorthormi glacier lake. Rapidly increasing supraglacial
lakes (1-3) with a tendency to join to one proglacial fake in the near future. Proposed
consiruction site along lake 1.

On the orographic right side of the glacier the aclive oullel channst is fad by thres
supraglacial fakes. On the orographic ieft swe an inactive channe! I8 present fresict
channel, see Figure 3.1} [ was inactive privr to 1994 and marks 8 supralprogiacial
arpa. delineated by 2 ddge (o the sl active rght part of the glacier,
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The ralict channel on the orpgraphic left side is deeply incised into the te 5
From its start at the ridge down to the moraine crest it is wide and gently sloped.
Between the moraine crest and the Pho Chhu channel it steepens up - comparable to
the active channel gradient (see Figure 3.2). This steep lower section is armoured by
large boulders, but slides from the oversteepened sidesiopes can resulf in blockage of
the channel which may result in a small temporary take (max. 2000 m* volume) of
neglectable risk potential. However the situation at both outlets and changes of the

lakes and the ridge separating both outlets should be monitored on a yearly basis.

4

Comparing the hydrostatic profile of the lakes and of the outlet with the Pho Chhu river
bottom level reveals, that at a distance of 550 m from the terminal moraine crest
(measured from the active outlet), the glacier water levet is below the Pho Chhu level.
Therefore only the moraines in front of this level line can be at risk considering glacier
drainage. As the glacier will lower its surface elevation due to melting this distance will
shorten continuously. The same is frue if the water level| of the active outlet is lowered.
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Figure 3.2: lLongitudinal sections along inactive (orographic left) and active
(rographic right) cutiet channel of Thorthormi lake.,

As Figures 3.3, 3.4 and 3.5 show, in 2001 the active spillway channel of the Thorthormi
glacier is actively eroding into the moraine body. At that location the outer side of the 30
tn 60 m high moraine hody shows an average siope angle of 1:4, the inner side shows 2
more genile slope of 1:10 {see Figure 3.4 and 3.5).

The apiltway channel iz very steen and shows big resideal boulders {up to 8 dismeler of
7 ) which can nad be ransporisd by waler force. These residual boulders stabilise the
spittway channel. Whereas the upper half of the channel is actively eroding, the lowar
part shows a lower siope gradient and can therefore be considered as stable,




Figure 3.3: General overview on Thorthormi glacier, its active spillway channel and
Raphstreng glacier lake on the left. Proposed technical mitigation measures (red circle).

Figure 3.4: Detailed overview of the Thorthormi spillway channel in summer 2001.
Active sideslope erosion and big boulders stabilizing the channel can be seen.

Figure 3.5 Lefl Lake outled at the crest of the Inner terming! moraine. B
Oin both sides features of the nstable humnmocky morsing ars vigibk
unideriain by dead ice.

p, probably




ON INFORMATION FROM THE PREVIOUS PROJECT

in contrary to the local situation encountered at other glacier lakes in the upper reaches
of the Phc Chhu watershed, only for Thorthormi glacier lake a lowering of the water
table by the excavation of an artificial channel (i.e. widening of the existing outlet
channel) is feasible. This is due to the fact that the lowest (easternmost) Thorthormi
proglacial lake has only a limited water volume of approx. 120.000 m*. Additionally the
outlet level is very high in respect to the crest of the moraines which results in low
excavation cubature.

4.1 Available data and constraints

The planning and design of the technical mitigation measures presented in this report is
based on topographic information and a Digital Elevation Mode! (DEM) generated from
the Indian topo sheets (sheets no. 77 L/4 and 77 L/8; 1:50000), on high-resolution
satellite imagery (IRS-1D) and on engineering geodetic surveys performed in summer
1999 in the course of engineering geophysical measurements (resistivity survey,
seismics, ground penetration radar — see HAUSLER et al., 2000) and taken during the

-+ field campaign'in'summer 2001 to evaluate the rapid extension of supraglacial lakes, ..

Due to the fact that there never was the intention behind these measurements to
provide very detailed topographic information required for the planning and
execution of a technical project — it is evident that the available geodetic survey data
can only serve as a rough basis for the design of the technical mitigation measures in
the Thorthormi area.

