3. MOUNTAIN RISK ENGINEERING

3.1 Purpose and Approach

PURPOSE: To minimize risk to infrastructure and environment from nafural processes and human activities.
APPROACH: Avoid hazardous areas and select least risky alignment,
Adopt matching design based on hazards and risks.

Adopt construction controls to aveid accelerated hazards.

3.2 Hazards and Risks

3.2.1 Hazards

Hazard is the probability of occurrence of a particularly damaging phenomenon,

EXAMPLE: There is a 0.4 probability that a deep-seated soil slide will occur within 5 years after the road construction on a 200 m road length between
stations 10 + 300 to 10 + 500.

Hazard assessment involves assessment of:
the state of nature (soil and rock type and their thickness, rock structure, slope, relief, rivers and streams, vegetation, water table),
triggers (rainfall, earthquakes, and land use), and

dangers (past and present landslides, river undercutting, glacial lake outburst floods, landslide dams, and debris flows).



Ratings for hazard assessment bused on subjective judgement

[ Example of hazard calculation:
Probability of occurrence of a deep-seated soil slide, P= rating for state of nature x rating for rainfall = 0.8 x 0.5 = 0.40.

Prefeasibility stage ratings for state of nature
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Prefeasibility stage ratings for state of nature, continued
= = —
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Rainfall factor for hazard assessment

Average annual rainfall, mm Meam annula maximum 24 hr rainfall, mm Rating
Less than 50 0.3
50 to 100 0.5
101 to 140 0.8
1000 141 to 170 1.0
More than 170 1.0
Less than 80 0.4
81to 120 0.6
o 121 to 140 0.8
141 to 170 1.0
More than 170 1.0
Less than 130 0.5
131 to 150 0.8
3000 151 to 190 1.0
More than 190 1.0
Less than 160 0.6
161 to 190 0.9
4000 191 to 220 1.0
221 to 260 1.0
More than 260 1.0




Factors for road damage

( in fractions of road length)

Soil Rock Soil and rock

Minor slide (1-3 m} 0.2 0.3 -
Medium slide (3-6 m) 0.5 0.6 -
Major slide (>6 m) 0.9 1.0 -
Minor debris flow - 0.2
Medivm debris flow - - 0.4
Major debris flow - - 0.9
Minor undercutting 0.3 0.1 .
Medium undercutting 0.5 0.2 -

| Major undercutting 0.9 0.5 =

The per cent of damage is based on subjective assessment and can be modified for
specific situations based on the personal experience.
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Soil hazard map of the Prarion Region, Wallis, Switzerland

The figure exhibits a soil hazard map

prepared by using the computer

programme, SHIVA.

i
" i
1
-

= | ‘,
= # .
o .ef .é R - - ‘s
B 4 . ‘P’.--':‘J'J"'“ frrm
1+ 10000 A S
1] MIE=VERT 75 HAFRFO
| DEBRIS FLOuS 1 b afi=sal




Kalang Section rock slide hazard map, Lamosangu-Jiri Road, Nepal

BE200 SB6UD0 SBAEEO0 SBEA00
The figure shows a rock slide hazard map executed by the

computer programme, SHIVA.
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3.2.2 Risks

Risk is the hazard times worth of loss

Example:
R=Fx{lx)
where,
R = road length likely to be lost
P = hazard
| = length of the road under the hazard
[ = per cenl of road likely to be lost should the hazard occur. This factor (e be established by subjective judgement from past experiences. [ = | for major

slides, and 0.2 to 0.9 for minor to medium slides.



3.3 Feasibility Assessment of Mountain Roads

3.3.1 Example of Alternative Alignments, Hazards, and Risks

Comparative Hazard Ratings
— —

Total hazard level

Alignment Total BT
length Low hazard Medium hazard High hazard

(km) Length | Length | Length | Length | Length | Length

(km) in % (km) in % (km) in %
| 64.5 37.7 58.5 11.7 18.1 15.1 23.4
Ia T 3.8 49.6 1.4 18.6 2.4 31.8
II 71.5 25.5 a5:7 24.6 34.4 21.4 29.9
I 72.7 48.8 67.0 14.2 19.5 9.7 3.3
IV (Existing Road) | 46.9 15.7 33.4 26.1 583 5.1 10.9

