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INTRODUCflON 

Many slopes are designed to perform specific 
functions, chiefly to provide safe access 

with acceptable maintenance, economy, and ap-
pearance. The complete design process is likely to 
involve five stages (Norris and Wilbur 1960): 

1.Preparation of a general layout to meet functional 
requirements; 
Consideration of possible solutions to satisfy the 
functional requirements; 
Formulation of preliminary design incorporat-
ing possible solutions; 
Selection of the optimum solution by comparing 
the economy, functionality, and appearance of 
the possible solutions; and 
Provision of detailed design of the optimum 
solution. 

The chief responsibility of the engineer is to design 
the optimum solution. Analyses of the slope geom-
etry and response to loading are the means by 
which the alternative solutions are evaluated. Thus, 
the details of analysis are important considerations 
in the slope design process. 

Slopes generally are evaluated in terms of the 
factor of safety against sliding. The design team 
must define adequate factors of safety for both con-
structed and natural slopes. Defining an adequate 
factor of safety poses a philosophical problem of 
considerable magnitude. 

In many branches of engineering, the engineer 
can specify materials whose performance under 
particular stress-strain conditions is known with 
considerable precision. Furthermore, construction 
procedures can be specified to prevent overstress-
ing components during assembly. Usually the chief 
uncertainty concerns the assessment of loads to 
which the completed structure will be subjected 
while in service. This difficulty is overcome by the 
use of tabulated loadings, which are usually much 
greater than any probable loadings but have been 
approved by engineers as representing extreme 
conditions. Thus, economical designs are produced 
with suitably conservative features. 

In contrast, the geotechnical engineer and engi-
neering geologist responsible for assessing slope 
conditions are faced with much greater uncer-
tainties. The materials forming the slope may be 
highly variable and exhibit a range of material 
properties. The inherent variability and uncer-
tainty concerning material distribution and prop-
erties make adequate characterization of natural 
slopes especially troublesome and focus attention 
on the need for an accurate geologic model. 
However, even in constructed embankments, these 
uncertainties can lead to slope instabilities. Slope 
performance may be adversely affected by 
undetected variations in material properties and 
environmental conditions or by changes in mate-
rial properties over time caused by weathering or 
erosion of the materials or changes in climate 
conditions. 
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The geotechnical engineering approach to slope 
stability evaluation involves the assessment of shear 
strength (i.e., capacity) rather than of loads (i.e., 
demand). Except when subjected to external load-
ing caused by earthquake shaking, increased poten-
tiometric conditions, or human activities, slopes are 
exposed to relatively constant loads due to the 
weight of the soil and rock materials of which the 
slope is composed, and changes in loading are not a 
significant factor controlling slope stability. 

The shear strength of the soil and rock materi-
als composing slopes may have a considerable effect 
on slope stability. Thus, a factor of safety based on 
the ratio of available shear strength to that which 
is required to initiate undesired slope movement 
forms a suitable measure of slope stability. The 
shear-strength values forming the numerator and 
denominator of this factor-of-safety ratio may 
change over time in response to changing environ- 
mental conditions. The shear strength of the mate-
rials changes with changing moisture conditions 
or because of changing physical-chemical proper- 
ties of the materials because of weathering, 
strain-softening phenomena, fabric changes, or 
even initial shearing. Even more critical in many 
cases is the reduction in the effective shear strength 
caused by increased pore-water pressure. Changes 
in slope geometry due to natural erosion or human 
modification may adversely increase the shear 
stresses favoring slope movement. 

In contrast to the factor-of-safety approach, the 
application of probability theory and statistical 
methods to determine the probability of slope fail- 
ure or unacceptable performance is emerging as a 
potentially useful alternative (Sharp et al. 1981; 
Bowles and Ko 1984). Quantifying the variability 
in material properties of geologic formations and 
discontinuities is a major challenge for the engi-
neering geologist. The properties of constructed 
embankments, of course, can be controlled and 
tested to provide a basis for evaluating slope 
performance. 

Bromhead (1992) stated that the critical slope-
destabilizing factors, in order of importance for 
most cases, are 

Increase in pore-water pressures, 
Removal of support at the toe either by erosion 
or by excavation, 
Changes in soil or rock shear-strength prop-
erties, 

Seismic loading, and 
Loading at the head of the slope, most often by 
other mass movements but occasionally by place-
ment of fill or other "live loading." 

