GEOTECHNICAL CONSIDERATIONS IN
THE PLANNING
AND DESIGN OF HIGHWAYS IN
MOUNTAINOUS TERRAIN

by
Z.C. Moh and S.M. Woo

Reprinted from
Proceedings, Southeast Asian Congress on Roads,
Highways and Bridges
Institute for International Research
Kuala Lumpur, 1986

-25.



GEOTECHNICAL CONSIDERATIONS IN THE PLANNING AND DESIGN
OF HIGHWAYS IN MOUNTAINEOUS TERRAIN
by
Za~Chieh Moh, Sc.D., P.Emg. and Siu-Mun Woo, D.Eng.
Moh and Associates (S) Pte. Ltd, Singapore

SUMMARY

Due to the inherent nature cf complex topegraphy, geology and environ-
ment, design and construction of road system in mountainecus regions
demand special considerations. The importance of geological assess-
ment, hydrological study, geotechnical investigation and environmental
considerations are highlighted, choice between technical considera-
tion and economy is mentioned. Discussions are focused on the impor-
tance of site investigation including hydrogeological information,
geological mapping, geotechnical analysis of cut slopes and £fill em-
bankment, design of slopes slope stabilization and remedial measures.
Several case records on design and betterment of roais and highways

in Southeast Asian countries are referred to in order to illustrate
the various problems and approaches. The paper emphasizes the impor-
tance of adeguate information collection, proper data interpretation
and sound engineering judgement.



1. INTRODUCTION

In the Southeast Asian countries, a large proportion of the terrain
of the total land area is hilly or mountaineous with steep and rugged
topography. The mainly warm, wet climatic conditions have resulted in
varying depths of weathering of a wide range of igneous, metamorphic
and sedimentary rocks. This has made the Southeast Asian region geo-
logically and physiographically one of the most complex areas in the
world. Being in the tropical area, the region experiences high sea-
sonal rainfalls sometimes in excess of 4,500mm per year with inten-
sities sometimes exceeding 150mm per hour. Because of these climatic
and geological conditions, landslides or slope instability problems
are of appreciable significance in all these countries.

With the rapid economic growth and population increase in recent
years, more and more activities and developments are extended to
slopelands and mountaineous areas forming many cuts and fills. Road
systems are necessarily to be constructed as well in the hilly ter-
rain to provide the vital cormunication links in the overall economi-
cal development of a country. In somec cases, national security also
requires certzin road systems to be constructed in terrains which
normally may be bypassed. In the planring and design of highways in
mountaineous areas, there are many fac:-ors which must be taken into
consideration in order to have a most e onomical but safe road
system. The road alignment should be selected with conciderations of
the topography (which decides the amount of cut and fiil), geology,
geotechnical characteristics of the soil/rock formation, regional and
local hydrology, the environment and economy. Most of these factors
are also important in planning and designing of highways in non-
mountaineous terrains. However, special attentions are xequired in
the former case in order to avoid disastrous consequences.

Besides cut and f£ill slopes, a mountaineous highway may have bridges
or viaducts, and tunnels. The major considerations for all these
structural aspects of a highway system are similar. Since slope in-
stability and landslides play the most significant roles in mountain-
eous road systems, this paper limits its discussions to this aspect
of the problem.

In the past, many of these mountaineous roads were constructed with-
out adequate engineering design and thus suffered numerous landslips
and problems of instability. The most notable ones in the Southeast
Asian region are the East-West Cross Island Highway in Taiwan and. .
the East-West Highway in Peninsular Malaysia. Hundreds of landslips
have occurred since their construction. In his State-of-the-Art
report on Landslides in Southeast Asia, BRAND (1984) made a thorough
review of several major aspects of the landslip situation of the
whole area, and assessed the State-of-the-Art of landslide preven-
tion and control in eight countries covered by his rxeport as shown
in Table 1.



Table 1:

I.andslide Assessment

Area, Population, | Significance of Volume of Assessed
Country 53. Xn millions Landslides Relevant State-of-the~Art
cf lLandslide
Prevention
and Control
Singapore 580 3 Low Low Low
Thailand §13 517 48 Moderate Low Low
Sri Lanka €5 610 15 Moderate Low Low
Malaysia 330 669 15 Moderate Moderate Molerate
Philippines| 299 7€5 52 Moderate Very Low Very Low
Taiwan 35 980 18 High High Moderate
Indonesia 1919 263 157 Very High Low Low
Hong Kong 1 050 6 Very High Very High Very High

(After BRAND, 1984)

This article presents a summe 'y of some important geotechnical consi-~
derations in the design and cc astruction of roads in mountaineous
regions. The scope of discuss on is ccifined to slopes of residual
soils, gravelly deposits, sanistone-sl ile formatiors and scme rock
formations which are commonly encounte. 2d in the Scutheast Asian
region.