Normally — considering similar construction projects — a detailed survey at a scale
between 1:20 and 1:50 is a prerequisite. Due to the special environmental conditions
prevaiiing in the Thorthormi area {remoteness, altitude} and due to time constraints and
financial constraints expressed by the Department of Geology and Mines (DGM), Royal
Government of Bhutan (Director Dorji Wangda) — making a longer planning phase
including field survey impossible — the Austrian expert group agreed to “take what is
available” to sustain the DGM its mitigation activities.

Additionally to the topographic data all other information on geomorphology,
hydrogeology and discharge, geotechnic parameters and subsurface composition
collected during the previous project phases were used for this report. This information
too was collected in less detail than normally required for site construction planning.

in the iight of the above mentioned constraints the present report on proposed
measures presented by the Austrian expert group can only serve as a rough guideline —
the finai responsibility for the technical mitigation activities at the Thorthormi lake rests
with the Department of Geology and Mines /RGOBR.

4.2 Stability assessment of the spiliway channel

{auring the Held campaign in summer 2000 and 2001 a short stabilily assessment was
carried oul Rased on the findings i can be conciuded fhat the foliowing factors Ty
Himit the: ong lerm stability of the aciive oullen
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Steep outer slope of the moraine body of 1:4.

Very steep upper part of the spillway channel of 1:2.8 — 1:3.2.

A narrow spiliway channel (5-6 m) which actively erodes,

Smali crest of the moraine body and spillway channel inlet.

Seepages discharging lake or outlet water located nearby the lower channel

Based on these findings the following hazard scenarios can be outlined:

Q

At present the upper part of the spillway channel shows the risk for backcutting
with consecutive destabilization and possible coliapse of the small moraine crest
and the sideslopes. Aithough temporal blockage is not probable due to the steep
gradient of the channel, lateral erosion may cause additional risk and therefore
need to be stabilized.

Quick extension of the actual small lake. This will result in significantly higher

water masses which will be prone to breach. Additionally the risk of surge waves,
initiated by lateral mass movements-impacting the -enlarged. lake will come into =~~~ -

existence as high lateral moraines are adjoining the lake. All these processes

can cause spillway erosion with consecutive dam breach.

Increase of hydrostatic pressure is not probable as the lake aiready shows
maximum possible water level, but the permeability of the moraine body may
increase due to dead ice melting and intensified seepage activity.

5 DESIGN CONCEPT FOR THE  SPILLWAY CHANNEL
STABILIZATION

The lowering of the actual lake water level by excavating a trench through the moraine
crest at the active spillway channel is suggested. To guarantee a stabie trench the
following conditions must be followed:

Q

a

Maximum channel bed slope of the trench at any phase of 1:20 (5 %) (see
construction plan 1 and 2).

During the excavation process bigger boulders must be removed by manual
wrenches or by breaking them into smaller parts of about a size of 0.5 m (silent
explosives). After the down-cut they are used for building up the armouring laver
of the channel bed (see construction plan 7).

Channe! width 10 m, U-shaped and stabiiized by bouiders according io slabiiity
caicuiations. The armouring layer must be build up to a super-elevation of 2.5 m
above the channel botiom. At the lower end of the armouring, stable foundations
by means of big boulders andior gabion caskets must be established {see
construction plan 7).

A maximum sidestope angle of 223 (86 %) on both sidesiopes of the rench and
the spillway channel must be mainiained, Sideslops stability must be orovided at
sy phase! (see constrection plan 3. 4, 5 and 63, |
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The lowering can be achieved in excavation steps of not more than 2 m each, till
the lake water level has been lowered by 5 i (see construction plan 2.

a Due to the limited time and very rough working conditions all potentially “wet
work” (i.e. below the channel water line) should be carried out in dry conditions
by establishing water diversion with the help of a cofferdam at the channel inlet
and a lake drainage trough two water pipes. For each down cutting phase a
cofferdam according to the plan in the annex should be established (see
construction plan 8).

In detail each excavation step consists of the following work steps:

1. Establishment of water diversion by building up the coffer dam with pipe
conduits.

Establishment of stable sideslopes on both sides according to the cross
section indicated in the cross section plans A-A to D-D in the annex.

3. Widening of the channel bed according to the cross section plans.
-~ 4. Lowering of the channel bed according to the cross section plans.

E‘J

5. Opening of the coffer-dam (riot at pipe location), erosion of the dam by -

water force and shift of the coffer dam to the new lake water shore lins.

6. After the base level of the trench is established the armouring layer can be
build up starting at the lower end of the trench with the foundation. Also for
this procedure water diversion is recommended!