Very conservative slope conuigürations would result 
if slopes were required to have factors of safety 
of 1.0 when conditions included maximum con-
ceivable pore-water pressures, conservative (low or 
residual) shear-strength material properties, exca-
vation at the toe of the slope, additional loading 
at the top of the slope, and seismic loading. Such 
a design would not be justifiable on economic 
grounds. Each of the many factors listed above 
involves conservative assumptions; thus, the result- 
ing factor of safety is genuinely overconservative. 

Furthermore, the individual assumptions must be-
come increasingly conservative in cases where the 
conditions are poorly understood. This conservatism 
can result in the extreme situation in which a small, 
insignificant slope subjected to minimum field inves-
tigation can receive a higher factor of safety than a 
larger, more important slope subjected to extensive 
and expensive investigation. Finally, large increases 
in the factor of safety may be unachievable, either 
economically or physically, in the cases of large 
slopes. In such situations, acceptance of lower factor-
of-safety values may be the only course of action. 

These considerations emphasize the importance 
of careful selection of slope design parameters, 
which must reflect 

Site-specific environmental conditions poten-
tially affecting slope stability, 
Strength properties of the materials forming the 
slope, 
Economic considerations, and 
Other facility design constraints. 

2. ENVIRONMENTAL CONDITIONS 
AFFECTING SLOPE STABILITY 

Environmental conditions affecting slope stability 
include external loads, probable earthquake acceler-
ations, climate conditions, and volcanic eruptions. 

2.1 External Loads 

The effect of external loads, which may be natural 
or human-induced, must be incorporated into engi-
neering analyses on which slope design is based. 
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2.1.1 Natural External Loads 

Natural external loads on slopes may change 
because of erosion and deposition that cause the 
toe of a slope to become oversteep or material to 
accumulate on the crest of the slope. An engineer-
ing geologic assessment of the slope should reveal 
the potential for natural erosion and deposition 
processes. If these processes can be expressed in 
quantitative terms, their effects may be included in 
the analysis. If these processes are not quantifiable, 
their potential may be recognized but no basis exists 
for including them in the analysis. 

2.1.2 Human-Induced Modifications to 
External Loads 

Human activity in the vicinity of a slope, particu-
larly a marginally stable slope, may increase the 
forces tending to cause failure. In some circum-
stances, these activities may improve the stability 
of some slopes. For example, slope improvement 
measures, such as rock bolts and buttress fills, result 
in positive forces on slopes. Many common slope 
improvements are viewed as providing external 
forces to a slope. 

Human-induced modifications that may ad-
versely affect external loads are (a) grading of the 
existing slope or of adjacent slopes, (b) adjacent 

construction, (c) construction blast damage, and 
(d) vibrations of passing vehicles. 

Slope regrading may result in a condition similar 
to that caused by natural erosion and deposition in 
which the toe becomes oversteep or material is 
accumulated on the crest. Construction adjacent to 
the crest of a slope, particularly of heavy facilities 
such as railroads or stockpiles, can surcharge a 
slope. Grading adjacent to a slope can consist of 
excavation or filling; excavation would create 
oversteepened slopes, whereas filling would create a 
surcharge. These conditions must be anticipated or 
prevented so that an appropriate stability analysis 
can be made. 

Excavation blasting can cause excessive fractur-
ing of otherwise reasonably intact rock material. 
Improper blasting loosens the rock, decreases the 
density and strength, and increases the permeabil-
ity. These conditions must be recognized in the 
field so that slope remediation can be carried out 
during or shortly after construction. Alternatively,  

they must be anticipated or prevented so that an 
appropriate stability analysis can be made. 

Most vibrations of passing vehicles impose small 
loads on adjacent slopes, but some vibrations 
can influence slope stability. For example, a freight 
train moving on tracks a short distance from a 
steep slope with shallow groundwater may induce 
vibrations at a frequency and amplitude that could 
cause- permanent deformation or failure of the 
slope. Such dynamic loads should be assessed and 
incorporated in the design. 

