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Lowering of minimum factor of safety for reservoir operational conditions



Current practices in slope stability analysis and computer programs



Application to slope stability analysis for existing embankment dams



Guidance papers for static slope stability analysis



Minor corrections and editorial changes

DS-13(4)-6 refers to Design Standards No. 13, chapter 4, revision 6.
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Chapter 4

Static Stability Analysis
4.1

Introduction

4.1.1

Purpose

This standard provides guidelines for accomplishing a thorough examination and
satisfactory analytical verification of the static stability of an embankment dam. This
will be accomplished through a discussion of applicable loading conditions, material
properties, pore pressures to be considered, and appropriate minimum factors of
safety that should be obtained for those loading conditions.

4.1.2

Scope

Criteria are presented for the determination of: (a) loading conditions and
minimum factor of safety, (b) material strength properties, and (c) pore pressures.
Methods for computing embankment stability under static loading are described
in appendix B and are illustrated with numerical examples included therein.

4.1.3

Deviations from Standard

Stability analyses within the Bureau of Reclamation (Reclamation) should
conform to this design standard. If deviations from the standard are required for
any reason, the rationale for not using the standard should be presented in the
technical documentation for the stability analyses. The technical documentation
should follow the peer review requirements included in reference [1].

4.1.4

Revisions of Standard

This chapter will be revised as its use indicates. Comments or suggested revisions
should be forwarded to the Chief, Geotechnical Services Division (86-68300),
Bureau of Reclamation, Denver, Colorado 80225; they will be comprehensively
reviewed and incorporated as needed.

4.1.5 Applicability
These stability analyses standards are applicable to the design and analysis of
embankment dams founded on either soil or rock. While the methods discussed
herein are also applicable to cut and natural slopes, analysis of cut and natural
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slopes may involve factors not addressed herein. For design of small dams, refer
to Reclamation publication cited in reference [2].

4.2

Loading Conditions and Factor of
Safety

4.2.1

General

The loading conditions to be examined, for either a new or an existing dam,
should be based on knowledge of the construction plan, reservoir operation plan,
emergency and maintenance operation plans, and flood storage and release plans
of the reservoir along with the behavior of the embankment and foundation
materials with respect to the development of pore pressures in the dam and
foundation.
Appropriate minimum factors of safety will be assigned for these loading conditions.

4.2.2

Selection of Loading Conditions

The loading conditions to be examined are:


Construction conditions.—For a new dam, the end-of-construction
condition must be analyzed. It may also be necessary to analyze stability
for partial completion of fill conditions, depending on construction schedule
and relationship of pore pressures with time.



Steady-state seepage conditions.—For either a new or an existing dam, the
stability of the downstream slope should be analyzed at the reservoir level
that will control the development of the steady-state seepage surface in the
embankment. This reservoir level is usually the top of active conservation
storage, but may be lower or higher depending on anticipated reservoir
operations.
Operational conditions.—For either a new or an existing dam, if the
maximum reservoir surface is substantially higher than the top of active
conservation surface, the stability of the downstream slope should be
analyzed under maximum reservoir loading. The upstream slope should be
analyzed for rapid drawdown conditions from the top of active conservation
capacity water surface to the top of inactive capacity water surface and from
the maximum water surface to the top of inactive storage water surface.
The upstream slope should also be analyzed for rapid drawdown conditions
from the top of active conservation water surface to an intermediate level if
upstream berms are used.

4-2
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Other conditions.—Other loading conditions that need to be analyzed
in some cases, if appropriate, include: (a) internal drainage plugged or
partially plugged, (b) drawdown due to unusually high water use demands,
(c) drawdown for the emergency release of the reservoir, (d) construction
modifications , and (e) earthquake loading included in Chapter 13, Seismic
Analysis and Design, of this Design Standards.

4.2.3

Discussion of Loading Condition Parameters

General guidelines for obtaining reservoir elevation, soil properties, and pore
pressure parameters for analysis of different loading conditions are as follows:


Construction conditions.—The end-of-construction condition can be
examined either by effective stress concepts or by undrained shear strength
concepts.
o

Effective stress shear strength envelope method.—The materials in the
dam or foundation may develop excess pore pressures due to loading
imposed by the overlying soil mass during construction. The effective
stress method requires estimation of the change in pore pressure with
respect to construction activities and time. Consideration should be
given to monitor pore pressures during construction to ensure that the
estimated pore pressures are not exceeded by a large margin [3]. The
preferred methods for estimating pore pressures during and at the end
of construction loading conditions are:
 Conduct laboratory tests on representative samples of embankment
and foundation materials to determine the initial pore air and pore
water pressure.
 Conduct laboratory tests to determine the pore pressure behavior
with respect to time and applied load for each material.
 Establish the expected construction schedule, determine pore
pressure versus time function in the materials for that schedule, and
check the stability of the upstream and downstream slopes.
 If necessary, revise the schedule based on actual construction and
recheck stability.

o

DS-13(4)-6

Undrained shear strength envelope method.—This method for
determining soil shear strength does not involve measurement of pore
air or pore water pressure in the soil sample; thus, it is relatively
simpler than the effective stress shear strength envelope method
described above. However, analysis in terms of undrained shear
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strength implies that pore pressures occurring in laboratory tests on the
material satisfactorily approximate field pore pressures and, therefore,
the shear strength of those materials. Shear strength tests should be
performed on specimens compacted to anticipated placement water
contents and densities. Undrained shear strengths used in analyses
should correspond to the range of effective normal consolidation
stresses expected in the field [4].


Steady-state seepage conditions.—The annual reservoir operation plan
should be examined to determine the appropriate reservoir water elevation
for use in estimating the location of the steady-state phreatic surface.
Usually, it is the top of active storage or joint use pool elevation; although,
it is possible that under certain operational plans, such an elevation (top of
active storage or joint use pool) is reached for only a small fraction of time
each year or it is reached in an oscillatory cycle. In either case, the effective
reservoir elevation could be taken to be near the midpoint of the cycle.
However, use of steady-state phreatic surface in stability analysis of a wide
clay-core embankment dam is an accepted practice even though steady-state
phreatic surface may not be expected to develop for a very long time.
For an existing dam, the appropriate elevation can usually be determined
from operational records, specifically from reservoir operational plots of
reservoir elevation versus time. Reservoir operational plots are available
on most dams in the Reclamation inventory. Piezometric data, if
available, can be used to estimate the phreatic surface in the embankment.



Operational conditions
Maximum reservoir level.— If the phreatic surface under flood loading
is significantly different (higher) from that of the steady-state condition
for the active conservation pool, then the stability under this (higher
phreatic surface) condition should be analyzed. A phreatic surface
should be estimated for the maximum reservoir level. The maximum
reservoir level may occur from a surcharge pool that drains relatively
quickly or from a flood control pool that is not to be released for
several months. The hydraulic properties (permeability) of materials in
the upper part of the embankment affected by the reservoir fluctuations
should be evaluated to determine whether a steady-state or transient
analysis should be made when estimating the position of the phreatic
surface. If the phreatic surface is significantly different (higher) from
that of the steady-state condition for the active conservation pool, then
the stability under this (higher phreatic surface) condition should be
analyzed.
o

4-4

Rapid drawdown conditions.—During active conservation pool stages,
embankments may become saturated by seepage. If, subsequently, the
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reservoir pool is drawn down faster than pore water can drain from the
soil voids, excess pore water pressure and unbalanced seepage forces
result. Typically, rapid drawdown analyses are based on the
conservative assumptions that: (1) pore pressure dissipation does not
occur during drawdown in impervious material and (2) the phreatic
surface on the upstream face coexists with the upstream face of the
impervious zone and originates from the top of the inactive capacity
water surface.
However, the critical elevation of drawdown with regard to stability
of embankment may not coincide with the minimum pool elevation,
and thus, intermediate drawdown levels should be considered.