Surnmar‘yupf Preliminary Risk Assessment

Alignment Total road length (km) Total expected loss of length Expected cost per km Total expected risk
(km) ( million Rs) (million Rs)
| 64.520 18.14 12.42 225.32
II 72.461 19.56 13.13 256.84
11 72.725 11.97 9.07 108.53
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Alternative Road Alignments




3.3.2 Decision Making on choice of Alignment

Final selection of best alternative
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3.1.3 Recommended Geometric Standards for Mountain Roads
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3.3.4 Indicative Quantities of Some Items of Mountain Road Works for Preliminary Estimating
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Indicative Quantities of Major Items of Hill Road for Height of Cut Limited to Less Than 12 m and Low Risk Design of Coss Sections

HILL AV, CUT SLOPE RCAD

RATIO

PER KM.QUANTITIES

CUT FILL HT.OF CUT FILL RETG. BREAST CULVERT

REMARK

Continued. ..

SLOPE SLOPE WIDTH CUT FILL HT. HT. RITG. VvOL., VOL. WALL WALL
deg. deg. deg. HV m. WAL L VOLUME VOLUME  No./Type
m. m. 1000 1000 1000 1000
cu.m, cu.m. cCu m. cu.m.
Femm e e e e — - - - — -~ |OWHAZARD AREAS — - = = — - - — - = mm - - — = — — ~

o-14 7 45 111 6.50 .60 .40 88 42 .06 .55 &§/HP + 2/Box HP= Humc Pipe
15-24 20 45 111 6.50 60 .40 2.23 3.48 435 453 5/HP + 1/Box

25-34 30 5630 1:1.5 6.50 9 (0] 610 1.78 19.84 0 7/HP + 1/Box

35-44 40 6340 12 6.50 .90 .10 B.47 2.34 294.77 2 2.20 7/HP + 1/Box

45-54 50 76 414 6.50 70 .30 7.72 3.82 17.55 142 516 6/HP + 1/Box Rock or hard soil
5564 G0 B0.50 1:6 6.50 .70 .30 11.10 462 256,25 1.77 7.26 6/HP + 4/Box Rock or hard soil
0-14 7 45 11 10 .80 .40 B84 .65 2.52 1.30 5/HP + 2/Box

15-24 20 45 11 10 60 .40 3.43 536 10.30 1072 5/HP + 1/Box

25-34 30 B630 1:1.5 10 1 0] 9.39 1.78 46.95 [0} T/HP + 1/Box

35-44 40 63490 112 10 90 10 13.03 2.57 58.62 30 259 7/HP + 1/Box

45-54 50 76 1:4 10 70 .30 11.87 477 41.54 3.36 7.70 6/HP + 1/Box  Rock or hard soil
5564 60 B0.50 1:6 10 60 .40 1463 713 43,90 7.43 16M 6/HP+ 1/Box Rock or hard soll

e e e o — — o - — - — — - - MEDIUM HAZARD AREAS = ~ — —m e — m m — e m— - —

0-14 7 45 1:1 6.50 .60 .40 55 42 1.06 .55 5/HP + 3/Box

13-24 20 45 11 6.50 .60 .40 223 348 435 4.53 5/HP + 3/Box

25-34 30 5630 11.5650 .90 .10 5.49 2.09 16.07 .09 1.83 8/HP + 1/Box

3499 30 7160 43 650 .80 .20 6 .05 277 15:74 .50 2.95 8.52 8/HP +41/Box

45-54 B0 76 1:4 6.50 .60 .40 6.61 4.41 12 90 2.53 6.67 9.87 8/HP + VYBox

55-64 60 8050 1:6 650 .50 .50 7.93 6.21 12.88 4.90 1247 8/HP + 1/Box

Cc-14 T 45 1:1 8 .60 .40 .67 52 1.61 .83 5/HP +3/Box

15—24 20 45 1:1 8 .60 40 2.T5 4.29 6.59 6.86 5/HP+ 3/Box

25-34 30 71.601:1 8 .BC .20 4.57 2.54 14.64 57 2.54 5.43 B/HP + 1/Box

35-49 40 71.60 1:3 8 .TO .30 6.52 3.54 18.25 1. 70 4.44 9,63 8HP + 1/Box

45-54 50 76 1.3 8 .50 .50 .78 5 .68 13.57 5.98 10.59 10.29 B/HP +1/Box

55-64 60 80.50 1:6 8 .50 .50 9.76 7.13 19.51 7.43 16,11 8/HP + 1/Box
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[ndication Quantities of Major [tems of Hill Rood for Height of Cut Limited to Less than 12m.
ond Low Risk Design of Cross Section