2.2 Earthquake Accelerations 

In seismically active regions, design of slope reme-
diation may be controlled by expected earthquake 
accelerations. These accelerations may be mapped 
as a probabilistic approach to determining earth-
quake hazard (Krinitzsky et at. 1993). Maps have 
been prepared for the United States showing earth-
quake hazard in terms of the peak horizontal accel-
eration that has a 10 percent probability of being 
equalled or exceeded in periods of 50 and 250 years 
(Algermissen et al. 1990). Generalized maps show-
ing levels of earthquake shaking that have a 10 per-
cent probability of occurring in a period of 50 years 
are also included in building codes, such as the 
Uniform Building Code (ICBO 1994) and the 
Standard Building Code (SBCCI 1991). 

In the deterministic approach, an earthquake 
scenario, such as the maximum earthquake con-
ceivable in the region or a specific-magnitude 
earthquake on a specific fault, is presented. Earth-
quake hazard should be considered in the context 
of the acceptable risk of damage due to other types 
of hazards, such as flooding. It may not make sense 
for a slope repair to be designed for a 5,000-year 
earthquake acceleration, whereas an adjacent sec-
tion of highway would be washed out in a 500-year 
flood. Alternatively, the earthquake-induced dam-
age may be judged to be much more costly to re-
pair than flood-induced damage. In such a case, it 
would be appropriate to select a larger, less likely 
design earthquake scenario. 

Design earthquake values normally are used in 
limit-equilibrium stress analyses in which the 
earthquake accelerations are commonly applied to 
the slope as continuous (pseudostatic) forces 
acting in a downslope direction, either horizon-
tally or parallel to the slope. This approach is con-
servative because earthquake shaking is vibratory 
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in nature. About half of the time the forces act 
into the slope, tending to make it more stable, as, 
for example, in earth materials that have strain-
independent strength (materials that do not lose 
strength with strain, such as liquefiable sand). The 
conservatism is increased when a maximum earth-
quake acceleration is applied to a slope with 
worst-case piezometric conditions. Although the 
maximum earthquake might occur under such 
conditions, the probability that both conditions 
would occur simultaneously may be very small. 
This issue may become even more important if 
conservative values are also used for the material 
strength parameters. 

The resulting computations may provide design 
solutions that are unreasonable for the economy of 
the project. Thus, the design earthquake must be 
selected with knowledge of the acceptable risk for 
the project (see Section 4.2). 

2.3 Climate Conditions 

The importance of climate in slope design has 
three aspects. First, the influence of precipitation 
on groundwater is critical for the stability of most 
slopes. In some instances, precipitation and runoff 
estimates can be important in predicting the 
potential and frequency of slope failures, for exam-
ple, in evaluating the potential for debris flows in 
some canyons susceptible to these processes. 
Second, precipitation and runoff estimates are also 
important in assessing volumes of discharge from 
irrigation systems in rural areas and from storm-
water drains in urban areas. Third, estimates of the 
cyclic variation of moisture and temperature con-
ditions may also be important in assessing slope 
stability designs in some situations. 

2.3.1 Precipitation and Runoff 

Precipitation and runoff estimates often are used to 
design the optimum size of drainage collection sys-
tems on slopes. The most reasonable approach to 
providing suitable precipitation and runoff param-
eters for slope stability analysis is to assume a 
shallow depth to groundwater and a storm recur-
rence interval that corresponds to the economic 
importance of preventing a slope failure. Generally, 
precipitation values should not be used to, estimate 
the probable occurrence of high piezometric levels 
in the slope. 

Regions with steep slopes and high-intensity 
rainfall may be susceptible to shallow soil slides 
that have the potential to mobilize into debris 
flows. Dietrich et al. (1986) identified geologic and 
geomorphic conditions favorable for shallow soil 
slides leading to debris flows. Keefer et al. (1987) 
developed a warning system for debris flows based 
on relationships between rainfall intensity and 
duration. Kramer and Seed (1988) discussed static 
loading conditions leading to soil liquefaction. The 
potential for damaging debris flows originating on 
slopes adjacent to a project must be recognized and 
incorporated into design provisions. 

2.3.2 Irrigation and Urban Storm-Water 
Discharge 

Agricultural or landscape irrigation can be a 
significant source of water that may cause slope 
failure some distance away, depending on the sub-
surface geologic conditions (Schuster et al. 1987). 
Fractured and layered materials with lateral per-
meability exceeding vertical permeability (except 
at fractures) can allow groundwater to migrate long 
distances, build up hydrostatic pressures, and 
emerge as springs. Material adjacent to the irri-
gated site that would otherwise remain unsaturated 
can become saturated also. In those instances in 
which the designer of a slope has no control over 
the application of irrigation water, it may be pru-
dent to assume that fully saturated conditions will 
occur. 