Other conditions
o

Inoperable internal drainage.—If uncertainties exist with regard to the
success of internal drainage features or dewatering system designed to
control the phreatic surface in an existing dam, then checks should be
made using the phreatic surface developed assuming these features are
not fully functioning.

o

Unusual drawdown.—All reservoir drawdown plans for maintenance
or emergency release of the reservoir should be reviewed to determine
the appropriate parameters for the stability analysis and the need for
any modification of the usual phreatic surface assumption on the
upstream face. Drought may cause reservoir drawdown and should be
considered as such for the stability analysis. Intermediate drawdown
levels would, in general, not be required to be examined.

o

Construction modifications.—All excavation plans in close vicinity to
an existing embankment should be reviewed to determine the
appropriate parameters for the stability analysis of the excavation and
that of the embankment. Similarly, all dam raise plans should be
reviewed to determine appropriate parameters for the stability analysis
of the existing and the raised dam configurations including reservoir
operations.

4.2.4

Factor of Safety Criteria

For each loading condition described previously, a recommended minimum factor
of safety is provided. Deviations either higher or lower from these general criteria
may be considered, but should be supported with an appropriate justification. The
specific values selected need to consider: (a) the design condition being analyzed
and the consequences of failure, (b) estimated reliability of shear strength
parameters, pore pressure predictions, and other soil parameters, (c) presence of
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structures within the embankment, (d) reliability of field and laboratory
investigations, (e) stress-strain compatibility of embankment and foundation
materials, (f) probable quality of construction control, (g) embankment height,
and (h) judgment based on past experience with earth and rockfill dams.
For the purpose of slope stability analysis, the factor of safety is defined as the
ratio of total available shear strength of the soil to shear stress required to
maintain equilibrium along a potential surface of sliding. The factor of safety
indicates a relative measure of stability for various conditions, but does not
precisely indicate actual margin of safety. In addition, a relatively large factor of
safety implies relatively low shear stress levels in the embankment or foundation
and, hence, relatively small deformations. The minimum factors of safety for use
in the design of slope stabilization should follow rationally from an assessment of
a number of factors, which include the extent of planned monitoring of pore
pressures and assumptions and uncertainties involved in the material strength.
The factor of safety criteria presented in this standard are based on the slope
stability analysis being performed by limit equilibrium method using Spencer’s
procedure. A different procedure within the limit equilibrium method of analysis
could give a different factor of safety for the same embankment cross section with
the same material properties under the same loading conditions.
For the end-of-construction loading condition, excess pore pressures may be
induced in impervious zones of the embankment or foundation because these soils
cannot consolidate completely during the construction period. If effective stress
shear strength parameters are used for the analysis, then excess pore pressures
have an important influence on the factor of safety. A minimum factor of safety
of 1.3 would be considered adequate if pore pressures are monitored during
construction. However, if the effective stress shear strength envelope is used
without any field monitoring of pore pressures, the minimum safety factor should
be at least 1.4 to eliminate uncertainties involved in excess pore pressures.
A minimum factor of safety of 1.3 would also be adequate when the analysis is
carried out in terms of undrained shear strength. However, if an undrained shear
strength envelope is used, the laboratory testing performed to define the envelope
must satisfactorily model the pore pressure behavior and state of stress anticipated
under field loading conditions.
For the steady-state seepage condition under active conservation pool, a minimum
factor of safety of 1.5 would be justified to take into account the uncertainties
involved in material strengths, pore pressures in impervious material, and
long-term loading. In addition, the failure of the downstream slope under a
steady-state seepage condition is more likely to result in a catastrophic release of
water, which definitely demands a higher safety margin than for the end-of
construction or rapid drawdown conditions.

4-6
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For the operational conditions, a factor of safety of 1.2 for assumed steady-state
seepage conditions under maximum reservoir water level during a probable
maximum flood event would be justified if the duration of high flood pool is
relatively short and the reservoir operations call for draining the flood storage
quickly using spillway and outlet works facilities at the dam site, and restoring the
reservoir to the active conservation pool. A higher factor of safety (approaching
1.5) might be required if the duration of flood storage above the active
conservation pool is long and could potentially result in phreatic surface which is
significantly higher than the steady-state phreatic surface under the active
conservation pool.
For the rapid drawdown condition from active conservation pool (normal water
surface) to inactive conservation pool, or other intermediate level, the loading due
to unbalanced seepage forces may render the upstream slope unstable; however,
the loading is of short duration, and the reservoir level is reduced during
drawdown. Consequently, failure of the upstream slope would not likely release
the reservoir. Hence, a minimum factor of safety of 1.3 is adequate, and in some
cases, a lower factor of safety is acceptable with justification. Similarly, for the
rapid drawdown condition from maximum reservoir surface (following a probable
maximum flood) to active conservation pool, a factor of safety of 1.2 is adequate
considering the short duration of the flood pool surcharge before returning to the
normal pool. For the rapid drawdown below the active conservation pool, the
minimum factor of safety of 1.3 applies.
For the other loading conditions, a minimum safety factor of 1.2 for drawdown at
maximum outlet capacity, inoperable internal drainage, or failure of dewatering
system is justified mainly because of infrequent occurrence and reliance on quick
remedial action in the event of inoperable drainages and failure of dewatering
system. However, if quick remedial action cannot be ensured in advance, higher
factor of safety (approaching 1.3 or higher) should be required. For the
construction modification, stability of the temporary excavation slopes and the
resulting overall embankment stability during construction should have a
minimum factor of safety of 1.3 for a conservative combination of ground water
conditions and foundation soils during construction. However, all construction
activities shall be well planned and executed under close supervision of qualified
personnel.
Table 4.2.4-1 summarizes the minimum factors of safety required for various
loading conditions.
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Table 4.2.4-1. Minimum factors of safety based on two-dimensional limit equilibrium
method using Spencer’s procedure
Loading
condition

End of
construction

Steady-state
seepage

Shear
strength
parameters*

Effective

Undrained
strength
Effective
Effective or
undrained

Operational
conditions

Other

Effective or
undrained

Effective or
undrained

Effective or
undrained

*

Pore pressure characteristics
Generation of excess pore pressures in
embankment and foundation materials
with laboratory determination of pore
pressure and monitoring during
construction
Generation of excess pore pressures in
embankment and foundation materials and
no field monitoring during construction and
no laboratory determination
Generation of excess pore pressures in
embankment only with or without field
monitoring during construction and no
laboratory determination

Minimum
factor of
safety
1.3

1.4

1.3

1.3
Steady-state seepage under active
conservation pool
Steady-state seepage under maximum
reservoir level (during a probable
maximum flood)
Rapid drawdown from normal water
surface to inactive water surface
Rapid drawdown from maximum water
surface to active water surface (following a
probable maximum flood)
Drawdown at maximum outlet capacity
(Inoperable internal drainage; unusual
drawdown)
Construction modifications (applies only to
temporary excavation slopes and the
resulting overall embankment stability
during construction),

1.5
1.2

1.3

1.2

1.2

1.3

For selection of shear strength parameters, refer to appendix A.
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4.3

Shear Strength of Materials

Stability analyses of embankment dams and natural slopes require determination
of shear strengths of materials involved along any potential failure surface. There
are large volumes of information available related to the shear strength of soils;
however, it is beyond the scope of this design standard to cover the topic in great
detail. It is important to recognize that the selection of shear strengths for use in a
numerical analysis of a slope (natural or manmade) should be a deliberate effort
and involve the entire design team (i.e., designers, laboratory personnel, and
geologists). A valuable reference for shear strength as it relates to slope stability
is the textbook by Duncan and Wright [5]. The textbook by Lambe and Whitman
[6] is a valuable general reference on the subject.