2. FACTORS TO BE CONSIDERED IN DEVELOPMENT
OF MCUNTAINEOUS ROADS

2.1 Geological Considerations

The area affected by any highway or road construction stretches
for long distances and usually considerable distance laterally. Most
mountaineous roads extend into comparatively undeveloped ground. The
feasibility, the planning and design, the construction and costs, and
the safety of such roads may depend critically on the geological con-
ditions of the area. Geological conditions are often so complicated
that they do not permit investigations to be conducted as routine
work or they may even not permit detailed site investigations to be
carried out due to the extensive variability. The construction site
may be endangered by a geological process of a higher order of magni-
tude than can be recoxded by local boring. The value cf a detailed
study of the potential construction area by an experienced engineer-
ing geologist cannot be neglected. The engineering geologist mediates
between the engineer and nature. When examining an area, he should
endeavour to conceive its general geological processes that led to
its development and the geomorphological forms. He should visualize
the effect of the engineering work on the natural envircnment in the
sense whether it might cause an unwelcome acceleration of geological
processes. It is important that the engineering geologist is adeqguate-

ly acquainted with the project so that he can correctly assess the
factors to be considered.



The geological information is usually supplied in the form of
engineering geolegical report and maps. These information are
gathered by the engineering geologist from available geclogical maps
and aerial phetographs, plus records of field assessment. In areas
where they are not accessikble during the planning ané preliminary
design stage, the engineering report can only be made from available
information with the assistance of aerial photos. However, these in-
formation should be re-evaluated during the detail design as well as
construction stages.

The types of information which are required about an area or
region include: types of geological formation and its history;
descriptions of soil and rock exposures; descripticns of ground
masses, primarily the discontinuities traversing or dividing the
materials; joint survey of rock formations; slope forms and evalua-
tion of the processes at work, e.g. landsliding, stream action, ero-
sion and weathering; slope angles, lengths and heights of both stable
and failed slopes; existence of vegetation and evidence of deforesta-
tion, and existence of speci:1l topographic features such as benches,
cliffs, proximity to the oceal or to a major stream or to a manmade
reservoir.

2.2 Hydrolegical Considerations

Hydrology is another important aspect which must be carefully
considered in the planning and design of roads. Many l.ighway slopes
failed due to inadequgte drainage to take care of surface runoff and/
or subsurface seepage. For mountaineous roads which cover long
stretches of areas, regional hydrology rather than local hydrology
must be assessed. The catchmant area in mountaineous areas can be
quite large and demands detail survey. In evaluating effect of
seepage and infiltration, not only the permeability characteristics
of the soil/rock formations need to be evaluated, but the intensity
and duration of rainfall should be ccnsidered. This is particularly
important in tropical and semi-tropical countries where the rainfalls
are usually concentrated with high intensity and short duration. Use
of annu..’ precipitation record alore can be quite misleading. Infor-
mation required to be collected for hydrological studies includes:
annaul precipitation, maximum rainfall and duration; year return
period; existence of drainage lines, streams, channels, nullahs,
ditches, catchpits and culverts with their locations, sizes and con-
ditions; existence and conditions of vegetation and forest coverages;
shapes of valley and ridges, their symmetry or asymmetry.

2.3 Geotechnical Considerations

From the geotechnical point of view, it is essential to ascer-
tain the characteristics of soil deposits and rock formation along
the proposed road alignment as early as possible. Some of these infor-
mation should be obtained during the planning and preliminary design
stage. Additional ones are acquired for detail design. The informa-



tion required for geotechnical analyres include: the nature of uncon-
solidated overburden, whether it is talus, colluvium, alluvium or
residual soil; the depth of each type of soil, the depth of weathered
rock, and the extent and nature of weathering; the physical and en-
gineering charzcteristics of the soil and rock, particulariy shear
strength and psrmeability; the regionzl watertable and piezometric
pressure distribution.

These above information are usually obtained from berings,
sampling, in-situ and laboratoxy tests. However, it should be pointed
out that borings and testing will only provide specific information
at limited loczlities. The selection of locations for boring, and
interpretation of test results for application to a regional problem
such as design of mountaineous roads must be made in conjunction with
engineering geological and hydrological studies.

Geotechnical considerations would depend to a significant extent
on the type of development proposed. For instance, some stability, or
rather, instability, problems may have to be accepted as a matter of
economy in developing roads i: mountaineous areas provided that there
is no danger to life or prope ty. On the "other hand, widening of a
hilly road in stretches passing througn a highly urbenised area will
have to be considered very carefully in order to eliminate any danger
to properties, services and even lives. In conventional highway
design, the engineer usually adopts the principle cf kalanced cut and
£ill for determination of the alignment. With proper consideraticn of
the geological and geotechnical problems, a shift of tiie alignment
could either reduce the risk of slope instability or aveoid major cuts
or £ills and thus result in significant savings in the construction
cost,

2.4 Environmentzl Considerations

wWhen a transportation system, like a highway, is built through a
region, there are numerous effects on the existing environment. Some
of them take place during the construction or immediately after its
completion, and some may take years to occur. The major effects on
the environment can be divided into:

{1) Effect on the natural environment including aesthetics,
topograph, vegetation, water resources and gquality, etc.