Urban storm water and other types of urban 
water sources (leaking water mains and sewer lines) 
pose conditions similar to that discussed above for 
irrigation water. If storm water is discharged on a 
slope rather than into a stream channel at the base 
of a slope, erosion is likely to occur. This condition 
is common on some highways and railroads where 
storm water is collected on the upslope side of the 
right-of-way, conveyed under the right-of-way in a 
buried conduit, and discharged on the downhill 
slope. After a few storm events, particularly if the 
events result in flash floods, substantial erosion gul-
lies form on the slope. The oversteepened erosion 
gullies lead to localized slope failure, ultimately 
threatening the highway or railroad. In some cases, 
initial movement of a slope distresses buried water 
mains or sewer lines, causing them to leak; the leak-
age in turn promotes instability, which further dis-
tresses the buried pipelines. 
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Pipeline trenches backfihled with free-draining 
material can act as conduits for subsurface water, 
directing it to places that otherwise might remain 
relatively dry (Keaton 1992). Such introduction 
of water can be an important factor in the design 
of stable slopes. Backfill with hydraulic properties 
similar to those of the surrounding soil can alle-
viate the potential for such trenches to act as con-
duits. Storm-water culverts can become plugged 
with sediment, causing backup of water that can 
overtop and erode embankments (Anderson et al. 

1984). 

2.3.3 Cyclic Moisture and Temperature 
Loads 

Cyclic loads involving moisture and temperature 
can cause a gradual change in the strength of earth 
materials that may become important in stability 
analyses. 

In cold climates freezing and icing are important 
processes in slope stability evaluations because ice is 
effectively impermeable and can cause the buildup 
of hydrostatic pressures that otherwise would not 
develop. The stability of slopes in permafrost 
regions is addressed in Chapter 25 of this report. In 
environments where significant freezing can occur, 
it is important either to assume full hydrostatic 
pressure or to provide for a drainage system that will 
not become blocked by the formation of ice at the 
discharge points. Rapid melting of a frozen slope 
can create an equivalent rapid drawdown condition 
causing slope movement. 

A dramatic example of thermal cycles that 
caused increased slope instability was the failure of 
a steep cut slope in the South American Andes in 
which material overlying an undulating bedding 
plane surface expanded during the heat of the day 
(Sowers and Carter 1979). The expansion sepa-
rated the bedding plane so that the undulations at 
the base of the slide block were no longer seated in 
the undulations on the underlying rock mass. 
Failure occurred through intact rock at the "peaks" 
of the undulations, resulting in loss of life and 
damage to property. - 

2.4 Volcanic Eruptions 

In areas with active or potentially active volcanoes, 
eruptions can influence slope stability by ejecting 
large volumes of volcanic material or by causing 

regional or local deformation. Volcanic eruptions 
can generate large volumes of volcanic ash and 
other ejecta that can bury landscapes or flow long 
distances. Volcanic ash and ash-derived debris flows 
can clog drainage devices or create natural dams 
that can change groundwater flow patterns. Such 
changes can make significant differences in the 
parameters used in stability analyses. Volcanic erup-. 
tions also can cause regional and local tilting of the 
ground surface, resulting in steeper slopes than 
before the volcanic activity. Stresses associated with 
regional deformation can fracture weakly cemented 
materials, changing their physical properties. 

3. MATERIAL PROPERTIES AND SITE 
CHARACTERISTICS 

Samples collected in the field and submitted for 
testing in a laboratory often are assumed to be rep-
resentative of the geologic unit in the field. How-
ever, such samples clearly can represent only the 
intrinsic properties of the material itself, not the 
properties of the rock or soil mass, including joints, 
fractures, and other defects. The problem of repre-
sentativeness becomes even more difficult with 
materials that cannot be sampled or do not pro-
duce samples suitable for laboratory testing. Field 
tests may be substantially more expensive than lab-
oratory tests. Nevertheless, the results of field tests 
often are more representative of the geologic con-
ditions. An additional challenge with field tests is 
interpreting the results to reflect individual geo-
logic units rather than contributions from several 
geologic units. 