4.3.1 General

Criteria

Stability analyses of embankment dams and natural slopes require the
determination of shear strengths of the materials involved along any potential
failure surface. Based on Mohr-Coulomb failure criterion with effective stress
concepts, shear strength “S” (mobilized at failure) can be written as:
S = c′ + (σ - u) tan φ′
where:
c' =
φ′ =
u =
σ =

Effective cohesion intercept
Effective angle of shearing resistance
Developed pore pressure on failure surface, at failure
Total normal stress on failure surface due to applied load at failure

Based on undrained shear strength concepts, shear strength “su” can be written as:
su = f (σc′)
which expresses the undrained shear strength as a function of σc′, the effective
consolidation pressure prior to shear failure.

4.3.2

Shear Strength Data and Sources

Material shear strengths can be obtained from field testing, laboratory testing, or
they can be estimated based on experience and judgment, depending on the design
stage of the analysis. The analysis and decision regarding how to obtain shear
strength parameters should also consider the sensitivity of the final slope stability
on the strength parameters. For example, stability analysis may prove to be
insensitive to small features such as gravel toe drains. Varying the strength value
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of the drain material may not have a large impact on the computed stability, and it
may therefore be prudent to use typical values in such a case.
For existing dams in Reclamation’s inventory, project related earth material (EM)
reports from Reclamation Materials Engineering and Research Laboratory
provide site-specific soil strength data. However, caution should be exercised in
using these past test data if the in situ stress conditions do not match with the
stress conditions that were used in the laboratory tests. Guidance from
experienced design staff should be solicited in deciding appropriateness of past
test data.
In general, values for shear strength parameters to be used in appraisal or
feasibility level design can be estimated based on judgment, previous experience
and testing, local geologic data, or from tabulated data such as that included in
appendix D from references [2] and [7]. For intermediate and final phases of
design, shear strength parameters should be obtained from appropriate laboratory
and field tests.
For fat clays, cyclic wetting and drying can reduce their shear strength to a fully
softened state. Furthermore, if prior shear deformations have occurred in the
foundation materials or material stress-strain behavior is strain softening, the
shear strength of the clay may be at its residual strength value. Consolidated
undrained (CU) tests with pore pressure measurements are used to measure fully
softened strengths. Torsional ring shear and repeated direct shear tests are
performed to determine residual shear strengths of clays in foundations, and
natural and constructed slopes.
In situ shear strength testing can be performed in the field on foundation materials
or embankment materials. Field testing methods include standard penetration test,
vane shear test, cone penetration tests, and borehole shear device test. In situ tests
are often used to estimate undrained shear strength parameters. References [8, 9]
include details of in situ testing.
Laboratory shear strength testing is performed on disturbed or undisturbed
samples of foundation and embankment materials to obtain shear strength
parameters to be used in stability analyses. Appropriate laboratory shear strength
tests include direct shear, repeated direct shear, triaxial shear, torsional ring shear,
and simple shear tests. Shear strength tests should be supplemented with
one-dimensional consolidation (oedometer) tests in order to ascertain the stress
history of the material, particularly when determining undrained shear strength.
Refer to appendix A for selection of proper laboratory tests that are compatible
with field loading conditions. Reference [8] includes details of laboratory testing.
Use of modern (state-of-the-art) sampling and testing equipment and procedures
is advised.
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Determination of the shear strength parameters is the most important phase of a
stability analysis, yet the most difficult, especially for undrained strengths. It is
difficult to obtain representative samples, avoid sample disturbance, simulate
external loading and internal pore pressure conditions, and avoid inherent error in
the testing methods. It is normally impossible to obtain samples that truly
represent the range of materials existing in the field. Therefore, shear strength
parameters are generally determined from samples representing extremes, and
parameters are selected within the range. Loads and stresses on a sample in the
laboratory are different from those on an element of soil located on a failure
surface in the ground. Hence, judgment and experience play an extremely
important role in the evaluation of test results to ensure that the parameters chosen
are representative of the materials in place.
As a general rule, for significant projects, shear strength parameters should be
obtained from appropriate laboratory and field tests. Regardless of the source of
shear strength data (laboratory tests, field tests, published data), sensitivity
analyses by varying the selected strength parameter values should always be
performed to ensure safe design. Results of slope stability analyses, including
sensitivity analyses, should be discussed with the experienced staff, and their
concurrence with the design should be solicited.

4.3.3

Shear Strength Related to Loading Condition

The following loading conditions are usually evaluated for stability analysis of
embankment dams: (1) end of construction, (2) steady-state seepage, and
(3) rapid drawdown. The material shear strength parameters used in the analyses
must correctly reflect the behavior of the material under each loading condition.


End-of-construction loading can be analyzed by using either the undrained
shear strength envelope or the effective stress strength envelope concept.
o Undrained shear strength.—Applicable shear strength parameters of
saturated fine-grained foundation soils can be determined from
unconsolidated undrained (UU) triaxial shear tests without pore
pressure measurements conducted on undisturbed samples.
Undisturbed samples should be selected and tested from a range of
depths in the foundation material. Field vane tests, if used, should
also be conducted over a range of depths. Test specimens
representing embankment materials should be compacted to
anticipated placement densities and moisture contents and tested in
UU triaxial compression. The confining pressures used in these
tests shall correspond to the range of normal stresses expected in the
field. Generally, the undrained shear strength envelopes are parallel
to the normal stress axis for fully saturated fine-grained soils, but for
partially saturated soils, envelopes have a curved portion in the low
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normal stress range. This curved portion, or an approximation of it,
should be used when the anticipated normal embankment stresses
are in that range. UU triaxial shear test results approximate
end-of-construction shear strengths of embankment zones consisting
of impervious soils. These tests, performed on undisturbed samples,
are also applicable to impervious foundation materials where the
consolidation rate is slow compared to the fill placement rate.
o Effective stress.—Effective stress shear strength parameters are used
in conjunction with the estimated embankment and foundation pore
pressures generated by placement of the embankment materials.
CU triaxial shear tests with pore pressure measurements are
appropriate for clays and silts which, because of their low
permeabilities, can be assumed to fail under undrained conditions.
Consolidated drained (CD) triaxial shear tests or direct shear tests may
be used for free-draining foundation and embankment materials.
Shear strength of overconsolidated clay and clay-shale foundation
materials could be obtained by using CU triaxial shear tests. If these
clays have undergone prior shear deformation or the stress-strain
behavior is strain softening, the residual strength may be appropriate
and repeated direct shear or torsional ring shear tests should be used.
When thixotropy is a possibility, shear strength parameters higher than
residual may be considered.


Steady-state seepage loading condition should be analyzed using effective
stress shear strength parameters in conjunction with measured or estimated
embankment and foundation pore pressures. The use of the CD triaxial shear
test or the CU triaxial shear test with pore pressure measurements is
appropriate. Sufficient back pressures should be used to effect nearly
100-percent saturation for both compacted samples of embankment materials
and undisturbed foundation samples to ensure accurate pore pressure
measurements. The use of the direct shear test is applicable for sands. It can
also be used for silts and clays; however, the required rate of shearing would
be very slow; therefore, it may not be practical. If prior shear deformation has
occurred in the foundation materials or material stress-strain behavior is strain
softening, residual strengths may be appropriate for these materials. If
foundation materials consist of very soft clays, undrained shear strength of
these materials should be determined as discussed above under the heading:
Undrained shear strength.