(2) Effect on the living environment such as noise, vibration,
air and water pollution.

(3) Effect on the social and eccnomic development.

(4) Effect during construction including noise, vibration,
pollution, dump of earth materials, settlement, landslide,
and soil erosion.

A geotechnical engineer must be aware of effects of developments which
are taking place and will take place on the environment dug& toc the



planned construction. Some of the effects may not be immediately ob-
vious and may take considerable perioda of time to be felt. For
example, increase in runoff, and also extent of seepage and infiltra-
tion, are often the consequences of land clearing and deforestation.
This will lead to surface erosion and development of excess porewater
pressure. Use of certain form of slope surface, protection work will
certainly increase the rate of surface runoff.

In short, for a full environmental impact study, a geotechnical
engineer must have sufficient vision about the relation between his
activity and the environment. The restricted problem-orientated
approach adopted by most highway engineers and geotechniczl engineers
is not sufficient for development of mountaineous roads. Planning and
design can be greatly improved by considering the effect cf impact
wvhich the new construction may“have on the environment and the con-
sequences of these impacts on engineering solutions.

2.5 Economical Considerations

In consideration of a y project implementation, economy is
always one of the importari: aspects for decision-making. On the other
hand, technical soundness and safe:y cannot be cverlooked. It is
crucial to reach a realistic balanc ° between the cdifferent viewpoints.
In development of mountaineous terr:. n, the question of economy and
safety is even more important. It has been accepted by many planners
and even engineers that slope failures, especially on cuttings
should be "normally expected”. A completely no-failure design could
be exceedingly costly. In reality, even designs based on detailed
site investigations may be liable to unexpected faiiures due to the
inherent variable and unkiown nature of the subsurface conditionms.

In practical design of mountaineous roads, careful evaluation
should be given to the conseguences of failures: whether the failures
will endanger properties or lives, the effect of traffic disruption
and the cost of maintenance and repair. For low-traffic roads in
rural arsas, it may be cheaper to design the roads with certain
amount of risks of failure. On the other hand, for roads of impor-
tance, such as expressways with heavy traffic, and vital transporta-
tion links for national defence, and roads near urban centers, the
adverse effect of disruption to traffic or temporary closure due to
slides or failures of the roadway system can be very costly.

As pointed out in an earlier section, proper design of a road
system depends greatly on the amount and reliability of information
and data collected. In the past, many highway planners and designers
had foregone the geological and geotechnical investigations in order
to save cost. Due to the lack of information, the engineers either
design the project with conservative approach or inadequately. In
the latter case, high cost for maintenance and remedial measures
would be incurred. This type of "false economy™ must be avoided.



The checice between technical consideration and econoric consi-
deration must be made by engineers who possess the necessary infor-
mation, knowledge and experience.

3. FACTORS CONTRIBUTING TO LANDSLIDES
OR SLOPE INSTABILITY

In planning and design of mountaineous roads, one of the most impor-
tant aspects is the stability or instazbility of slopes along the
roadway. In addition to natural slopes, there will be manmade cut
slopes and fill slopes. In countries like Malaysia and Taiwan, cut
slopes of over hundred meters high are not uncommon. For both natural
slopes and manmade slopes, the factors affecting the stability or
rather those controlling the instability can be classified into two
main categories: the inherent characteristics and the external
factors. In order to assess the slope stability it is important to
obtain adequate information and to evaluate each of the factors
carefully.

3.1 Inherent Characteristi;g

(a) Topographic conéition
(b} Geological formation

(c) Engineering characteristics - strength of soil material,
strength aleng rock joints, permeability, etc

(d) Hydrological regime
{e) ‘Weather
(f) Rainfall - intensity and duraticn

(g) Presence of reservoir.

3.2 External Factors

(a) Water
(1) surface runoff
(ii) infiltration and seepage
(iii) increase in excess porewater pressure

(b) Change in strength - due to saturation, increase in
porewater pressure, lubrication along joints

(c) Seismic activity

(d) Deforestation or devegetation

(e) Improper design and/or construction
(£) Change of grouridwater regime

(g) oOther manmade activities

(h) Lack of maintenance.



4. GEOTECHNICAL CONSIDERATIONS IN PLANNING,
DESIGN AND CONSTRUCTION OF SLOPES

Depending on the type of slope, the amount of time, effort and cost
which can be appropriately devoted to site investigation and analysis
several different approaches may be used for planning, investigation
and design of slopes. The following are three most commonly used
approaches. They represent increase in degree of sophistication and
rational but also increasing in complexity and cost.

(a) Based on field observations and past experiences alone
with no site investigation, testing or slope stability
analysis - an empirical approach.

(b) Based on limited amcunt of data from actual field
investigation and testing in combination of field
observations, carrying out slope stability calculations
by using stability charts (for example, JANBU, 1968;
HUNTER and SCHUSTER, 1968) - a semi-empirical approach.

‘(c) Based on an adequ ate program of site investigation and
testing and carr ing out detailed stability analysis - a
rational approach.