3.1 Identification of Properties of Soil or 
Rock Masses 

Complete characterization of a site must include 
the mass properties of the earth materials. The 
mass properties include both intrinsic material 
properties and defects. Material properties consist 
of soil or rock texture (grain size), mineralogy 
(including organic material), degree of weather-
ing, porosity, water content, specific gravity, unit 
weight, and strength of intact material (cohesion 
intercept and friction angle). Mass properties con-
sist of permeability, slaking, drill-core rock-quality 
designation, defect condition (orientation, spac-
ing, roughness, openness, and infilling), mass 
strength, and groundwater conditions. Not all 



434 
	

Lands/ides: Investigation and Mitigation 

parameters may be necessary for specific analyses. 
Investigations to identify geologic conditions are 
discussed in Chapters 8, 9, and 10. Strength prop-
erties of soils are discussed in Chapter 12, and those 
of rocks are discussed in Chapter 14. 

3.2 Engineering Analysis of Site 
Conditions 

Engineering analysis of slope systems usually 
requires information concerning three basic ele-
ments: topography, subsurface conditions, and 
external loads. The identification and assessment 
of external loads are discussed in Section 2.1. 

3.2.1 Topography 

Most engineering analyses evaluate simplified two-
dimensional models of slope systems. Analyses can 
be performed on existing topography or on pro-
posed construction geometry. In many computer-
aided analyses, the topography is simplified and 
lateral boundary conditions for the landslide are 
ignored. The longitudinal profile of an existing 
landslide commonly is taken to be representative 
of the slope. 

3.2.2 Subsurface Conditions 

Accurate assessment of subsurface conditions is 
fundamental to engineering analysis. The geometry 
of existing or potential slide surfaces, boundaries 
of subsurface material units, and piezometric 
levels, along with the mass properties of the 
geologic units, including slide surfaces, consti-
tute the most important design parameters. The 
geometry of slide surfaces and boundaries of geo-
logic units are based on surface mapping and 
subsurface investigation, discussed in Chapters 
9 and 10. The importance of an accurate geologic 
model on which to base engineering analyses and 
slope designs cannot be overstated. Design piezo-
metric levels should represent the most extreme 
condition possible under which the slope must 
remain stable. The design mass properties of 
the geologic units should be reasonable but not 
overly conservative. If worst-case parameters are 
selected at each opportunity, excessive conser-
vatism in the estimated factor of safety, and 
hence the anticipated risk of failure, is likely to 
result. 

4. ECONOMIC CONSTRAINTS 

Design parameters must be selected to reflect the 
characteristics of the site under so-called "design 
conditions." For most sites where slope stability is 
a primary issue, the design conditions may include 
cut slopes, fill slopes, earth reinforcement, full sat-
uration of the slope, and earthquake shaking. Mass 
properties of the earth materials at a site must be 
based on geologic descriptions of the site and 
results of field and laboratory tests. Engineering 
analyses must reflect the inherent geologic uncer-
tainties, acceptable levels of risk, and appropriate 
conservatism in design. 

4.1 Geologic Uncertainties 

A characteristic of natural materials is variability. 
The goal of the geologic evaluation of a site is to 
describe the nature and distribution of the mate-
rials present. Geologic information pertains to 
suxficial and bedrock materials, geologic structures, 
surface-water features, and correlation of surface 
and subsurface observations (see Chapter 9). The 
geologic uncertainties include variabilities in iden-
tification of geologic units, material properties, 
locations of boundaries separating geologic units, 
and correlation of geologic units across a site or 
slope area. 

Geologists use the principle of multiple working 
hypotheses to continuously synthesize the geologic 
information as it is obtained. Even after extensive 
data collection, several equally valid hypotheses 
may exist to explain the available data. This aspect 
of geologic investigation often is frustrating to 
engineers responsible for designing a specific solu-
tion to a complex problem. However, if sufficient 
information is available, a statistical analysis can 
be made to develop a mean value and standard 
deviation of the material properties. 