Rapid drawdown loading condition can be analyzed using effective stress
shear strength parameters in conjunction with embankment and foundation
pore pressures or using undrained shear strength developed as a result of
consolidation stresses prior to drawdown. The CU triaxial shear test with
pore pressure measurements is recommended for impervious and
semipervious soils because such tests will provide both effective stress
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shear strength parameters as well as undrained strength as a function of
consolidation stress. Sufficient back pressures should be used to effect
nearly 100-percent saturation to ensure accurate pore pressure
measurements. CD triaxial shear test or direct shear test can be used if the
material is highly permeable (> 10-4 cm/s).
For testing of overconsolidated clay shales, considerations must be given
to the geology of the damsite, the existence of bedding planes, and past
shear deformations. CU triaxial shear tests with pore pressure
measurements, CD triaxial shear tests, or direct shear tests may be used for
these materials. Where potential failure surfaces follow existing shear
planes, residual shear strengths from repeated direct shear tests or
torsional ring shear tests are appropriate.
Shear strengths to be used for undrained strength analysis shall be based
on the minimum of the combined CD and CU shear strength envelopes
of embankment and foundation materials. Effective stresses used to
determine the available undrained shear strength shall be the consolidation
stresses developed prior to drawdown. The stability of upstream slopes
needs to be analyzed for this loading condition.

4.3.4

Anisotropic Shear Strength
The undrained strength of clays varies with the orientation of the principal
stress at failure and with the orientation of the failure plane. UU tests on
vertical, inclined, and horizontal specimens provide the data to determine
variation of undrained strength with direction of compression. Typically,
the anisotropic shear strength is expressed by the variation in Su with
orientation of the failure plane [5].

4.3.5

Residual Shear Strength
Residual shear strength of clays may be determined by testing remolded
soil samples via repeated direct shear test or ring shear test. However,
because the testing procedures for repeated direct shear are still being
standardized, professional guidance should be solicited when conducting
these tests.
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4.4

Determination of Pore Pressures

4.4.1

Phreatic Surface Method

Pore water pressures for steady-state seepage loading conditions can be estimated
as hydrostatic pressures below the steady-state phreatic surface without
introducing significant error. The steady-state phreatic surface can be estimated
following established procedures developed by Casagrande [10], Pavlovsky [11],
Cedergren [12], or others. In general, pore water pressures estimated from the
phreatic surface method are conservative for zoned embankments; however, this
method may underestimate the values for some special loading conditions such as
infiltration of precipitation, artesian pressures in foundation, etc. Other methods
of evaluating pore pressures should be used in such cases. It is acceptable to have
multiple phreatic surfaces in a zoned embankment, one for each of the zones in
the embankment and its foundation.
The phreatic surface method can also be used for determining pore pressures
under rapid drawdown conditions. The phreatic surface from the steady seepage
condition is modified in accordance with the following conservative assumptions:
(1) pore pressure dissipation as a result of drainage does not occur during
drawdown in impervious materials and (2) the water surface is lowered
instantaneously from the top of active conservation water surface to the top of
inactive conservation capacity water surface. The phreatic surface may be
assumed to follow the upstream surface of the embankment. For embankments
with semipervious shell materials, partial dissipation of pore pressures may be
assumed in the shell material.
The phreatic surface method is not appropriate for determining pore pressures
under end of construction or during construction loading conditions.

4.4.2

Graphical Flow Net Method

Under steady-state seepage conditions, flow net methods of analysis are used on
transformed sections of the embankment and foundation to determine pore
pressures. The values of horizontal to vertical permeability ratios depend on the
method of compaction of embankment materials and/or geologic history of the
foundation materials.

4.4.3

Numerical Methods

Numerical methods for determining pore pressures are excellent tools for rapid
drawdown and steady-state seepage loading conditions for complex geometric
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conditions and are the only way to compute pore pressures in three-dimensional
space. However, the added degree of sophistication is not necessary in most
cases. Finite element, finite difference, and boundary element are some of the
well-known numerical methods that are used to determine pore pressures.
For estimating pore water pressure during rapid drawdown, numerical procedures
that reflect the influence of dilatancy on the pore water pressure changes are
based on stress changes during drawdown. These procedures are described in
reference [5].
Permeabilities of all materials in the embankment and foundation must be known
in order to get an accurate estimate of pressures and flow.
If necessary, numerical methods should be considered in the final phase of design.
All of the preceding methods are described in detail in Chapter 8, Seepage, of this
design standard.

4.4.4

Field Measurement (Instrumentation) Method

The development of pore pressures during construction in either the foundation or
in the embankment depends upon the soil properties and the amount of
consolidation occurring during construction. Pore pressure observations made
during construction should be compared with the predicted magnitudes of pore
pressures for effective stress analysis to ensure that the actual pore pressures do
not rise to a level that will cause instability. Pore pressure instrumentation
(piezometers) to be used for observation during construction should be “no flow
devices.”
If it is necessary to confirm stability of the dam during construction, the
embankment and foundation should be adequately instrumented to monitor
movement and pore pressures at critical sections corresponding to the stability
analyses.
Pore pressures obtained from piezometers can be used directly for stability
analyses of slopes of the embankment or natural slopes under steady-state or rapid
drawdown conditions. Alternately, piezometer data can be converted into
phreatic surface(s) in the embankment and foundation materials and used as such
in stability calculations.

4.4.5

Hilf’s Method

A detailed procedure for predicting a total stress versus pore water pressure curve
from the results of a few laboratory consolidation tests and a large number of field
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percolation-settlement tests is given by Hilf [3]. The procedure can be adapted to
estimate pore water pressures during construction stages.

4.5

Slope Stability Analyses

4.5.1

Method of Analysis

Reclamation’s preferred method of stability analysis of earth and rockfill
embankments is limit equilibrium based on Spencer’s procedure [13]. The
procedure: (1) assumes the resultant side forces acting on each slice are parallel
to each other, (2) satisfies complete statics, and (3) is adapted for calculating
factor of safety and side-force inclination for circular and noncircular shear
surface geometries. To facilitate stability analysis of embankments, Spencer’s
procedure is implemented in computer programs. Use of a particular computer
program may be adopted with approval from appropriate line supervisors and
managers. Additional comments on computer programs are included in
appendix C.
For cohesionless materials (c = 0), the infinite slope method can be used to
estimate the stability of the slope of an embankment [5].
Continuum mechanics based finite element or finite difference analysis, which
satisfies static equilibrium and is capable of including stress changes due to varied
elastic properties, heterogeneity of soil masses, and geometric shapes can be used
to analyze stability of slopes at the discretion of the designer. Limit equilibrium
based analysis, which uses Spencer’s procedure, should also be conducted for
comparison of results.
Sample calculations for stability analyses using Spencer’s procedure are included
in appendix B. References [5, 14] include useful information on slope stability
calculations.

4.5.2

Slip Surface Configuration

There are two common slip surface configurations used for stability analysis. The
circular arc slip surface is more applicable for analyzing essentially homogeneous
or zoned embankments founded on thick deposits of fine-grained materials.
Noncircular slip surfaces, described by linear segments, are generally more
applicable for zoned embankments on foundations containing one or several
horizontal or nearly horizontal weak layers.
The slip surface resulting from an automatic search should only be regarded as a
first approximation of the critical surface. For accurate results, several automatic
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searches should be used, each with a different starting point. Selection of
potential slip surface configuration requires experienced judgment in selecting the
critical surface considering the stratigraphic conditions and structure of the slope.

4.5.3

Slip Surface Location

The location of critical slip surfaces should be related to the location of relatively
weaker materials and zones of high pore pressure. The designer should evaluate
the overall stability of the sliding mass and determine the location of slip surfaces
with minimum factors of safety. In general, the following slip surfaces should be
examined:


Slip surfaces that may pass through either the fill material alone or through
the fill and the foundation materials and which do not necessarily involve
the crest of the dam.



Slip surfaces that may pass through either the fill material alone or through
the fill and the foundation materials and which include the crest of the dam.