5.1 Risks and restraints

As the actual surface slope and maximum depth below the lakes waterline is not known,
only assumptions can be made. Therefore the following calculations are based on the
assumption of a subwater-surface slope angie of 1:10 and a iake depth of 5 m.

The seepage located right of the lower channel section (see Figure 3.4) limits the
available down cutting depth of the trench. Therefore during the whole work attention
should be drawn to seepages and a maximum cutting depth of 8 m at the moraine crest
{section A-A) should not be exceeded.

5.2 Water diversion

in order to cary out all channel works in dry conditions water diversion is
recommended. This can be achieved by a coffer dam at the channel inlet consisting of
compacted moraine sediment smaller than 20 mm. Assuming a design discharge da.;}iﬂg
the work period of 4 m’s the water can be diverted through two PE pipes with
diameters equal to 0.8 m through the coffer dam and the trench.

Due to the fact that there exists only one single discharge measurement, done with the
sall-diution methed on BSaptember 16, 2001 at 14.28, giving a value of 3.75 m¥sec (see
LEBER of al, 2003:Table 3.4.2.1) the maximum discharge can only be approxiimated
yging other e series of discharge measurements availpble from other akes in the

Lunang arad,
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VISCHER & HAGER (1998), assuming a PE pipe which protrudes without headwall inte
the lake. The dam shows a crest width of 3 m, a crest height of 4 m (relative to the pipe
inlet bottom) and sideslopes of 1:2. The dam is build by compacted dam material - each
time a layer of 0.1 to 0.2 m is deposited and manuaily compacted. To guarantee a
down-cutting depth of 2 m for each construction step, the dam has to be built in a U-
shaped alignment around the outlet intake. The dam must protrude into the lake to an
extent that the pipe conduit bottom is focated 2 m below the actual channel intake
botiom level. The dam height of 4 m is necessary to get a freeboard of 2 m (for wave
action and short intensified water discharge).

For the construction of the coffer dam locally available sediments (available from
excavation} can be used. According to the analysis of three sediment samples taken
from the moraines of the Raphstreng lake (close to Thorthormi) by the Geological
Survey of India (WAPCOS, 1997) during the year 1996 expedition, the moraine material
can be classified as GM (silty gravel))GC (clayey gravel) according to the USCS
(Unified Soil Classification System) classification which is suitable for homogenous dam
construction (CADENAS DE LIANO, 1993). In detail the following distribution of the

~ grain sizes needed for the construction of the coffer dam can be deduced (see Table
~StandFigure 51). ' S e e

T Taken fronf; M*

0.002 - 0.05 623 ] 16-4.7 three sediment
T0.05-02 13724 | T samples |
02-2 2-19 13-27
TT2-20 20 - 52 18-34 . | T 54t0 60 %

Tabie 5.1 Grain size distribution and expected quantity of moraine sediments (55 to
60 %) available at the construction site which can be used for the construction of the
coffer dam. Information based on grain size analysis of three sediment samples taken
by GSI at the Raphstreng lake in 1996 (WAPCOS, 1997).

During the work period a maximum outflow of 4 m3s at maximum is assumed. In order
to divert this discharge through the trench, two PE pipes with a diameter of 800 mm
each are needed (e.q. PE Weholite Spiro low pressure pipes). The pipes need to be
fixed to a seal collar consisting of two metal rings (max. diameter 2 m), aghtly fitling
around the pipes. The total length of the pipes is estimated as 130 m (max. length of the
trench). The pipes need to be fixed each 10 m by gabions on each side.

5.2.1 Risks and restrainis

There shodid be none of them, As |e coffer dam is small alse unplanned avertopping
will not destabilize the acius! ouwtiet channel A good bedding of the pipes is very
important. Thereforg a filer ayer of fine material should be thoroughly worked around
Hremm and Bie sesd coliars,
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Figure 5.1: Comparison between measured grain size distribution (solid lines) of the
Raphstreng moraine and grain size distributions suitable for homogenous dam
construction according to unified soil classification system (USCS). GM - Siity gravel,
GC - Clayey gravel, SM — Silty sand, SC — Clayey sand.