To address the  problem that all details concern-
ing subsurface conditions will never be fully 
known, geologists adopt one of two mapping 
strategies. Some geologists subdivide the geologic 
materials into a large number of mappable units, 
whereas others group the geologic conditions into 
a few mappable units. Large numbers of subdi-
vided units may exhibit differences so minor that 
their behavior will be very similar and the mean 
values of their material properties will be less than 
one standard deviation apart. Grouped units may 
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show a larger standard deviation, but their mean 
values may adequately represent the material prop-
erties. The engineer may find more utility in the 
geologic description of fewer units grouped by 
material properties and may choose to deal with 
geologic uncertainties in the factor of safety. 

4.2 Acceptable Risk 

National or local risk standards can be prescribed 
in the form of design life, average annual number 
of occurrences, or average return period. The 
design life of most structures ranges from about 20 
to about 50 years, occasionally to as much as 100 
years. The design life has major economic implica-
tions for two reasons. First, it is the time period 
over which capital expenditures can be amortized 
or loans repaid. Second, the reliability of the struc-
ture over the design life must be reflected in the 
conservatism incorporated into the design. In sim-
ple terms, structures with short design lives may be 
designed with some appropriate economical short-
cuts, whereas long-design-life structures must have 
more substantial components throughout. 

Acceptable risk for a structure may be defined as 
the ability to withstand an event that is reasonably 
likely to occur within its design life but to sustain 
some damage due to a larger event that is unlikely 
to occur. This is the concept of dual-level design, 
which provides a rationale for decisions related to 
economic issues. If the consequence of some level 
of damage is not tolerable, acceptable risk will be 
associated with the event or force at the threshold 
of "tolerable" damage. Acceptable risk can be 
expressed in terms directly related to the length of 
the design life. For example, a facility can be 
designed for an event with an average return 
period equal to some multiple of the facility's 
design life. Thus, a facility with a design life of 50 
years can be planned for acceptable damage from 
an event with a return period of 500 years (10 times 
the design life). 

4.3 Design Conservatism 

The assessment of landslides and slope stability pro-
vides numerous opportunities for conservatism to 
be introduced. This is particularly true because 
geology and engineering often are independent 
activities, so conservative assumptions may be 
made without being recognized as such by the 

design engineer. Geologists and engineers tend to 
describe uncertainty and apply conservatism in 
different ways. Geologists consider a variety of 
possible explanations for a given set of facts and 
select the most reasonable interpretation. Too 
often, however, the set of facts may-be interpreted 
equally well in two or more ways. Unless the 
geologist provides the engineer with a succinct 
discussion of the reasonable interpretations and 
then makes a best guess as to which is correct, the 
engineer will be forced to make the guess. 

Engineers, on the other hand, use the factor-
of-safety method to deal with uncertainty and 
conservatism. Uncertainty is encountered in many 
factors of a stability analysis, and the engineer may 
be unable to accurately 'quantify the uncertainty. 
Rather than adjusting each factor to account for 
the uncertainty, it may be prudent to use average 
parameters for each factor and apply a single factor 
to the final result to express the uncertainty. In 
this way acceptable stability often is described as a 
factor of safety equal to or greater than 1.5. This 
factor of safety expresses the ratio between the 
forces tending to maintain stability and those 
tending to create instability. An alternative might 
be to use a value equal to the mean minus one 
standard deviation forindividual parameters, such 
as the coefficient of friction, the cohesion inter-
cept, or joint roughness. The cumulative effect of 
conservatism at several points during an analysis 
might be excessive conservatism. 

5. OTHER DESIGN CONSTRAINTS 

Selection of design parameters for repair of a slope 
failure can be influenced by several'other consid-
erations, such as location, size, costs, and design 
standards. An additional consideration that can 
influence selection of design parameters is the 
urgency for repair of the slope. A slope failure on 
a busy section of Interstate highway may have 
considerably more urgency for repair than a simi-
lar slope failure on a less important highway. 

5.1 Location 

Repair of slope failures in urban settings where 
public safety is the primary concern may warrant 
stricter design parameters than those for otherwise 
similar slope failures in rural or remote settings. 
However, in many cases, public safety issues may be 
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addressed adequately in rural areas without some of 
the provisions that may be deemed necessary in 
urban areas. Slope appearance also may be more 
important in urban settings than in remote areas. 
Remote areas, particularly along low-volume roads, 
provide challenges to produce efficient designs that 
can be constructed economically. A number of 
issues are important in controlling or guiding 
selection of design parameters for a specific loca-
tion; these issues include the design life, desirability 
of scheduled maintenance, tolerability of inter-
ruption of service during construction, and the 
importance of the facility. 