Slip surfaces which pass through major zones of the fill and the foundation.



Slip surfaces that involve only the outer portion of the upstream or
downstream slope. In this case, the infinite slope analysis may be
appropriate for cohesionless materials.
The stability of downstream slopes should be analyzed for steady-state
seepage loading condition. The stability of upstream slopes is generally not
critical for steady-state seepage loading condition; however, stability of
upstream slope for certain configurations of embankment zoning and
foundation conditions (e.g., upstream sloping core, a downstream cutoff
trench, and weak upstream foundation material that was not removed)
should be analyzed.

4.5.4

Progressive Failure

Some common conditions that can lead to progressive failure are described in the
following along with some possible solutions. There may be other modes of
progressive failure [5, 15].


Because of nonuniform stress distributions on potential failure surfaces,
relatively large strains may develop in some areas and peak shear strengths
may be reached progressively from area to area so that the total shear
resistance will be less than if the peak shear strength was mobilized
simultaneously along the entire failure surface. Where the stress-strain
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curve for a soil exhibits a significant drop in shear stress after peak shear
stresses are reached (strain softening stress-strain behavior), the possibility
of progressive failure is increased, and the use of peak shear strengths in
stability analyses would be unconservative. Possible solutions are to:
(1) increase the required safety factor and use peak shear strengths or
(2) use shear strengths that are less than peak shear strengths and use the
typical required factors of safety. In certain soils or shale bedrock materials,
it may even be necessary to use fully softened or residual shear strengths.


Where embankments are constructed on foundations consisting of brittle,
sensitive, highly plastic, or heavily overconsolidated clays or clay shales
having stress-strain characteristics significantly different from those of the
embankment materials, consideration should be given to: (1) increasing the
required safety factor over the minimums required in table 4.2.4-1, (2) using
shear strengths for the embankment materials at strains comparable to those
in the foundation, or (3) using appropriate softened or residual shear
strengths of the foundation soils.



Progressive failure may also start along tension cracks resulting from
longitudinal or transverse differential settlements occurring during or
subsequent to construction or from shrinkage caused by drying. The
maximum depth of cracking, assuming an infinite slope, can be estimated
from the equation (2c/γ) tan (45 + φ/2) with the limitation that the
maximum depth assumed does not exceed 0.5 times the slope height. Shear
resistance along the crack should be ignored, and the possibility that the
crack will be filled with water should be considered in all stability analyses
for embankments where this condition is possible.

4.5.5

Three-Dimensional Effect

Three-dimensional effect should be considered for the stability of upstream and
downstream slopes of (i) embankments in narrow canyons, and (ii) the
abutment-embankment contact area (groin). For a localized low strength material
in the foundation, stress distribution in the longitudinal direction of the
embankment and the resulting stability of the slope should be considered.
Continuum mechanics based finite element or finite difference analysis of the
embankment is recommended for evaluation of the three-dimensional effect.
Limit equilibrium based analysis provides an alternative means to account for
three-dimensional geometry (of shear surface) effects on factor of safety results.
Reference [16] should be consulted for creating a three-dimensional numerical
model. Reference [17] includes useful information on the appropriate boundary
conditions for three-dimensional numerical models.
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4.5.6

Verification of Analysis

A designer must verify to his/her own satisfaction that his/her stability analysis is
correct. The method of verification will depend on the designer’s knowledge and
experience. A designer that has a great deal of experience may be able to judge
whether the factor of safety from a computer program appears reasonable, while a
less experienced engineer may need a more detailed check, such as a hand
solution for the critical surfaces.
As a minimum, any engineer doing a stability analysis should research the
program that he is using so that he understands the assumptions, theory,
methodology, and weaknesses inherent in that program. The engineer should
have a good working knowledge of soil mechanics so that he/she can make
intelligent selections of shear strength parameters and other properties used as
input to the program. The engineer should double check all input data (material
strengths, weights, pore pressures, and geometry) and in addition, ensure that
input data are independently checked. The engineer should evaluate output from
the computer program (computed stresses, forces, pore water pressures, and
weights) to ensure that it is reasonable and not blindly accept the validity of
factors of safety from the program.
There is a range of methods to check a stability program, such as calculating a
solution by the same or different methods on the critical surface by hand or by
using a different computer program; using computed stresses, forces, and weights
from the output of the program to evaluate equilibrium condition of each slice; or
using judgment based on comparing factors of safety and output to past
experience. The ultimate goal being that the designer must verify the results of
the analysis in a manner that ensures accuracy and with which he/she can submit
the analysis to review with confidence.
Guidance on printed outputs from computer programs used for stability analyses
is illustrated using sample problems included in appendix B. The printed output
should have sufficient details to allow for an independent check and peer review
of the stability analyses performed without re-doing the analyses. All input data
should be checked for each slice. Pore-water pressure should be carefully
assessed, especially when multiple phreatic surfaces are used to define pore-water
pressures in different zones, or discrete pore water pressures data from field
measurements are used. For a solution to be valid, the following characteristics
should be met: (i) the interslice forces should be compressive; (ii) the interslice
forces (thrust line) should be in the slide mass, preferably in the middle third;
(iii) the interslice force inclination should be within reasonable bounds; and
(iv) the normal forces on the base of slices should be compressive. Appropriate
user’s manual(s) of the computer program should be consulted for additional
guidance to verify that the solution is reasonable.
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4.5.7

Existing Dams

Slope stability analysis of an existing dam becomes necessary if the dam is to
be raised to increase flood storage or to increase permanent storage of the
reservoir. If an existing dam experiences slope failure (e.g., B.F. Sisk Dam in
California, figures 4.5.7-1 and 4.5.7-2), slope stability analysis becomes an
important part of investigations to understand the cause(s) of the failure and to
design remedial measures. Other situations in which slope stability analysis of an
existing dam may be necessary include: addition of stability berm to improve
performance of the dam during a seismic event (e.g., Pineview Dam in Utah,
figures 4.5.7-3 and 4.5.7-4) or if the observed performance of a dam, in some
other manner, indicates signs of distress in the dam. In general, for a
satisfactorily functioning dam with no performance-based deficiency needing
remediation, slope stability analysis is not a required activity [18].

Figure 4.5.7-1. B.F. Sisk Dam (near Los Banos, California). View showing
upstream slope failure during reservoir drawdown.
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Figure 4.5.7-2. General cross section of B.F. Sisk Dam in the location of the slide
during reservoir drawdown.

Figure 4.5.7-3. Pineview Dam (near Ogden, Utah). View showing stability berm to
improve performance of the dam during a seismic event.
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Figure 4.5.7-4. General cross section of Pineview Dam with stability berm.

4.5.8

Excavation Slopes

Excavation slope instability may result from: (i) failure to control seepage forces
in and at the toe of the slope, (ii) too steep slopes for the shear strength of the
materials being excavated, and (iii) insufficient shear strength of subgrade soils.
Slope instability may occur suddenly, as the slope is being excavated, or after the
slope has been standing for some time. Slope stability analyses are useful in
sands, silts, and normally consolidated and overconsolidated clays. Care must be
taken to select appropriate shear strength parameters. For excavation slopes in
heavily overconsolidated clays, use of fully softened shear strength is considered
appropriate. For cohesionless soils, failure surfaces are shallow and have circular
configuration; for clays, the slip surfaces are wedge shaped and may be deep
seated.