5.3 Sideslope/channel stabilization

Based on the cross section plans A-A to D-D for each step the final cross sectional
width is set out. Then the suggested slope is established starting from the top,
simulianeously iowering the sideslope in steps not more than 2 m. Whereas the finer
material (smailer than 20 mm) can be used for the coffer dam or can be washed down
by the spiliway flow, all bigger diameters have to be deposited. All boulders with a
diameter bigger than 0.5 m will be needed for channel stabilization later on. All other
excavation material has to be dumped. For this task small cable cars can be used.

After stable sidestopes (significantly lower than 2:3) are established, the channel bottom
is widened according to the cross section plans A-A to D-D. After this step both
sideslopes should reach a slope angle of 2:3. At that time the coffer dam should be
closed and the lake water diverted through the pines. As a next step the channe! bottom
can be lowered according to the cross sectional profiles A-A to D-D.

5.3.1 Risks and restraints

if the work proceeds according to the pians no significant reks have (o be considersd.
Bigaer boidders have o be cracked up by silent expiosives down to an average
diameter that they can be used for channel armouring, in case of s;eepages”a
hydmgeoiogical expertise should oheck for sighle condilions. Big residual bouiders
{higger than 2 m in diameler) can remain i the channe! section provided that they arg
weil bedded and the armouring fayer is build tightly armund them.

S C A
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In order to guarantee a stable channel bed the maximum channel gradient is assumed
to remain below 5 % with a channel width around 10 m. The average boulder diameter
needed to maintain a stable channel bed is calculated according to WHITTAKER &
JAEGGI (1986). For this calculation a high water discharge of 40 m3s, similar to the
discharge estimated for Luggye Tsho (LEBER et al., 2001) is considered.

Design discharge [m?*s] ) 49

D50 of moraine material [m] 0.10

Channel width [m] 10

Channel slope fm/m] 0.35 (old channel) 0.05 (new trench)

D65 of armouring layer [m] 1.3-15 0.3-04

Armouring layer thickness [m] 1.9 0.6
Armouring layer stable? | yes yes "

Tabie 6.1: Design parameters for armouring layer {part 1).

Boulder weight per square meter [/m?] 1.2 T

Boulder volume per square meter [m*/m?] ~0.5 B
| Bouiders per square meter [Pes./m?] _~40, at an average diameter of 0.4 m

Armouring layerlengthm)] 130 ‘- i

Armouring fayer width [m] 115 S

Armouring layer area [m?] 1950

Armouring layer total volume {m? 975

Table 6.2: Design parameters for armouring layer (part 2).

After the construction of the trench, the upper, newly established channel section will
show a channel gradient of 5%, whereas the lower, original section still shows a
gradient for about 35%. Therefore the erosion protection of the upper channel section
will need smalier boulders as indicated in Table 6.1 and Table 6.2. According to the
calculation based on a design discharge of 40 m%s for the new trench armouring layer,
boulders with an average size of 0.5 m and a boulder volume of 0.5 m® per m? are
needed. The steeper unaltered channel section below still needs an armouring boulder
size of 1.5 m {see Table 6.1). As most parts of this channel section show sufficient
boulder size only some areas with significantly smaller boulders sizes have to be
reinforced punctually. To guarantee good armouring the individual boulders must be
built in;, starting at the lower end with their longest axis in vertical to slight upstream
orientation. On both channel sides the armouring layer must be extended up to the high
water line which is 2.5 m above the channel axis . As the boulders must be built in very
close to each other, an average porosity of the armouring layer of 30 % is estimated.
Due to the variable sediment sizes of the moraine no fine filter layer is needed. The well
prepared moraine material (no hollows, slightly compacted) can function as foundatior
of the armouring layer. To guarantee a stable foundation at both ends of the armouring
section the armouring layer must be interconnected with big residual boulders, or a
gabion wire fixing the armouring layer must be established at the end of the stabilization
measures {see constiuction plan 1).

.1 Risk and restraints
The dense and stable assermbly of the armouring laver is very important. Therefore the

average size and position of the boulders must be checked and some excess bouiders
can be sinred aside o be guickly avaiiable i case of damags,




UME, CONDITIONS OF EXCAVATIO:
AND NECESSARY PRECAUTIONS TO BE TAKEN

Based on the length of the trench and its cross section area, the sediment volume
needed for the coffer dam and the armouring layer and the totai excavation volume was
calculated (see Table 7.1 and Table 7.2). Like indicated in the tables more sediment js
needed for the construction of the coffer dam than can be provided by trench
excavation. Therefore additional sediment has to be excavated nearby the dam
construction site. In contrary to the insufficiently available smaller grain sizes enough
boulders bigger than 0.5 m will be available from the trench excavation. Therefore it is
guaranteed that an armouring layer of approx. 1900 m? can be constructed with
bouiders having a total volume of 850 m®.