PFER KM QUANTITIES

HILL &  CUT SLOPE ROAD _ RATIO CUT FILL WT.OF CUT FILL RETG BREAST CUAVERT REMARK
SLOPE SLOPE WIDTH CUT FILL  HT HT. RTG.  VOL VOL. WALL ‘'walLl
deg deg DEG WV m WALL VOLUME VOLUME  No./Type

i m. 1000 000 1000 1000

cu.m. Ccu.m B, Cu.m.

--------------------- HIGH HAZARD AREAS = =~ =+ == s s s = sccce—cm== === = ==
o-14 7 4% 41 &850 .80 .40 55 a7 108 4849 5P+ 18
S-24 20 45 11 650 .60 .40 2.23 348 435 453 510 e LB
25-3 30 MB013 6% .70 .M 329 271 TA0 8% 283 321 9HP+2/Be
35-44 40 TV60 13 650 .TO .30 S5.30 327 208 142 ATe &86 P4+ 2/Bm
45-34 50 6 14 650 .40 .60 4. M 55 573 580 WA 312 oWP+2/Hm
55-64 B0 BOSO 16 650 .40 B0 B3 70" B.24 TOB 1960 B/HP + 2/8ox
o-14 7 48 11 10 .60 .40 B4 B 2,52 130 E/HP -3/ Box
15-24 20 48 1.1 10 .60 40 343 558 10.30 1072 BHP+ 5B
2%-34 30 TME0 1:3 WO .TO .30 & .00 178 202 AT 626 9HP+ 2B
[-44 40 7460 13 10 _TO .30 818 2652 266 53 1404 0/HP 428
45=54 50  TE 1.4 10 .40 6D 6.8 3,57 13.45 17.73 10.29 4P +2/8m
5564 60 BOS0 16 10 .40 .80 9.76 1951 672 2809 WP e 2 B

1. Provide wegelstive meosures for srosion confrols i Low Horoard Areas.

£ Provide biotechnical and enginssring works for srosion, gully,and
minor slides in Mafium Homard Areas.

X Provide specific landslide stobilizoiion messure bossd on deboiled
inveatigation and onalysis for High Hopord Areas,



3.4 Design Considerations
3.4.1 Road Formation Design

Cross-section design of mountain roads plays an important role in reducing hazards and enhancing long term economy. Designs that slightly shift the centre line
horizontally, and sometimes vertically as well, and provide breast walls can greatly reduce the height of cut, cut volume, and, in many instances, the cost of roads.

Minimizing cut heights in soils

ley ) lag!




Minimizing height of cut on steep slopes is possible by providing breast
walls and shifting the centre line horizontally as shown in the figure to
the right.
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On very steep slopes, breast wall construction is not feasible, By shifting the
centre line horizontally and providing a back-battered retaining wall towards the
downhill side of the road, the volume of excavation is reduced drastically.



« A valley side retaining wall is supporting the fill section,

A breast wall supports a cut slope, while the fill section is
supported by a retaining wall on the valley side.




In rocky areas, where excavation is difficult and expensive, the
centre line shift towards the valley reduces the height of cut and
volume of excavation to a great exient.

A breast wall founded on the sound rock supports cut slope and greatly reduces
the amount of excavation. Cut height is much smaller, and hazards and risks are
reduced significantly.




3.4.2 Cut Slope Stability

The traditional practice of cut slope design by
selecting arbitrary cut slope angles, e.g., 1:1/3
to 112 (V:H) for soils and 1:1/715 to 1;1/8
(V:H) for rocks is not smisfactory. It often
leads to slope fallurés and progressive
destabilizations.