The empirical approach depends grea. - upon the experience of the
designer. Slopes are designed based on observations and examinations
of existing slopes in the same area and the same types of soil/rock
formation. This approach may be applicable in situations where the
total cost of remedial measures to failed slopes will likely be
appreciably less than the additional cost involved in ensuring that
all slopes incorporate an appropriate engineering factor of safety.
This approach is also useful in the preliminary planning and éesign
stage for engineering and economic assessment of a project. However,
this approach shculd never be used when a landslide can cause loss
of life or significant economic loss or social disruption or high
security risk.

The semi-empirical approach of slope stability analysis by use of
slope stability charts has cormonly been used for the preliminary
stage of analysis. Stability charts are useful for preliminary design
calculations, to compare alternatives which can be examined more
thoroughly subsequently using detailed anlaysis procedures. The use
of stability charts, however, should not be indiscriminately, because
the charts were developed on the basis of information accumulated
from certain particular geographic and geological conditions. It is
essential to understand the background and assumptions involved in
the stability charts whether these conditions are applicable to a
particular project before they are used.

The rational approach incorporates an essential element in a geo-
technical analysis, that is, compatibility between data/information
available and method of analysis. It offers the most reliable



solution to slope design proklem. Of course, there are also limita-
tions due to practical constraints on the extent of site investiga-
tion and simplified assumptions which are necessary for analytical
solutions. Field instrumentations are valuable means for monitoring
the performance of slopes. The wmonitored data can be used to supple-
ment the site investigation study and to check the design assumptions.
Data obtained from slcpe indicators are helpful for determining
pctential or existing failure zones or the movements of a slope
after construction as a check of the design. Long term monitoring
of groundwater conditions by piezometers will provide incéisputable
relieble data for slope stakility analysis. Instrumentations are
especially useful for sites with very complex soil cornditions.

A general design and construction procedure for soil and rock slopes
is presentecd in Fig.l. In analysis and design of slopes in residual
and colluvium soil deposits, geotechnical aprroaches are usually
used for assessment of landslip potentials. For rock slopes,
engineering geological assessment becomes more important. At the
present, there is no concl =ive rational method of stakility analysis
which can be applied to ana yze gravel-deposit slopes. Combinations
of geotechnical and gzolog: .al assussments, along with engineering
judgement are used (WOO et al, 198.),

4.1 Geological Assessment

For a large and difficult site, it is advisable to carry out
surface geological reconnaissance mapping if the area is accessible.
The methods used when plotting the data collected are usuzlly based
on the Geological Society of London Working Party Feport (1972) on
the Preparation of Maps and Plans in Terms of Engineering Geology.
Figure 2 shows an exampie of such a survey map for a rock slope
along the North-South Freeway in Taiwan (WOO et al, 1981}.

The soil and rock exposures are generally indicated on the geo-
logical map under generic names. In addition, they should be fully
described on field data sheets for subsequent correlation with the
results of subsurface exploration. The following features should be
recorded:

{(a) Color

(b) Grain size

{c) Texture and structure

{(d) weathered state (for rocks)

{e) Lithological characteristics

(f) Estimate of strength and permeability, and

(g) Other engineering characteristics.
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Unlike common soil slopes which may fail along any one of
infinite number of surfaces, rock slopes tend to fail along well=-
defined discontinuities, such as faults, joints, fissures and bedding
planes. For the purpose of rock slope design, a joint survey should
be carried out to coliect information on tHese discontinuities from
the natural exposures or from pre-existing manmade slopes. Infor-
mation pertaining to the discontinuities should include:

(a) dip angle and direction of dip
(b} width, spacing and persistence
{c) roughness of surface

(d8) infilling

(e} extent and location cof seepage.

The collected survey data are usually plotted onto a stereonet
as illustrated in Fig.3. From the equal density contours of pole
concentrations and geometr:y of the slope, the possible mode(s) of
failure can be rapidly asse: sed. Datails of the method and its appli-
cation have been described n HOEK and BRAY (1981). However, use of
sterecplots for assessing stability of slopes directs. attention only
to joint concentrations but not to the isolated single joints.

Single joints, which may cause insta. lity, msut be individually
identified on site.

It should be pointed out that not all sites and potential
slopes are accessible or exposed for mapping during the planning and
design stage. This is particularly true for highways or mountaineous
roads crossing virgin lands. The engineering geologist or geotechni-
cal engineer responsible for the work should also visit the site
a2fter the analyses are completed and during the construction stage
in order to check the possible presence of joint sets which are not
identified during the initial survey and any othexr random joints
which could lead to the development of instability.