In total a volume of nearly 34500 m* will have to be excavated from the trench and
additional 8000 m® will have to be excavated fo provide sufficient sediments showing
smaller grain sizes (< 20 mm) for the construction of the coffer dam.

Section Sertion Section Section Section | Sastion |Sum m)
90 |reach | AA | Heach | BB Reach | C€C_ | Beach | DD _ | Reach EE

Channel length between sectioas [m] 77 g P A 31 .
Section channet width [m] TR 2 10 gt 10 10
Section area of channel subsection m? 30 | 3 180 55 ] [} . T ]
Section-drea of sideslope subsection [m?] R 345 R ] ‘30 |- 1w T G —1
Excavation volume of channed subsection [ 3,740 605 1900 593 F] 7L
Excavaiion velurng of sidegiope subsection [mf] 13,565 2070 8,373 3475 474 7 :553
Total axcavation velume [m?] 34458

Table 7.1: Caiculation of the total excavation volume.

8 CONDITION OF EXCAVATION WORKS AND NECESSARY
PRECAUTIONS TO BE TAKEN

In summer 1999 engineering geophysical surveys were carried out in the area of the
terminal moraine/outlet area of the Thorthormi glacier/lakes to locate the extension of
dead ice bodies or dead ice lenses and to assess the sedimentary composition (see
HAUSLER et al., 2000). The following conclusions can be drawn with respect to the
forthcoming excavation works in this area:

o Qutlet channel and terminal moraine: From the seismic refraction measurements
along the terminal moraine, perpendicular to the outlet channel (see HAUSLER
et al., 2000:Figure 6.3, Profile 83) it can be interpreted that in the outlet channel
area a up to 10 meters thick surface layer mostly composed of boulders is
underlain by coarser grained debris including boulders and clusters of boulders.
This layer has a thickness of up to 30 meters, The presence of dead ice in the
outlet area can be ruled out to a great extent although the deeper seismic
sections could not be interpreted due to the occurrence of seismic noise.

a1 Area between terminal moraine and end of moraine dammed glacier lake: The
area around the eastermnmost moraine dammed glacier lake shows an “undulated
morphology” representing the ablated moraine with melted ice cores. From
reflection seismics and geveleclics {see MAUSLER st al., 2000 Figurs 3.3
alorg two MRW-SSE directed orofles appron. 700 w1 West of the ouslet | ran be
sonciuded el the large debrissovered areas close o e lerminal moraice are
sl ioe-cored aithough the exdension owards the glacler lake s uncerlsin, The
acourrencs of dead ioe betwean the glacier lakes cannot be excluded,




i_rngs seetinn 00 AA BB o

-Di¥ Sum
Chenngl length between gsctions 15 [ 25 -
section area sidesiopee {rF) il 43 4 G A — e
suction ares channet [ 0 gl W2 0 G

-~ Exsavation width for gach section [m] Seemap3-6

& Excavation depth for eacn sectian [m] Seemap3-6_

1 Total valume excavated 837 369 gez T o 1603
1sable valume for coffer dam {1} =41 71 1431 n 108
Usable valume for armouwring (2} 64 40 &7 0 %
Yolume npedad for coffer dam (3) 1,828 I 1,828
Channel langth betwesn sections 30 b 3 4
saction area sideslopes [m?) 45 43 A3 G
section area channel ¥ 23 22 22 q

o~ Excavation width for each section {m] Seemap3-6&

& Furaalion rapth fnt rach saction [m] Seeman3-h

& Total volume excavated 13860 396 2015 87 - Jaa7
Usahls volurne for coffer dam 734 214 1.088 47 21183
Usable volume for armouring 138 40 202 a 386
Yolume needed for coffer darm 35656 31656
Channal {ength between sections : 50 B 31 12
section area sideslopes [m¥| 60 60 60 )
section area channel [m?} 30 1] 1) ¢

m Excavation width for aach section |m}] Seemapd-6

% Excavation depth for each section [m] Seemap3-6 o

B Folal volume excavated SooL.2me 8B 278 I 6h79.
Usable yolume for coffer dam ‘ 1520 - o tEuz 194 3607
Usable volume for armouring - ER w0 - e B4 T 278 - R R BRE
Yolume needed for coffer dam 6094 6,094
Channel iength between secticns 70 b H 15
section area sidesiopes [m?] 73 73 73 i}
section area channei [m*] ¥ 37 37 i}