Preliminary designs can be carried out by using
available information from preliminary hazard
assessment on the type of soil or rock and on
estimate of the height of cut. The ble on this
page shows stable cut slopes with or without
breast walls for the purpose of tentative
designs.

Preliminary Design of Cut Siopes for Heights of Cul Less Than 10m.
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Accuracy of cut slope designs is improved by use
of design charts as one shown o the right.

Specialized pgeotechnical and geological
investigations and analyses will be necessary for
cut slope design for areas under medium hazards
or cut heights ranging from 15 10 30 m.

At high hazard sites, or where cut heights excead
30 m, specialized slope stability analysis, based on
intensive pgeotechmical and geological
investigations, is A must.

During construction, the standard/typical designs
conditions and, if necessary, the designs are
revised. Depending on the importance and size of
the problem, additional investigations and
specialized slope stability analysis are carried out,

30

Cosrsd Grened Socds wirm piddlic Fosss
iviigh wolnr Cendivignal

Eath torvn indimgimn Th menimum ool Beighl 8¢ 1he aleapesl slopa 1eal
pen b wded fae BB gess sl Typa

Halght limibatisne

I8 mafm 1 minimal Ipvestigotien
I8=80 = o imvengivs  Inesaligation- r e
Owved 30 = imwaasligaties by o |

Apan.aiint
Matmal (madt Tar  succeasful
raiagatation  —a

l"ﬂrlr]llr-lll -'-L Wiy rw-—Ll\ Wl sl J'rlmll it oJuul LT

&F low perasctege ot gransies pelicie pariipms. BRiie # sor Impeenibe oy
b BiFfieei o dig with shossi “\ mith @ ahavai | E
“, B P T=30 biawm por fes BFETE LD e e e

L)
&=

=

Worlanl Maight o Cul in metes
ot
Lk

L

i ] h - ]
b \:/ ¥
- L
- b
== i
Fairry 3-' et g il ._l'_-,r,. ~
= -1"1539':11:.-"-,'::.“ A

PR PR T -

AN

r""‘-__‘_l__--‘-_-‘-_

— ]

'——-__:__.__-l_zl!ll N

pedeRrings 180 = B0 %0 6l grasae e
[uiramily sbey fo dey awwd @iFk bieds RS
BF T 08 e pad T i I

| | 2-n LS | [ T

Bispas Wabim [miw]




3.4.3 Retaining and Breast Walls

Retaining walls are structures to retain the backfill and withstand the earth pressure and surcharge loads and are normally below the road surface.

Breast walls are revelmenl walls meant to buttress the slope against faflure by erosion, toe cutling, side drain Now, and by olther minor disturbances leading

to progressive failure of the cut slopes. Breast walls are generally built directly leaning on the cut slopes.
Retaining and breast walls are not normally intended to stabilize landslides.
Seismic considerations are rarely sccounted for in the design of retaining and breast walls in linear infrastructures such as roads, because of economic

considerations. However, major structures which are likely to entail heavy loss from earthquakes should be rigorously designed and seismic efTects considered.
Toe pressure from the walls and the allowable bearing capacity must always be verified before using a standard design for retaining walls of greater heights.
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Back-battered retaining walls on a mountain slope can result in cost saving by more than 60% compared to front-battered retaining walls.

Back-battered versus front-battered retaining walls

W=055H

e 0.55W,; tany -0.5

(B - 1c|n62
i 0.55tan 8, -1
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° w, =35V :-45° | w, |
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y &
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o: |/
0.55m
W
H=3.68m
Y= 45°
Quantity of wall m=L x(3.68+0.5)x6.67 Quantity of wail m:—z"—zo—'f’—xs.s
213,94 = 4.56 m3




Reinforced concrete crib walls are economical and fast tracking since the valume
of wall is less, Precasting and storing can be done during the off season. Quality

control in the precasting yard is more assured than in the field.

Tl




Anchorad H-piles can be used for low-bearing capacity foundations and high walls.



Drum walls from bitomén drums can be used for temporary walls on
sections of shallow landslides where there is large road formation width.




Heavy cylindrical walls are useful for retaining higher earth
pressure.

Gabion walls are easy 10 construct, flexible for yielding foundations, self draining, and do nol require
cement, sand, and water.