4.2 Geotechnical Evaluation

For practical reasons, geotechnical evaluations or analyses are
usually carried out at certain specially selected locations, parti-
cularly at those places where stability or instability is more
critical. Therefore the results of evaluation are limited or confined.
The selection of locations for detail analyses is usually made on
the basis of information obtained from geological assessment, hydro-
logical study, topographic survey, geotechnical investigation and
engineering judgement. Since a road project usually stretches over
many kilometers, it is practically and economically unfeasible to
analyze every slope which will be encountered. The importance of
judgement made by experienced geotechnical engineer cannot be over-
emphasized.
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Before carrying out a detail gectechnical analysis or evaluation
of a particular slope or terrain, it is necessary to gather sufficient
quantitative data from the site. These data are usually ubtained by
field investigation, in-situ and laboratory testings. MOE (1984) has
discussed the various aspecis and techniques of subsurface investi-
gation which are adaptable for mountainecus terrains. There are many
different methpds of subsurface investigation which can be erployed.
The choice of the method depends upon many factors such as the ter-
rain condition, geological formation, depth of exploration and,.of
course, the service standard cf the roads, etc. The most commonly
used method consists of boring and sampling. Standard Penetration
Tests are usually carried out to determine the relative consistency
of the subscil strata and piezometers are installed to monitor the
variation of subsurface water pressure. At locations where seepage

is anticipated to be a major problem, in-situ permeability tests are
performed. Laboratory tests are carried out on representative and
undisturbed soil samples or rock cores to determine the physical
properties, strength and pe«rmeability characteristics of the various
subsurface strata. In area: where settlement is anticipated to be a
problem, consclidation test: are performed. Seismic exploration is
often used for estimating t..e dept. of rock formetion. In areas where
sinkholes or underground channels & ‘e expecféd, other. geophysical
technigues such as electric resisti ‘ty method may be employed.

It should be emphasized that results from few boreholes are
inherently limited. Interpretation and application of these limited
data should be exercised with caution.

4.3 Slope Categorization

During the planning and preliminary design stage of mountaineous
roads, whether for a new road or betterment of an existing road,
information obtained from geclogical assessment can be used to
classify the slopes into different categoriec. Based on the classifi-
cation, program of more detailed investigation and study can be
forumulated. For the slope improvement work for the East-West Highway
and the Kuala Lumpur-Karak Toll Highway, such a technique was
adopted (MOH and ASSOCIATES, 1983a, 1985).

The categorization of the slopes was based on the potential of
failure of the slope (stability) and the risk to road usage if
failure occurs.

The degree of potential of slope failure can be categorized as
follows:

(a) Failure is imminent or has already occurred

(b) Failure is most likely to occur

{c) Failure is likely to occur

{d) Failure may occur



(e) Failure is not likely to occur.

The degree of risk to the usage of the highway cah be classified
as follows: ‘

{a) Highest - complete or substantial loss/blockage of access
(b) High - partial loss/blockage of access

(c) Medium - minor blockage of acress or damage to appurtenant
road structure up to the limit of the carriageway

(d) Low - effect, if any, would be minimal.

Based on these two factors, the slopes can be classified into
the following five categories, Fig.4:

Category Ia =~ Instability of slope is highest and risk to road
usage 1is imminent

Category Ib - Blockage or loss of the road access is impinging
Category II -~ Danger to road is adherent
Category III - Danger to road is implicit

Category IV - No danger or road blockage.

Geological assessment can also be used advantageously for ter-
rain classification of slopeland for development. Figure 5 illustrates
the result of such a classification for the development of a 500
hectare land in the outskirt of Taipei City in Taiwan. (YU et al,
1982).

Terrain evaluation based on terrain classification or land
categorization has been used in many countries. Risk maps or hazarxd
maps for landslide areas have been developed in France, Italy, Spain,
Australia, the United States and elsewhere. The Geotechnical Control
Office of the Hong Kong Government has in the past several years
placed considerable effort on its Geotechnical Area Studies Program
to provide systematic geotechnical input for land use management and
development planning purposes. Geotechnical Land Use Maps are being
Geveloped by considering six geotechnical attributes - slope gradient,
terrain component, terrain morphology, erosion, slope condition and
hydrology (BRAND et al, 1982a, 1982b).

4.4 Stability Analysis

Many methods of stability analysis are available for the design
of soil and rock slopes. The most commonly used methods are based on
limit equilibrium analyses from whch numerical safety factors are
obtained. The Geotechnical Manual for Slopes (GCO, 1984) lists the
better known methods of analysis which are being used to solve soil/
rock slopes problems with consideration of water pressure. The
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advantages and limitations of these methods are given and recommenda-
tions are also made to their application.

4.4.1 Modes cf slope failure

For analyses and design of slopes, the probable mode (s)
of failure of the slopes should be considered. Broadly speaking from
the kinetic point of view, there are four major types of failures,
that is, creep, sliding, flow and fall. The exact mode(s) of failure
of a slope is different for different materials and geological con-
ditions. They can be classified as:

Earthfill Slope - (a)
(b)

{c)

Residual Soil Slope - (a)
(b)
(c)

Gravelly Soil Slope ~ (a)
(b)
(c)

Sandstone-Shale Slope-(a)
(b)
()

(a)
(b)
(c)
{d)

Other FRock Slopes -

Soil flow
Circular slip
Surface erosion

Planar failure
Shallow non-circular slip
Surface erosion

Toppling
Circular slip
Surface erosion

Plane failure
Wedge failure
Weathering

Toppling
Plane failure
Wedge failure
Rock fall

In a slope stability analysis, the two most important
input parameters are the shear strength of the slope forming material
and the groundwater (or more exactly, the porewater pressure) condi-
tion.