4.5.9

Back Analysis

When a slope fails by sliding, it can be used to gain insight into the conditions in
the slope at the time of the failure by performing numerical model analyses of the
site. The factor of safety at failure is taken to be 1.0. Following a significant
slope failure, field and laboratory investigations are generally carried out. These
investigations can provide some data for the numerical model (e.g., location and
extent of the shear failure, unit weights of soils, ground water and pore water
pressure). In numerical models, these data can be used to back-calculate shear
strengths for the factor of safety to be 1.0. Depending on the extent of the field
and laboratory investigations, and accuracy of the numerical models and methods
of analysis, back-calculated shear strengths may provide useful information for

4-22

DS-13(4)-6

October 2011

29

Design Standards No. 13: Embankment Dams

design of remedial measures. However, much experience and judgment are
needed in numerical analyses and in assessing the results of numerical models.
Reference [5] should be consulted as it has useful information on back analyses
based on case studies of slope failures.

4.5.10 Multi-Stage Stability Analysis for Rapid
Drawdown
During rapid drawdown, the stabilizing effect of the water on the upstream face of
embankment is lost, but the pore-water pressures within the embankment may
remain high. As a result, the stability of the upstream face of the dam can be
much reduced. The dissipation of pore-water pressure in the embankment is
largely influenced by the permeability and the storage characteristic of the
embankment materials. Highly permeable materials drain quickly during rapid
drawdown, but low permeability materials take a long time to drain.
For high permeability soils, an effective stress stability analysis using the initial
and final steady-state phreatic surfaces and the associated reservoir loading is
appropriate.
For low permeability soils, a multi-stage stability analysis which uses a
combination of effective strength results and total strength (CU) results to
estimate a worst-case scenario should be considered.
Two-stage stability computations consist of two complete sets of stability
calculations for each trial shear surface: the first set is to calculate effective
normal and the shear stresses along the shear surface for the pre-drawdown
steady-state phreatic surface and full reservoir loading conditions; the second set
is to calculate factor of safety for undrained loading due to sudden drawdown.
Three-stage stability computations consist of three complete sets of stability
calculations for each trial shear surface the first two sets are the same as in
two-stage stability computations. A third set of computations is performed if the
undrained shear strength employed in the second stage computations for some of
the slices is greater than the shear strength that would exist if the soil were
drained.
Reference [5, 19] should be consulted for proper use of the multi-stage stability
analysis for rapid drawdown.

DS-13(4)-6

October 2011

4-23

DWR-209

30

DWR-209

Design Standards No. 13: Embankment Dams

4.6

References

[1]

Bureau of Reclamation, Technical Service Center Operating Guidelines,
Denver, Colorado, 2005.

[2]

Bureau of Reclamation, Design of Small Dams, Denver, Colorado, 2004.
(Table 5-1, Average engineering properties of compacted soils from the
Western United States, is included in appendix D.)

[3]

Hilf, J.W., “Estimating Construction Pore Pressures in Rolled Earth Dams,”
Proceedings of the Second International Conference on Soil Mechanics
and Foundation Engineering, Rotterdam, pp. 234-240, 1948.

[4]

Lee, K.N., and Haley, S.C., “Strength of Compacted Clay at High
Pressure,” Journal of Soil Mechanics and Foundation Engineering,
pp. 1303-1332, 1968.

[5]

Duncan, J.M., and S.G. Wright, Soil Strength and Slope Stability, John
Wiley and Sons, New Jersey, 2005.

[6]

Lambe, W.T., and R.V. Whitman, Soil Mechanics, John Wiley and Sons,
New York, 1969.

[7]

Duncan, J.M., P. Byrne, K.S. Wong, and P. Mabry, “Strength, Stress-Strain
and Bulk Modulus Parameters for Finite Element Analyses of Stresses
and Movements in Soil Masses,” Report No. UCB/GT/80-01,
University of California, Berkeley, California, 1980. (Tables 5 and 6
of this report are included in Appendix D.)

[8]

Bureau of Reclamation, Earth Manual, Denver, Colorado, 1998.

[9]

Clayton, C.R.I., M.C. Matthews, and N.E. Simons, Site Investigation,
Blackwell Science, Cambridge, Massachusetts, 1995.

[10] Casagrande, A., Seepage Through Dams, Contributions to Soil Mechanics,
1925-1940, Boston Society of Civil Engineers, Boston, Massachusetts,
pp. 295-336, 1940.
[11] Karpoff, K.P., Pavlosky’s Theory of Phreatic Line and Slope Stability,
American Society of Civil Engineers, separate No. 386, New York,
1954.
[12] Cedergren, H., Seepage, Drainage, and Flow Nets, John Wiley and Sons,
Inc., New York, 1977.
[13] Spencer, E., “Thrust Line Criterion in Embankment Stability Analysis,”
Geotechnique, Vol. 23, No. 1, 1973.

4-24

DS-13(4)-6

October 2011

31

Design Standards No. 13: Embankment Dams

[14] Chugh, A.K., and J.D. Smart, “Suggestions for Slope Stability
Calculations,” Computers and Structures, Vol. 14, No. 1-2, pp. 43–50,
1981. (Copy of the paper is included in Appendix D.)
[15] Chugh, A.K., “Variable Factor of Safety in Slope Stability Analysis,”
Geotechnique, Vol. 36, No. 1, 1986. (Copy of the paper is included in
Appendix D.)
[16] Chugh, A.K., and T.D. Stark, “An Automated Procedure for 3-Dimensional
Mesh Generation,” Proceedings of the 3rd International Symposium on
FALC and Numerical Modeling in Geomechanics, Sudbury, Ontario,
pp. 9-15, 2003. (Copy of the paper is included in Appendix D.)
[17] Chugh, A.K., “On the Boundary Conditions in Slope Stability Analysis,”
International Journal for Numerical and Analytical Methods in
Geomechanics, Vol. 27, pp. 905-926, 2003. (Copy of the paper is
included in Appendix D.)
[18] Peck, R.B., “The Place of Stability Calculations in Evaluating the Safety of
Existing Embankment Dams,” Civil Engineering Practice, Journal of
the Boston Society of Civil Engineers, Boston, Massachusetts,
Fall 1988, pp. 67-80. (Copy of the paper is included in Appendix D.)
[19] Edris, E.V., Jr., and S.G. Wright, User’s Guide: UTEXAS3 Slope Stability
Package, Vol. IV, User’s Manual, Instruction Report GL-87-1,
Geotechnical Laboratory, Department of the Army, Waterways
Experiment Station, U.S. Army Corps of Engineers, Vicksburg,
Mississippi, 1992.
[20] Germaine, J.T., and C.C. Ladd, “State-of-the-Art-Paper: Triaxial Testing of
Saturated Soils,” Advanced Triaxial Testing of Soil and Rock,
ASTM STP 977, Donaghe, R.T., Chaney, R.C., and Silver, M.L., Eds.,
American Society for Testing and Materials, Philadelphia,
Pennsylvania, 1988, pp. 421-459.
[21] Abramson, L.W., T.S. Lee, S. Sharma, and G.M. Boyce, Slope Stability and
Stabilization Methods, John Wiley and Sons, New Jersey, 2002.
.[22] Chugh, A.K., “User Information Manual, Slope Stability Analysis Program;
SSTAB2 (A modified version of SSTAB1 by Wright, S.G.),” Bureau of
Reclamation, Denver, Colorado, February 1992.
[23] Johnson, S. J., “Analysis and Design Relating to Embankments; A
State-of-the-Art Review,” U.S. Army Engineer Waterways
Experiment Station, Vicksburg, Mississippi, February 1975.