~+ Excavation width for each section [m) Seemap3-6

g“ Excavation depth for each sectien [m] Seemap3-B

3 Tatal volume excavated 5132 660 3410 550 9,752
Usable volume for cotter dam A7 dhh 1841 .77 5566
Usahle volume far armeuring 513 66 341 85 8715
Yolume needed for caffer dam 8531 8,531
“Cofferdam Assumption: 1 fire the length of the trench staming at A-A, plus cross section 55 m*

Compaction of dam material 0.250 %7100
Sedimant fraction usable for dam construction 06403 %MOD
Sediment fraction usable for armouring [R:i] %100

Ghantity of dam construction muaterial insuffician
Cheartily of aroverieg Soubders tuadiabie 5 eonsiruedien site sufitvient

300 w7 fave W e additionaly supsdied

(4} Excavatable volume of sideslopes above the channel water line (prior to establishment of coffer dam)
{2 Volume of boulders of sufficient size accessible after estabiishment of coffer dam {sideslope and channel botinm)
(3} Volume needed at dane construction site considereing compact:an

Table 7.2: Calcuiation of excavation volume for trench, coffer dam and armouring layer.
The calculations are based on the cross section plans and the assumptions listed
above. The last column (bold numbers} gives the excavation volume and the needed
volume for water diversion work and armouring for each excavation step. For all steps
the material needed for the coffer dam exceeds the excavated material at the trench.

Therefore additional material of approx. 8000 m® is needed!




BRAUNER 22 al, (P Techus GUOF Mitigstion Mensures Thorthorsi Otlas o

9 CALCULATION OF NECESSARY WORK FORCGE AND TIME TO
FINISH THE WORK

As there is only very limited risk in destabilizing the chaniel by the mitigation measures
proposed, the work can be carried out extensively over several working periods with
local pecple.

Due to the climatic conditions prevailing in the construction area the time window
between mid of May and mid of October (onset of snowstorms blocking the high
passes) should be used for the construction activities.

Due fo the harsh conditions in Lunana (climate, altitude) the weekly working time
must not exceed 5 days. Medical service for the workers must be available at the
site. Especially trained personnei should check the physical condition of every worker in
the moming and evening o avoid serious problems due to high altitude sickness —
which already claimed lives during the outlet channel widening at the Raphstreng Tsho
(personnel comm. Yeshi Dorji) and during the Austro-Bhutanese GLOF Mitigation
expeditions.

Based on the experience of the mitigation works executed at the Raphstreng lake —

where large parties with more then 400 workers led to serious social problems in the - - o

- small villages and t6 an environmental degradation (excessive use of firewood) — the
 number of persons engaged in the mitigation works at the Thorthormi should be limited
with approx. 300 workers. That means that in total 20 working groups consisting of
14 workers and one supervisor can be deployed.

Given a sufficient supply with technical equipment and construction material and given
an adequate provision, the technical mitigation work at the Thorthormi outlet can be
executed within 4 field seasons (see Table 9.1).



Workforce Workforce  workforce  Workforce  Workforce
excavation transport  coffer dam  armouring Total
- Excavation 11,539 11,538
o Coffer dam 31,460 13,711 14,854 60,024
%’ Armaouring 0
Total 71,563
Excavation 27,773 27,773
‘§ Coffer dam 32,550 27,422 29,707 89,679
{n Armouring 0
Total 117,452
- Excavation 48,092 48,092
o Coffer dam 51,452 45,703 48,512 146,667
& Armouring 0
Total 194,759
Excavation 70,217 70,217
& Cofferdam 67,552 63,984 69,316 200,852
& Armouring - © 13,3000 13300
Total ' 284,369
Total sum of manhours 568,144
Total sum of mandays with 8 houres 83,518
Total sum of mandays assuming persons 300 278
Total sum of weeks {5 workdays each) 56
Total sum of seasons {17 weeks each) 3.3
+20 % Unforeseen delay/sick leave 4.0
Person houres:
txcavation of 1Tm® moraine (in situ) + blasting 8.0
Transport of 1m® material to coffer dam 6.0
Construction of 1 m? coffer dam 6.5
Armouring layer construction (1m3) 14.0