5.2 Dimensions 

Road .géometrics such as grades, curve radii, and 
lane and shoulder widths are factors that control 
the design of repair schemes for slope failures. 
Design parameters often are influenced by the scale 
of the facility and of the existing or potential slope 
movement. A simple retaining wall and control of 
surface drainage may be adequate to repair and sta-
bilize a thin, slab-type landslide occurring above a 
highway, whereas a deep-seated, rotational slide 
mass with a slide surface that passes under a high-
way requires a much more elaborate scheme. 

5.3 Design Standards 

A variety of guidelines are in common use for the 
design of transportation and other facilities (e.g., 
AASHTO 1990). Common highway standards 
include those for minimum lane width, maximum 
grade, and minimum curve radius. Additional 
standards exist for designing drainage culverts and 
pavement sections and for moie unusual aspects 
such as vibrations due to construction blasting. 
Design manuals exist for general aspects of soil 
mechanics, including the design of slopes in soils 
(NAVFAC 1986; USBR 1980), and for geologic 
investigations (USBR undated; McCauley and 
Gamble 1981). 

54 Costs 

Costs of facilities include planning, design, con-
struction, and maintenance. If costs are paid from 
a general pool (usually tax revenue), users may 
have free access to the facilities. Alternatively, users 
may be required to pay a fee for the privilege or 
convenience of using the facilities. The source of  

revenue should not be a major factor in design. 
However, if funds are limited at the time of 
design, a plan may be formulated in which some 
simple components are treated with the intention 
of passing on to maintenance more of the burden of. 
correcting a slope failure. Challenges of this type re-
quire accurate understanding of the causes of slope 
movement and careful attention to design so that 
each design element provides a foundation for the 
next element until repair has been completed. 

Maintenance can be a significant cost issue. It 
must be understood at the design phase what con-
stitutes tolerable maintenance. This definition may 
be difficult because the design team and the main-
tenance team often are totally independent of each 
other. Rock-fall catchment ditches, for example, 
must be cleaned periodically or their effectiveness 
will be lost. However,, access to the ditches must be 
included as part of the design, or the maintenance 
team will be unable to fulfill their part of the rock-
fall remediation without costly additional effort. 

5.5 Landscape Aesthetics 

The sensitivity to scars created by access road cuts 
or excavations for a highway or facility is greater in 
some areas than in others. The degree to which 
scars, the size of cuts and fills, and other aesthetic 
issues need to be considered is a fundamental 
component of the design concept that must be 
dealt with at an early phase. If blasting is needed 
on a steep slope, an early decision must be made 
regarding how much blasted rock can be allowed 
to fall down the slope without being retrieved. 
Similarly, if excavated slopes must be treated to 
make them look like natural slopes, such as the cut 
slopes along Interstate 70 in Glenwood Canyon, 
Colorado, the designer must know early enough to 
evaluate the geologic feasibility and plan for the 
aesthetic work. 

5.6 Balancing Cut and Fill 

In many stability evaluations, the resulting recom-
mendations include the placement in fill embank-
ments of material excavated from cut slopes. The 
volume of a mass of in-place material, particularly 
rock, is significantly less than that of the same mass 
of excavated and recompacted material. Often this 
increase in volume is underestimated. A broader 
area of detailed topographic information may be 
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needed to evaluate, fill volumes than that for a spe-
cific slope stability assessment. 

5.7 Disposal of Waste Rock or Soil 

Providing suitable locations for disposal of waste 
rock or soil constitutes a. significant project design 
requirement. The disposal may be an environrnen-
tal issue as well as an economic one, particOlarly if 
the waste rock or soil contains some material con-
sidered hazardous, such. as lead or sulfide minerals 
that could generate acid drainage or asbestos 
minerals that are subject to air-quality and health 
regulations (Dusek and Yetman 1993). 

5.8 Roadside Hazards 

One of the project requirements may be that the 
highway retiiain open to traffic during investiga-
tion and construction for repair or stabilization of 
slope failures. Traffic patterns and tolerable delays 
must be incorporated into the design scheme. In 
addition, the risk to motorists following comple-
tion of the repair or stabilization of the slope must 
be specified so that the appropriate level of con-
struction-slope reliability and the need for signs 
can be planned. 
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