DS-13(4)-6

October 2011

4-25

DWR-209

32

DWR-209

Design Standards No. 13: Embankment Dams

[24] Wright, S.G., “SSTAB1 -A General Computer Program for Slope Stability
Analyses,” Department of Civil Engineering, University of Texas at
Austin, Texas, August 1974.
[25] Edris, E.V., Jr., and S.G. Wright, User’s Guide: UTEXAS2 Slope Stability
Package, Vol. 1, User’s Manual, Instruction Report GL-87-1,
Geotechnical Laboratory, Department of the Army, Waterways
Experiment Station, U.S. Army Corps of Engineers, Vicksburg,
Mississippi, 1987.
[26] Geo-Slope International, “Slope/W Slope Stability Analysis,” Geo-Slope
International, 2007.
[27] Itasca Consulting Group, Inc., FLAC – Fast Lagrangian Analysis of
Continua, Minneapolis, Minnesota, 2006.
[28] O. Hungr Geotechnical Research Inc., CLARA-W – Slope Stability
Analysis in Two or Three Dimensions for Microcomputers, West
Vancouver, British Columbia, 2010.
[29] Itasca Consulting Group Inc., FLAC3D – Fast Lagrangian Analysis of
Continua in 3 Dimensions, Minneapolis, Minnesota, 2002.

4-26

DS-13(4)-6

October 2011

33

DWR-209

Appendix A

Selection of Shear Strength Parameters

34

DWR-209

35

DWR-209

36

DWR-209

37

DWR-209

38

DWR-209

39

DWR-209

40

DWR-209

41

DWR-209

42

DWR-209

43

DWR-209

44

DWR-209

45

DWR-209

46

DWR-209

Appendix B

Spencer’s Method of Analysis

48

DWR-209

49

DWR-209

50

DWR-209

51

DWR-209

52

DWR-209

54

DWR-209

57

DWR-209

58

DWR-209

59

DWR-209

60

DWR-209

61

DWR-209

62

DWR-209

66

DWR-209

67

DWR-209

68

DWR-209

69

DWR-209

73

DWR-209

74

DWR-209

75

DWR-209

76

DWR-209

77

DWR-209

82

DWR-209

Appendix C

Computer Programs

83

Chapter 4, Appendix C
Computer Programs

Two-dimensional analysis using limit equilibrium method
In limit equilibrium method, only static equilibrium of slide mass is considered.
In a given soil deposit, the slide mass geometry is defined by a shear surface. The
material properties required for analysis are density or unit weight of soils and
their shear strengths. Boundary conditions are generally included implicitly in the
formulation of the equilibrium equations which are solved using numerical
methods [17].
There are several procedures devised to solve a slope stability problem using the
limit equilibrium method and some of these procedures have been implemented in
computer programs to facilitate computations. The difference between various
procedures relate to the assumptions that are made in order to achieve statical
determinancy – some of these procedures satisfy only force equilibrium equations
or only moment equilibrium equation, and others satisfy both force and moment
equilibrium equations. Additional limitations of the various procedures apply to
the geometry of the slip surface, i.e. circular, non-circular, log-spiral, etc.
The Bureau of Reclamation prefers use of slope stability analysis procedures
which satisfy complete statics and accommodate general slip surface geometry Spencer’s procedure is one of them. It is similar to but simpler than Morgenstern
and Price procedure which also satisfies complete statics but requires additional
information (variations in interslice force inclination) not commonly available as
a priori – Spencer’s procedure assumes the inclination of interslice forces to be
the same (i.e., parallel). The Bureau of Reclamation prefers use of Spencer’s
procedure for slope stability analysis.
There are several computer programs which implement Spencer’s procedure –
SSTAB2 [22] is one of them, developed at the Bureau of Reclamation by
modifying SSTAB1 [24]; others include UTEXAS2 [25], UTEXAS3 [19),
SLOPE/W [26], amongst others. All of these computer programs have been used
in the Bureau of Reclamation with approval from line supervisors and managers.
Two-dimensional analysis using continuum mechanics method
In continuum mechanics method, force equilibrium and strain compatibility
equations of engineering mechanics are considered and the differential equations
relating forces and displacements in a solid are solved using numerical
procedures. Unlike limit equilibrium based solution procedures for slope stability
analysis, continuum mechanics based solution procedures require their adaptation
for solving slope stability problems. Also, continuum mechanics based solution
procedures require data for deformation properties (for elastic and plastic
deformations) in addition to the data for shear strength parameters and
material density or unit weight. Boundary conditions are explicitly stated as a
part of the input data. In a continuum model, shear surface is not defined as a
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priori – instead, it is determined as a part of the solution. The problem is solved
successively using reduced values of shear strength parameters, c' and φ', (by a
scalar factor) until the model becomes unstable (i.e. the solution fails to
converge). The scalar factor for reduction in shear strength parameters for which
the numerical model becomes unstable is taken as the factor of safety and the
interface between the elements undergoing displacements and elements with
virtually no-displacements is taken as the shear surface.
There are several procedures devised to solve the force-displacement equations of
engineering mechanics. In Reclamation, finite element and finite difference based
solution procedures are commonly used.
For slope stability analysis, when needed, we use finite difference based computer
program FLAC [27] for continuum mechanics based slope stability analysis. The
same problem is also analyzed using the limit-equilibrium based Spencer’s
solution procedure and computed factor of safety and associated shear surface
results are compared.
Engineering judgments are used in deciding relevance of the results to the project
and issues of interest/concern.
Three-dimensional analysis using limit equilibrium and continuum
mechanics methods
Stability of natural or manmade slopes is affected by its lateral extent in the third
dimension. Three-dimensional solution procedures are extensions of their twodimensional counterparts, and use the same solution strategies. However, the
addition of the third dimension increases the complexity of the problem solving
methodologies.
For the limit-equilibrium based solution, we use computer program CLARA-W
[28] for 3-dimensional slope stability analysis. CLARA-W has 3D extension of
Spencer’s procedure. The same problem is also analyzed in 2-dimensions using
the limit-equilibrium based Spencer’s solution procedure and results compared.
For the continuum mechanics based solution, we use finite difference based
computer program FLAC3D [29] for 3-dimensional slope stability analysis.
FLAC3D is a 3D extension of FLAC program.
Engineering judgments are used in deciding relevance of the results to the project
and issues of interest/concern.
Note: There are other commercially available computer programs based on limit
equilibrium and continuum mechanics methods which can be used for static
stability analyses. The programs named herein have been used in Reclamation
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and their inclusion is for convenience; however, no endorsement or
recommendation of their use is implied.
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Appendix D

Guidance Papers for Static Stability
Analyses
Part 1

The Place of Stability Calculations in Evaluating the Safety of
Existing Embankment Dams

Part 2

Suggestions for Slope Stability Calculations

Part 3

Variable Factor of Safety in Slope Stability Analysis

Part 4

On the Boundary Conditions in Slope Stability Analysis

Part 5

An Automated Procedure for 3-Dimensional Mesh Generation

Part 6

Average Engineering Properties of Compacted Soils from the
Western United States

Part 7

Strength, Stress-Strain and Bulk Modulus Parameters for Finite
Element Analyses of Stresses and Movements in Soil Masses

Each of these documents is self-explanatory, and no additional comments
are considered necessary.
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Appendix D
Part 1

The Place of Stability Calculations in Evaluating the Safety of
Existing Embankment Dams
by Ralph B. Peck

This article was published in the Civil Engineering Practice, Journal of the Boston
Society of Civil Engineers Section/ASCE, Volume 3, Number 2, pp. 67-80, 1988.
It is reproduced here with permission of the publisher.