Horizontal Drum Walls
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CEMENT MASONRY
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Cement masonry walls can be constructed
economically in rocky areas because benching of the
foundation is possible and the backfill wedge may also
be smaller.

Composite wall (consisting of dry masonry and cement masonry) is suitable and

economical whenever the foundation is sound.

f Sound Rock

Sound Rock




Selection of the Retaining Walls
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It is not possible to design each and every wall for a long road. The design approach can be based upon the height of the wall, lenght of the wall, hazard level of the

area, and the project cycle.
Design Approach for Retaining and Breast Walls During Different Project Cycles

Design Method Wall Size Type Hazard level Project Cycle
Height, m  Area, m?
Rule of thumb <3 < 120 D, CM, G L All
<3 < 120 G H All
<3 < 120 D, CM, G L PE,F, D, CON.
<3 < 120 G H PF, F
Standard Drawing 4-8 < 120 D, CM, G L All
4-8 < 120 G H PF, F
4-8 < 120 D,CM, G L PF, F
4-8 < 120 G H PF, F
> 8 < 120 CM, G L PF, F
> 8 < 120 G H PF, F
Semi-Empirical <3 > 120 D,CM, G H CON.
4-8 < 120 G H D, CON
4-8 > 120 D, CM, G L D, CON
4-8 > 120 G H D, CON
> 8 < 120 M, G L D, CON
> 8 > 120 G H D, CON
> 8 > 120 CM, G L PF, F, D
> 8 > 120 G H PF, F
Theoretical > 8 > 120 CM, G L CON
Analysis and > 8 > 120 G H D, CON
Specific Design
TYPE OF WALL PROJECT CYCLE HAZARD LEVEL OF THE AREA
D = Dry stone masonry PF = Prefeasibility L = Low
CM = Cement stone masonry F = Feasibility H = High
G = Gabion masonry D = Detailed design

OTHER TYPES OF WALL Follow proprietary, semi-empirical or theoretical methods.

78



Breast walls are useful for minimizing the height of cut on slopes that can stand at steeper glopes in dry conditions but are liable to failure later on due to erosion, toe

cunting, and other minor disturbances.
Types of breast wall and their applications
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3.4.4 Drainage and Erosion Controls

Side drains
Side drains should be designed to safely carry runoff from the entire watershed above the road and from the road surface between the two culverts.

At least a 5 year return period of rainfall should be considered.

All side drains in high runoff areas, on steep gradients, and in erodible areas should be lined to protect the road from the undercutting of side slopes, from
weakening of pavement layers by infiltration of water, and from landsliding caused by pore-water pressure development beneath the road level by the
infiltration of water,

Wet areas require surface drains as well as sub-surface drains.

Protections are required at the outfall of side drains, switchbacks, and on bends.

Side drains can sometimes be completely avoided by outsloping the road.

Culverts
Culvert design should be based on hydrological and hydraulic considerations. Culverts should be designed for a 10 year return peried for minor culverts
and a 25 year return period fiood for major culverts.

Protections should be designed at the outfall of culverts.
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« A combination of surface and sub-surface drain is required for wat
Areas,

L




Debris relief riser to relieve water passage in the
event of the culvent entrance clogging.

A debris relief riser




Debris deflector to protect the culvert entrance from clogging by large boulders

Culvert with outlet protections




Erogion protection by a series of check dams

A cascade for gully control




Erosion protection at the outfall of a side drain

A view of a tea estate (a productive erosion
protection for hill slopes




3.4.5 Biotechnical Stabilization

Biotechnical measures help stabilize cut slopes, the watershed influencing the road,
and minor landslides by:

- providing cover against surface erosion,
- increasing soil shear strength, and
- reducing the groundwater table or moisture content.

Frictional anchoring of roots embedded in the soil causes the roots to develop
tensile resistance 10 shearing, increasing the shear resistance of soil

Vegetation cover reduces runoff by inlerception and increased
infiltration. Root binding protects against splash or sheet erosion and
prevents the dislodging of soil particles.
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Root reinforcement increases the shearing strength of soil through the presence of roots anchored in the soil.