4.4.2 Shear strength of material

In order to determine the factor of safety of a particu-
lar slope against sliding, the strength of materials comprising the
slope must be known. Shear strength parameters of the materials are
obtained by testing samples of socils and rock joints obtained from
the site. The samples should be tested under in-situ stress condi-
tions. In the Southeast Asian countries, the most commonly encoun-
tered geological formations are residual soils, sandstone-shale and
gravel deposits. For residual soil deposits, because of the high
permeability of the material, it is likely that rainwater can infil-
trate into the soil and achieve saturated condition at shallow depth.
Stability computations should therefore be made in terms of effective
stresses. It is generally found that the laboratory measured values
of cohesion intercept are quite small and the stability analyses are



most freguently carried out with the angle of shearing resistance
predominating.

The shear strength values of shale formations depend on
the clay content, the degree of cementation and the degree of satura-
tion. For this type cf formation, the bedding planes or joint sur-
faces are usually the weak planes where most of the slope failures
occur. It is extremely difficult to accurately determine the strength
characteristics along these planes. A conservative approach is to
dctermine the residual angle cf shearing resistance of samples by
direct shear tests along artificially cut surfaces of intact rock
specimens to similate bedding planes. Samples soaked with water
befere testing can represent the actual site conditions better if
the potential slip surface were below the groundwater table. In some
cases, large scale in-situ direct shear tests have been carried out.
But this method is rather costly and sometimes very difficult. If
joint-£fill materials were found existing in an interbedded rock for-
mation, the shear strength of these joint-fill materials should be
determined and used in analysis.

For unsupported slopes, the residual strength parameters
should be used, whereas for slopes which incorporate restraining
measures, e.g. when the stability of slope is enhanced by prestressed
anchors, the peak parameters may be used in the design.

In most rock masses where rock joints are not smooth or
planar, the roughness of the surfaces contribute additional shearing
resistance, (PATTON, 1966; BARTON, 1971).

4.4.3 Groundwater

The stability of slopes is seriously affected by the
groundwater pressure. For all types of slopes, the groundwater con-
ditions should be monitored for periods as long as possible, at
least during the site investigation and afterwards by means of piezo-
meters. The groundwater pressures measured within a short period of
time may not represent the highest or critical groundwater pressures
in the slope fecr long term stability. The groundwater condition in a
particular slope is dependent on the rainfall intensity and duration,
the infiltration capacity of the slope forming material, slope topo-
graphy, extent of vegetation cover, and environment.

For design of residual soil slopes in Hong Kong, estimate
of rise in water table after a rainstorm is determined by the wetting
band as suggested by LUMB (1962). The wetting band or zone of satu-
ration caused by a rainsterm will extend downwards from the ground
surface under the effect of gravity. Based on the calculated wetting
band thickness determined from rainstorms of different return periods
(for example, Fig.6) together with records of groundwater level,
estimation on the probable rise in groundwater level can be made.



In sandstone-shale slopes, perched water table normally
exists because of the different permeability of the sandstone and
shale layers. Figure 7 illustrates the probable water tables of an
inclined sandstone-shale formation. To determine the groundwater
pressure in this type of slope, piezometers should be installed in
every layer of the rock formation at a number of locations.

There are many cases showing that the groundwater table
in a slope can change due to environment changes. For example, on
the banks of a reservoir, the groundwater level rises after storing
of water and fluctuates with the water level in the reservoir. Phe-~
nomenon is shown in Fig.8. Another example is seen in Fig.9 for a
highway embankment crossing a valley. If the drainage capacity of
the culvert becomes insufficient because of blockage, or other
reasons, a temporary pond will be formed at the intake of the culvert.
The ponding water may create seepage through the embankment which may
be originally designed without any consideration of excessive water
seepage.

4.4.4 Factor cof safety

The minimum factor of safety against failure which can be
accepted for a slope will depend on the factors such as risk to life,
cost of consequence associated with failure of that slope. The choice
of an appropriate factor of safety in the slope design is subjected
to the judgement of the designer. Table 2 presents some suggested
values of safety factor for slope design. In the application of a
factor of safety to slope stability, the possible change in ground-
water pressure and influence of external loading should be considered.
In design of a slope, it is a good practice to check the sensitivity
of the factor of safety of a slope against each parameter. For
example, the factor of safety of a slope may increase 100 per cent
between saturated and drained condition, this indicates that the use
of drainage would be effective to control the instability of that
slope.

The stability of a slope is also affected by dynamic
loading like earth quake and blasting. The response of a slope to an
acceleration amy be simplified to a horizontal force acting on the
center of gravity of the potential sliding mass towards the free
face of the slope. Since the dynamic force occurs only in a short
duration, a lower factor of safety under dynamic condition is ac-
ceptable (HOEK, 1976).