Table 9.1 Calculation of the man power needed during 4 excavation steps (step 1-4).
The assumed time per m* soil or boulders (second row) is based on experience. Person
hours according to ACHARYA (1999). In total 4 seasons (= 4 years) are required to
complete the Thorthormi spillway channel.
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10 NECESSARY TECHNICAL :EQUHPME-NT-AND-MEHANS TO REMOVE
LARGE BOULDERS

10.1 Proposed technical equipment

The fellowing technical equipment for one working group (14 workers and 1 supervisor)
is proposed. This results in a technical equipment load per working group of approx.

140 kg (see Table 10.1).

with cashions

[ Tool Approx. weight Quantity per group |
Water vessel 20i (garo) 2.75 1
Pick-axe (Khanii) 5.0 1 o "1
Axe (Bancharo) 25 9 f
Baskets (Doko) 2.0 18 J
Chisel (Chinno) 2.0 4 |
Crowbar smali (gar) 4.5 1 —
Crowbar medium (gal) 7.0 i i
Crowbar large (gal) 11.0 1 jl
Frog and feathers 0.5 3 ;
Hammer iarge {ghan) 45 1 _.j
Hammer medium {ghan) 2.3 1 T

- | Hammer smalt (ghan) 10 2 T

-| Mason’s hammer (Mairi) 1.0 2 ”‘"‘”‘{
Pick (Gainti tata) 25 6
Shovei (Blecha) 25 6 o

F'Sjnate {Kuto) 1.75 | 6 ““l
Tape 30 m (Phitta) 0.75 | 1 T
Rope (Dori} 50 m 8.0 1 7

| Trowel (Jyawal) 0.3 1 —
Sieve 1x1m, 20mm mesh for 10

| dam material 3 1
Claw pufl 1 ton 20 1 =1
Steep cable {10mm diameter) 20 T; 1 1

Table 10.1: Proposed technical equipment (tools) for one working group.

In addition to the technical equipment mentioned above, two simple cable cars or 2
wooden slides are proposed. Table 10.2 gives the technical description of this

equip_ment.

6 stee! plates to fix the ca

15 gabions {1 w1 a2 ml-{ 14 % 20 Rerd

15m(13x2Bkg)
1Clawpull i5tons (@5kgy _l

Other equipment

& sel collars (shesl, outer diameier Zm, inner diamater: tghtly ftEng e pipss, 1 om Hickness) - { -

Table 10.27 Additional technical equipment neaded {cable cars o wooden slides).
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Figure 10.1: Sketch of the steel plate to fix the cable (cable car) to the ground. Upper
image: vertical view, lower image: side view. steel pitons (black), steel plate (blue), stee!
cable (gray).

10.2 Means to remove large boulders

The removal of large boulders with shovels, crowbars or ropes is a big problem as seen
.- during the construction work at thé Raphstreng lake. Like during the previous phaseitis
-advised to use silent explosives to crack the boulders. The necessary drilling equipment
for the boreholes to be filled with the silent explosives must be available.

In the case that a ceriified blaster is available during the field work regutar blasting of
big boulders is possible. In that case the quantity of explosives used must be observed
thoroughly to avoid too strong shock waves destabilizing moraine bodies or sideslopes,

11 PRELIMINARY CALCULATION OF THE COST

Based on the information available from the previous technical mitigation measures
executed by an Indo-Bhutanese team at the Raphstreng lake in 1996 and 1997
(WAPCQOS, 1997) and on the experience gained during the Austro-Bhutanese
expeditions to the Lunana and Tarina area a preliminary calculation of the cost for the
four working periods was performed.

This calculation can only serve as a first basis - a more thorough calculation of the cost
has to be done by the Depariment of Geology and Mines. The cost of many different
items listed in Table 11.2 had to be assumed due to the fact that detailed data is
missing. Especiaily the cost for the acquisition of the PE low pressure pipes and for their
transportation by helicopter to the construction site can only be guessed. The different
Asian companies producing PE pipes or operating helicopters will have to be asked for
detailed quotations.

The preliminary calculation of the tost shows that to cover the cost for the first phase
approx. 39 million {NU 38842400) Ngultrum are required what approx. equals 739000
EURO)j. The other three phases require approx. 27,8 million (N} 27588240) Mgultrem
aach {whal equals approx. 523.000 EURO).