Root reinforcement and anchoring of plant roots develop effectively only when the root can gain sufficient anchoring by penetration into the soil layers or cracks of
bedrock.

a7



Root anchoring of shallow layers of soil on steep bedrock with little
or no fractures cannot develop effectively to help prevent slides.
Similarly, deepseated slides are not affected by root reinforcement.

The tilted trees on the slope ndicate the creep movement of the slope

.
In spite of thick forest, landslips have ocoarred




Cuttings fixed and covered by synthetic fabrics
Nepal
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Cuttings are fixed with stake and covered by jute net manually,




Downslope grass lines planted on the poorly drained Siwalik mudstone.

Covering the ground with salvaged gabion net has
helped revegetation.



Diagonal grass lines planted on a steep slope

Terracing of siope below road and grass planting

L |



A lined catch drain above the cut slope

This cut slope supported by a breast wall is protected
by biotechnical measures.



A combination of biotechnical and landslide drainage measures stabilize a landslide that damaged the road. The photograph on the left shows the completed works, while
the photograph to the right shows the same site under construction.
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Seabuckthom

a productive method of mountain slope stabilization in China
Is the use of this plant which is adaptable 10 2 climate range
of from 60 m to 5200 m, fast growing and has strong noots
The frumns are used for making jam, wine, and various food

products,

Seabuckthorn fruits from the Langtang arca, Nepal



3.4.6 Geophysical Methods for Detailed Studies

Geophysical methods are very relevant for detailed assessments.
Resistivity and seismic refraction methods are commonly used.

This map shows resistivity contours and seismic refraction shots of a landslide
area. While the reisistivity contours permit the identification of the water table
{which Is close 1o the ground surface), the seismic shots allow the identification
of 2 1o 6 m thick unstable, loose material between the two slides, As expected,
both slides widened up to the road. The remedial measures applied were
landslide drainage by horizontal and surface drains and anchoring of the sliding
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Electrical sounding is another very important method. This method permits one
to locate the depth of the water table, the thickness of the clay layer, or the
depth of sound bedrock.

The figures show the results of elecirical sounding in the Charnawati Valley,
Nepal.



3.4.7 Landslides and Slope Stabilization

Stabilizing berms in the form of rocks, gravel, or sandfills are placed at the we of the slope, where upward movement of the sliding mass 14 possible. This buttress
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incresses resisting forces and at the same time prevents piping of the unstable material. Specially graded filter of stone aggregates or modern synthetic filter fabrics
are used o prevent the piping of finer materials. The size of the buttress is roughly one third the volume of the moving mass to be restrainad.



Rock Boliing and Anchoring

(o] Unteasiened Baita ) Tensioned anchars insfalied
| roch anchoem)

Fractured rock masses can be held together by rock bolis, Sliding rock masses along a joint plane can be stabilized by the installation of rock anchors
embedded into sound mck,




Soil Anchoring

The anchor bars are fixed to a metal base plate which rests on the Im x Im reinforced concrete distribution slab Im to 2m apart.



Landslide stabilized by a sub-surface drainage network
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Counterfort drains collect water from tributary drains




Counterfort Drains (Main Drains) and Tributary Drains
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Horizontal Drains

« Horizontal drains along a forest road, California, USA

Horizontal draing at the Charnawati, Lamosangu-Jiri Road, Nepal
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Horizontal drilling




3.4.8 River Training

Cement masonry revetment wall with gabions shove high flood level
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Prevention of bad scour and bank sliding of a steep mountain stream, with thick {more than 30 m) soil cover, by use of concrete armour blocks (tetrapods), along the
Charnawati River, Nepal.
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3.5 Environmentally Sound Construction of a road by building the retaining wall
Construction Methods first, saving the topsoil, filling behind the retaining wall,
and reusing the topsoil for vegetation minimizes the
problem of loss of topsoil and disposal of excavated
material.
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Split Blasting

Plan view of A: a staggered pattern of blasting
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An illustrative diagramme for pre-split blasting
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Founding of ICIMOD

The fundamental motivation for the founding of this first International Centre, in the field of mountain area development, was widespread recognition of the
alarming environmental degradation of mountsin habitsts and the consequent increasing impoverishment of moontain communities. A coordinated and
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Participating Countries of the Hindu Kush-Himalayan Region
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