4.4.5 Other factors to be considered in design

Besides those discussed in the previous section, there
are several other important considerations which deserve attention
in practical design work.
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Table 2: Suggested Values of Factor of Safety for Slopes

Factor

of Remarks Source
Safety

1.2 Slope with low risk

GCO (1984)
1.4 Slope with high risk
1.2 Temporary slope Hoek and Bray
1981
i.5 Important slope ¢ )

Table 3: Rock Slope Stabilization Measures

Stabilization Measures
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Thiese important

(1)

(4)

(5)

(€)

(7)

considerations are:

In soil cuttings if the bedrocks d&ip steeply into the
cuttings, sliding of the entire overburden above the
cuttings alc g the bedrock surface may occur.

The surface of cut slopes will be subjected to
weathering and erosion.

When empirical appreoach is adopted for design cut
slopes, the potentiazl of "insignificant" or
"uncriticzl" slides may be allowed. In those cases,
wider right of way should be provided for catching
debris from slips.

In design of embankment fills, it is important that
the fill materials are properly keyed in with the
original ground. It is particularly-critical in cases
of half cut-half £ill sections. Benching may be
necessary.

The toe area of an embankment f£ill is an inherently
weak zone and requires special attention for
strengthening.

In designing drainage facilities for both cut and
£ill slopes, the drains should be designed in such a
way that they will be self-cleaning and require
ninimum amount of maintenance.

It ig important to recognize that design of slopes
for mountaineous roads needs to be "flexible”. In
other words, it is more often than exceptional that
revision of design will be necessary during construc-
tion. The degree of this need depends upon the amount
of geological and technical information available
during the design stage. Additional site investiga-
tion should always be considered during the construc-
tion stage and therefore should be included in the
design tender document.

4.5 Construction of Slopes

4.5.1 Formation of scil slopes

As pointed out in an earlier section, it is a common
practice for highway planners to adopt the principle of balanced cut
and fill. Theoretically, this approach may be more economical.
However, from the engineering point of view, this approach may not
be desirable particularly in areas where the slope formations will
be partly in cut and partly in fill. These slopes are potentially
unstable and difficult to construct. It is more preferable wherever
possible to form the slope either entirely in cut or entirely in



fill. Realicnment of the roadway may prove to be more stable,
trouble free, and easy to construct. Economy in the long run should
be taken into consideraztion when designing roads in mountaineous
areas.

The construction of slcpes, whether cut or f£ill, should
be strictly under engineer's control. The fill materials should con-
sist of well-graded soils and free from organic matters. The fill is
normally placed in layers of 30 to 50cm in thickness and compacted
to at least 95 per cent of the maximum dry density determined by
standard proctor test. To ensure that the surface of the slope is
also compacted to the required degree of compaction, the slope is
normally slightly over-built by about lm, and then trimmed back
after compaction to the required profile. For cut slopes, it is im-
Portant that control be exercised to avoid over cutting. For both cut
and fill slopes, it is very useful to provide intermediate berms of
sufficient width between flichts normally of 8 to 10m high.

4.5.2 GSurface and subsurface drainage

It is cf prime importance to install adequate surface
drainage system to collect and safely convey the run-offs from catch-
ment areas ahove and adjacent to the slops and from the, slope itself
to an appropriate poirnt of discharge. For this reason, concrete sur-
face drainage channels should be provided along the top, the toe and
along each berm of the slope. Herringbone drainage system consisting
of chevron drains and stepped channel is constructed along the slope
surface to reduce the flow velocity of surface run-off, thus mini-
nizing soil erosion.

In areas where the subsurface porewater pressures are
high or where the potential of seepage and infiltration of water is
great, subsurface drains should be installed. The subsurface drains
are usually constructed of perforated PVC pipes installed at an in-
clination to the slope surface. In order to maintain proper function-
ing of the subsurface drains, the drain pipes must be adequately
protected with filter material to prevent clogging up the holes by
the surrounding soil particles.

4.5.3 Surface protection of slopes

In order to prevent soil erosion and to minimize infil-
tration of water into the slopes, the slopes should be protected with
grassing cr covered with impermeable layers as soon as possible after
formation. Grassing can be placed by means of turfing or hydroseeding
together with fertilizers on the slope surface. When hydroseeding is
to be carried out in wet seasons, it is suggested that the seeding be
applied together with erosion control fabrics or straw mats. Apart
from reduction of erosion on slopes during the wet seasons, other
advantages of using fabrics are the discouraging of birds from eating
the germinating seeds, retention of moisture during droughts and



prevention of dislodging seeds due to careless watering.

Other types of surface protective measures include
chunaming, guniting, stone-pitching, and concrete revetment.
Chunaming, which is very commonly used in Hong Kong is the placement,
usually by hand, of a plaster of cement-lime stabilized soils avail-
abie locally in layers to a thickness of 5 to 8cm on the slope
surface. Being more durable and less susceptible to cracking problem,
guniting is the spraying of cement-sand mixture in mortar form. onto
the slope. The thickness of guniting layer is commonly 5cm but some-
times is increased to 7 to lOcm when reinforcements are incorporated.
The concrete revetment consists of precast or cast-in-place inter-
locking grids filled with a layer of no~-fine concrete, onto which
top soil and turf are placed.