88

DWR-209

89

DWR-209

90

DWR-209

91

DWR-209

92

DWR-209

94

DWR-209

95

DWR-209

96

DWR-209

97

DWR-209

98

DWR-209

99

DWR-209

100

DWR-209

101

DWR-209

102

DWR-209

103

DWR-209

Appendix D
Part 2

Suggestions for Slope Stability Calculations
by Ashok K. Chugh and John D. Smart

This article was published in Computers and Structures, Volume 14, Number 1-2,
pp. 43-50, 1981.
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Appendix D
Part 3

Variable Factor of Safety in Slope Stability Analysis
by Ashok K. Chugh

This article was published in Géotechnique, Volume 36, No. 1, pp. 57-64, 1986.
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Appendix D
Part 4

On the Boundary Conditions in Slope Stability Analysis
by Ashok K. Chugh

This article was published in International Journal for Numerical and Analytical
Methods in Geomechanics, Volume 27, pp. 905-926, 2003.
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Appendix D
Part 5

An Automated Procedure for 3-Dimensional Mesh Generation
by A.K. Chugh and T.D. Stark

This article was published in Proceedings of the 3rd International Symposium on
FLAC and Numerical Modeling in Geomechanics, Sudbury, Ontario, pp. 9-15,
2003.
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Appendix D
Part 6

Average Engineering Properties of Compacted Soils from the
Western United States

This table is from reference [2]: Design of Small Dams, Bureau of Reclamation,
Denver, Colorado, pp. 96-97, 2004.
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Table 5-1 Average engineering properties of compacted soils [2]
Specific gravity

Compaction
Laboratory

Unified classification
GW

GP

GM

GC

SW

SP

Soil type
Well-graded clean gravels,
gravel-sand mixture

Poorly graded clean
gravels, gravel sand
mixture

Silty gravels, poorly graded
gravel-sand-silt

Clayey gravels, poorly
graded gravel-sand-clay

Well-graded clean sands.
gravelly sands

Poorly graded clean sands,
sand-gravel mixture

No. 4
minus
2.69
0.02
2.65
2.75
16

No. 4
plus
2.58
0.08
2.39
2.67
9

2.68
0.03
2.61
2.76
35

2.57
0.07
2.42
2.65
12

121.7
5.9
104.9
127.7

2.73
0.07
2.65
2.92
34

2.43
0.18
2.19
2.92
17

113.3
11.5
87.0
133.0

2.73
0.08
2.67
3.11
34

2.57
0.21
2.38
2.94
6

116.6
7.8
96.0
129.0

2.67
0.03
2.61
2.72
13

2.57
0.03
2.51
2.59
2

126.1
6.0
118.1
135.0

2.65
0.03

2.62
0.10

115.6
9.7

Index unit weight
Optimum
moisture
content,
%
11.4
1.2
9.9
13.3

Maximum
unit weight,
lb/ft3
124.2
3.2
119.1
127.5

Shear strength
Avg. placement

Min.,
lb/ft3
108.8
10.2
88.5
132.9

Max.,
lb/ft3
133.6
10.4
113.0
145.6

5

Unit weight,
lb/ft3
-

Moisture
content,
%
-

16
11.2
2.2
9.1
17.7

137.2
6.3
118.3
148.8

15

112.5
8.3
85.9
123.7

36

127.5
7.2
117.4
133.9

6.5
1.2
5.3
8.0

125.9
0.9
125.0
126.9

10.3
1.2
9.1
11.5

2
13.9
3.8
6.0
23.6

-

37

-

125.0
6.0
116.7
137.8

1

111.1
10.4
96.8
120.9

15.9
1.6
11.2
22.2

115.1
7.2

41.4
2.5
38.0
43.7

13.4
3.7
9.7
17.0

34.0
2.6
31.4
36.5

10.2
1.5
5.0
16.0

27.5
7.2
17.7
35.0

-

-

5.5
3.0

37.4
2.0

3
99.5
7.1
87.4
109.8

-

-

12
10.8
2.0

5.9
5.9
5.9

2

0
9.1
1.7
7.4
11.2

φ'
°
-

3
108.0
0.2
107.8
108.1

132.0
3.1
128.9
135.1

c'
lb/in2
0

34
15.8
5.8
5.8
29.5

Effective stress

0
93.4
8.8

103.4
14.6

5.4
-

Values listed
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
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Table 5-1 Average engineering properties of compacted soils [2]
Specific gravity

Compaction
Laboratory

Unified classification

SM

SC

ML

CL

MH

Soil type

Silty sands, poorly graded
sand-silt mixture

Clayey sands. poorly
graded sand-clay mixture

Inorganic silts and clayed
silts

Inorganic clays of low to
medium plasticity

Inorganic clayey silts,
elastic silts

No. 4
plus
2.52
2.75
3

2.68
0.06
2.51
3.11
149

2.18
0.11
2.24
2.63
9

116.6
8.9
92.9
132.6

2.69
0.04
2.56
2.81
88

2.17
0.18
2.17
2.59
4

118.9
5.9
123
104.3
131.7

2.69
0.09
2.52
3.10
65

0

103.3
10.4
81.6
126.0

2.71
0.05
2.56
2.87
270

2.59
0.13
2.42
2.75
3

109.3
5.5
90.0
121.4

2.79
0.25
2.47
3.50

-

Index unit weight
Optimum
moisture
content,
%
7.8
13.4

Maximum
unit weight,
lb/ft3
106.5
134.8

No. 4
minus
2.60
2.77
36

Shear strength
Avg. placement

Min.,
lb/ft3
78.2
122.4

Max.,
lb/ft3
105.9
137.3

7

Unit weight,
lb/ft3
88.8
118.1

Moisture
content,
%
5.4
5.4

39
12.5
3.4
6.8
25.5

110.1
8.7
88.5
122.9

84.9
7.9
61.6
97.1

-

73

112.0
11.1
91.1
132.5

12.7
5.4
1.6
25.0

-

34.6

-

39
10.6

115.6
14.1
91.1
131.8

14.2
5.7
7.5
22.7

-

-

98.9
11.5
80.7
119.3

22.1
8.9
11.1
40.3

33.6
1.6
31.5
35.5

-

33.6
5.7
23.3
45.0

5.0
2.5
0.7
8.5

33.9
2.9
28.4
38.3

3.6
4.3
0.1
11.9

34.0
3.1
25.2
37.7

10.3
7.6
0.9
23.8

25.1
7.0
8.0
33.8

-

-

14
-

106.5
7.8
85.6
118.7

17.7
5.1
11.6
35.0

0
85.1
2.3
221
82.9
89.0

6.6
5.6
0.2
21.2

10

0
16.7
2.9
6.4
29.2

φ'
°
35.4
39.4

17

0
19.7
5.7

c'
lb/in2
2.5
8.4
2

21
12.4
2.3
6.7
18.2

Effective stress

31
-

-

-

Values listed
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
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Table 5-1 Average engineering properties of compacted soils [2]
Specific gravity

Compaction
Laboratory

Unified classification

CH

Soil type

Inorganic clays of high
plasticity

No. 4
minus
10

No. 4
plus
0

2.73
0.06
2.51
2.89
74

0

Index unit weight
Optimum
moisture
content,
%

Maximum
unit weight,
lb/ft3

Unit weight,
lb/ft3

Moisture
content,
%

0
25.0
5.4
41.8

36
16.6

Min.,
lb/ft3

Max.,
lb/ft3

5
95.3
6.6
82.3
107.3

Shear strength
Avg. placement

-

c'
lb/in2

φ'
°

11.5
7.4
1.5
21.5

16.8
7.2
4.0
27.5

0
-

0

Effective stress

93.6
8.1
79.3
104.9

25.7
5.7
17.9
35.3
12

Values listed
Total number of
tests
Average of all values
Standard deviation
Minimum value
Maximum value
Total number of
tests
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Appendix D
Part 7

Strength, Stress-Strain and Bulk Modulus Parameters for Finite
Element Analyses of Stresses and Movements in Soil Masses,
by J.M. Duncan, P. Byrne, K.S. Wong, and P. Mabry

This report was published as Report No. UCB/GT/80-01, University of California,
Berkeley, California, 1980. Tables 5 and 6 of this report are reproduced herein
with permission of the first author, Prof. J. M. Duncan, currently the Distinguished
Professor Emeritus, 1600 Carlson Drive, Blacksburg, VA 24060.
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