The total cost to finish the techinical mitigation measures ot the Thorthormt gke
assimed 10 be 121.6 miliion Nguiirum, what equals approx. 2.3 million EURS,
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13 LIST OF FIGURES

Figure 2.1: Interconnected system of glaciers and giacier lakes in the Lunana area,
upper Pho Chhu watershed.

Figure 3.1: Present situation at Thorthormi glacier lake. Rapidly increasing supraglacial
lakes (1-3) with a tendency to join to one proglacial take in the near future. Proposed
construction site along lake 1.

Figure 3.2: Longitudinal sections along inactive (orographic left) and active
{(orographic right) outlet channel of Thorthormi fake.

Figure 3.3: General overview on Thorthormi glacier, its active spillway channe! and
Raphstreng glacier lake on the left. Proposed technical mitigation measures (red circle).

Figure 3.4; Defailed overview of the Thorthormi spillway channel in summer 2001.
Active sidesiope erosion and big bouiders stabilizing the channel can be seen.

Figure 3.5: Left: Lake outiet at the crest of the inner terminal moraine. Right: Lake inlet.
On both sides features of the instable hummocky moraine are visible, probably
underiain by dead ice.

Figure 5.1: Comparison helween measuted grain size distribution (solid lines) of the
Raphstreng moraine and grain size distributions suitable for homogenous dam
consiruction according to unified soil classification system (USCS). GM - Silty gravel,
GC - Clayey gravel, SM — Silty sand, 8C - Clayey sand.

Figure 10.1: Sketch of the steel plate to {ix the cable {cable car) to the ground. Uipper
mage: vertos! view, Iower image: side view, steel pilons (bhlack), stes! plate (blue), staet
cable {grayl
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Table 2.1: Results of the assessment of geo-hazard potential for the Thorthormi glacier
and supraglacial lakes as executed by the Austro-Bhutanese team (modified after
LEBER et al, 2002). RLM = right lateral moraine; LLM = left lateral moraine; ™M =
terminal moraine; Yellow shading = low hazard potential; red shading = high to very
high hazard potential.

Table 5.1: Grain size distribution and expected quantity of moraine sediments (55 to
80 %) available at the construction site which can be used for the construction of the
coffer dam. Information based on grain size analysis of three sediment samples taken
by GSl at the Raphstreng lake in 1996 (WAPCOS, 1997).

Table 6.1: Design parameters for armouring fayer (part 1).

Table 6.2: Design parameters for armouring layer (part 2).

Table 7.1: Calculation of the total excavation volume.

Table 7.2: Calculation of excavation volume for trench, coffer dam and armouring layer.

The calculations are based on the cross section plans and the assumptions listed
~above: The last column (bold numbers) gives the excavation volume and the needed

volume for water diversion work and armouring for each excavation step. For all steps |
the material needed for the coffer dam exceeds the excavated material at the trench.
Therefore additional material of approx. 8000 m?® is needed!

Table 8.1: Calculation of the man power needed during 4 excavation steps (step 1-4),
The assumed time per m?* soil or boulders (second row) is based on experience. Person
hours according to ACHARYA (1999). In total 4 seasons (= 4 years) are required to
complete the Thorthormi spillway channei.

Table 10.1: Proposed technical equipment {tools) for one working group.
Table 10.2: Additional technical equipment needed {cable cars or wooden slides).
Table 11.1: Preliminary calculation of the cost of the technical mitigation measures.

15 ANNEX |

Construction plan 1: Thorthormi Tsho Spillway Channel — Trench with armouring.
Construction plan 2: Thorthormi Tsho Spillway Channel - Longitudinal section.
Construction plan 3: Thorthormi Tsho Spiliway Channe! — Cross section A-A.
Construction plan 4: Thorthormi Taho Spillway Channe!l - Cross section B-B.
Construction plan 5: Thorthormi Tsho Spillway Channel — Cross section C-C.
Construction plan 6; Thorthormi Tsho Spillway Channel - Cross section D-D.
{onstruction pian 7: Thorthormi Tsho Spillway Channel — Armouring layer -

oross section.
Construction plan & Thorthonmt Tahe Spillway Channel — Coffer dam.

Consiruction plan & Thorthormd Teho Spillway Channel - Consteuclion detais of
firsat rench and slignmant of coter dams draped on RS satellile imags.
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