4.6 Slope Improvement and Stabilization

4.6.1 Slope improvement

Sometimes it is impossible to design stable cut slopes
which will meet the development requirement of a particular site,
especially in steep urban terrains where the economic use of land is
of major importance, or in rural areas where it is considered to be
more economical to accept a higher probability of failure in cut
slopes and to rectify failures when they occur, rather than to
design stable slopes at the outset. The latter case is particularly
justified for low cost roads which accommodate small traffic volumes.
Slope imporvement or rectification measures are therefore necessary
for many instances:

(1) Flattening of side slope - This is the most effec-
tive means to increase the stability of slopes, if
geometric constraints allow. The principle is simply
to reduce the weight of the soil/rock mass which has
a sliding potential.

(2) subsurface drainage - The long-term stability of
steep slopes in areas with shallow GWL can be en-
hanced by modifying the seepage pattern in the
slope, thus suppressing the development of unfavor-
able seepage force and diminishing the pore pressure
acting on the potential slip surface. This can be
achieved by installing inclined drain pipes, drainage
blankets and galleries with sandwiched filter
materials into the slope to intercept the ground or
perched water in subscils and discharge it out from
the slope thereby relieving any potential of hydrau-
lic pressure build-up. It is normally required to
place a drainage blanket between the original ground
and £fill in embankment construction (for example,
MOH AND ASSOCIATES, 1978, 1983b).



(3) Stabilizing piles/caissons -~ Another means to
increase the stability of the slopes is to construct
a series of stabilizing piles/caissons on the slope
to provide additional resistance against sliding
through pull-cut and dowel actions. It is preferred
to have the piles/caissons keyed into hard soil
stratum and spaced at least one diameter apart to
avoid any damming effect on the upslope areas (for
exanple, HSIUNG 1986).

(4) Retaining structures - Due to aerial constraint,
structures are sometimes needed to support the
slopes and these take the forms of conventional
reinforced concrete cantilevered wall, contiguous
bore-piled wall, either cantilevered or supported by
ground anchors, crib walls, gabbion walls and
buttress wall (for example, MOH et al, 1979).

4,.6.2 Stabilization measures for rock slopes

Rock cuts are usually made at 60 to 75 degrees to the
horizontal, depending on the nature of rock mass, with 1lm wide
berches at every 15m height of slope. Excavation is normally carried
out by blasting in unrestricted remote areas and by pneumatic drills
in restricted urban areas. The design of blasting should be aimed at
achieving a good production of well fragmented rocks with least
camage to the rock slcpe left behind. Blasting, if not properly
controlled, will cause back-break, reducing the strength of joints
and thus causing rock fealls, and instability of the finished slope
surface. In order to eliminate unnecessary remedial works caused by
cverblasting, controlled blasting technique using presplitting should
be commonly employed for the final face of the rock cut slope, and
the primary blasting is carried out to a distance of about 5m from
the final face. Presplitting blast holes are loaded with light, well
distributed charges completely stemmed and fired simultaneously
before any adjoining main excavation area is blasted. Delay blasting
technique is strongly recommended.

After the formation of rock cut slopes, an engineering
geological survey should be carried out to determine the overall
stability of the cut slope, the stability:-or instability of localized
zones, joints and rock surfaces. If potential instability were
found, remedial measures will be necessary. The following lists some
of the most commonly used methods for stabilizing rock slopes:

(1) Joint plane stabilization - After the final cut
face is formed, if daylighting joint planes which can
form a potential failure wedge are identified, the
potential sliding rock mass can be arrested by the
use of dowel and shear bars, rock bolts and anchors.



(2) Surface strengthening -~ For highly fractured and
uneven rock faces, either inherent cor as a result of
overblasting, it is sometimes necessary to cover the
clope surface with gunite or shotcrete, preferably
with reinforcement, to prevent further weathering
and to arrest fall of rock debris.

{3} Fencing and/or netting - 1In areas where it may not
be economically practical to eliminate rock falls
from a cut face, protective fence or netting can be
erected to keep the rock fragments from falling onto
the site.

FOOKES and SWEENEY (1976) summarized some appropriate
stabilization measures for different rock slope failure patterns,
as shown in Table 3. Among the various techniques, the control of
water and drainage is normally most effective and economical.

5. CONCLUDING REMARKS

This paper describes some of the important geotechnical considera-
tions for designing roads in mountaineous regions. Due to the very
nature of the complex topographic and geological conditions of
mountaineous areas, the engineer responsible for planning and design
of mountain roads should not leose his vision by considering the
engineering aspect alone. Geological, hydrological, geotechnical,
environmental as well as economical considerations all play important
roles. In the practical design and construction work for mountain
roads, adequate data collection, proper evaluation and interpretation
of data with sound engineering judgement are essential elements for

a safe but economical construction project.
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