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Chapter 9
Static Deformation Analysis

9.1 Introduction

9.1.1 Purpose

This chapter is intended to provide a guideline for designers to use when
estimating vertical deformations of an embankment dam during normal
operations (static conditions). Earthquake-induced deformations are discussed
in Chapter 13 — Seismic Design and Analysis—of this design standard. Static
deformation estimates are used in designing crest camber, evaluating the
possibility of the impervious core cracking, and estimating settlements of
structures partially founded on, totally founded on, or buried within the
embankment.

9.1.2 Scope

The scope of this chapter is limited to (1) providing the reader with a basic
understanding of the factors that control embankment deformations under

static loading, (2) presenting typical patterns of embankment deformations,

(3) illustrating simplified methods for estimating crest settlements of compacted
embankments on competent foundations, (4) providing guidelines for determining
when a more complex analytical or physical modeling procedure should be
performed, and (5) providing examples of actual settlement analyses related to
embankment dams.

For the purposes of this discussion, a competent foundation is any foundation in
which the foundation deformations are of negligible magnitude when compared
to the embankment deformations. The magnitude of foundation deformation is
related to type of rock, rock jointing, joint filling, density of overburden soil,
height of the dam, and other factors. Special cases of foundation materials
specifically not covered by this standard include karstic rock, permafrost,

and highly compressible, liquefiable, collapsible, sensitive, and swelling soils.

If these materials are encountered, the designer will need to research the problem
and methodology for handling them.

9.1.3 Deviations from Standard

Deformation analyses performed within the Bureau of Reclamation (Reclamation)
should conform to this standard. Deviations from this standard should be
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Design Standards No. 13: Embankment Dams

documented and approved. The rationale for not using the standard should be
described in the documentation. The technical documentation must be approved
by appropriate line supervisors and managers.

9.1.4 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.

9.1.5 Applicability

The procedures and recommendations in this chapter are applicable to the analysis
and design of earth and rockfill dams founded on either dense soil or rock.

9.2 Embankment Deformations

9.2.1 Causes of Deformations

Embankment deformations under static loading occur as a result of volumetric
changes, lateral spreading, or shear displacements within the embankment and
foundation materials. Volumetric changes are due to either an increase in the
normal stresses on a soil element causing a decrease in void volume or dilation of
soil elements undergoing shear. Lateral spreading and shear displacements are
due to squeezing, distorting, and localized shear failures of material elements

as the materials adjust to the stress conditions imposed by constructing the
embankment and operating the reservoir. The rate at which these deformations
occur depends on the dissipation rate of excess pore pressures and the rate at
which steady-state seepage conditions develop.

9.2.2 Factors Controlling Deformations

Magnitudes and directions of embankment deformations are controlled by
foundation and embankment material properties, abutment and embankment
geometry, type of construction equipment used and embankment placement rates,
reservoir loading conditions, and stress distribution within the various zones or
layers within the embankment and its foundation. Other than removal, which is
not always feasible, the designer has little control over the factors related to the
foundation materials. On the other hand, the designer has a great deal of control
over the factors related to the embankment. Therefore, these factors must be
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Chapter 9: Static Deformation Analysis

recognized during site investigations, and features of the embankment must be
designed to accommodate the given foundation conditions.

Material properties that control deformations are gradation, mineralogy, particle
shape, particle arrangement, moisture content, and density. Within the
foundation, these factors are the result of the geologic origin of the materials and
history of the site. Within the embankment, these factors are controlled by the
designer to the extent that suitable construction materials are located within a
reasonable distance of the dam site and proper construction control is exercised in
the borrow operation, embankment construction, and equipment used.

Geometric factors that influence embankment deformations include valley shape,
abutment discontinuities, embankment zoning, and location of appurtenant
structures. Control of these factors is greatly influenced by site selection and
design features. Shaping of abutments; providing for filters, drains, and transition
zones; flattening of embankment slopes; widening of embankment zones; and
relocation of structures off of the embankment entirely are defensive design
measures to accommodate geometric factors.

Construction factors related to deformations include moisture and density control,
equipment types, and construction sequence and rates. By specifying the material
gradation, placement moisture content, required density, equipment weights, and
compaction procedures, the designer may control many material properties within
the embankment. The rate of construction becomes critical when materials have
become compressed to full saturation. Once saturation has been achieved within
materials of low permeability, the rate of construction has a great deal of
influence over the degree of excess pore pressures developed and, therefore, on
the stability of the embankment and the construction and post-construction
consolidation and lateral spread that occurs. Construction sequence in closure
sections and on abutments are often useful tools to minimize the effects of
deformations.

Three reservoir loading conditions that influence deformations are first filling,
normal operational cycling, and rapid drawdown. During first filling, it is
common for the crest of a dam to deform slightly in the upstream direction and
for significant settlements to occur in upstream rockfill shells. As the phreatic
surface develops within the embankment, consolidation of the embankment may
slow or stop depending on the relative magnitudes of construction- induced pore
pressures and pore pressures induced by high-level steady-state seepage
conditions. During the development of the phreatic surface, most embankment
crests will tend to move in a downstream direction. While these movements are
noticed on most embankment dams, they are generally of negligible magnitude
and consequence and are not calculated for design purposes.

Stress level and distribution within the foundation and embankment has a large
impact on the deformations of the embankment. However, in situ stresses within
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the foundation are rarely known with any degree of accuracy, and methods for
predicting the degree of stress transfer between various zones of an embankment
or an embankment and its foundation are subject to debate. For these reasons,
when vertical settlement calculations are performed, a conservative stress
distribution is necessary. A one-dimensional vertical stress distribution (which
ignores load transfer between hard and soft zones, fill and rockfill, and structures)
is generally assumed to be conservative. However, the designer should be aware
of potential problems with this assumption and consider that unusual cases may
warrant more advanced analysis.

9.2.3 Effects of Deformations

The major effects of deformations are loss of freeboard, damage to appurtenant
structures located within or upon the dam, loss of confidence in the dam due to
swayback appearance, cracking of the embankment (most detrimental to the
impervious core), development of localized zones susceptible to hydraulic
fracturing, and failure of instrumentation. The effects of deformation can usually
be mitigated by designing features based on experience gained from studying
historical performance of existing dams without the need for performing any
elaborate analyses. For most situations, simple “rules of thumb” and/or basic
settlement calculations to determine the amount of over-build or camber to place
on top of a dam and settlement estimates for appurtenant structures yields
satisfactory results. Detailed attention to embankment zoning and foundation
shaping can minimize differential settlements, thereby reducing the potential for
cracking of the core or development of zones susceptible to hydraulic fracturing.
For any large or hazardous dam, the designer should assume some cracking of the
core is inevitable, and filters and drains must be incorporated into the design to
control seepage and prevent movement of material. The determining factors for
performing additional analyses lie in the potential for cost savings when the “rule
of thumb” and/or simple settlement calculation approach suggests excessive
design requirements.

9.2.4 Patterns of Deformations

The general pattern of deformations of embankment dams is shown on

figures 9.2.4-1 through -3. From these figures, it can be seen that, for the maximum
section of the dam, the general pattern of deformations for the upstream surface is
down and upstream, while the downstream surface moves down and downstream.
On the other hand, the crest of the dam moves down and upstream during first
filling and down and downstream as reservoir water begins to penetrate the dam.
Surface movements at the abutments contain an additional horizontal component of
movement into the valley. Furthermore, along any vertical line drawn through the
dam at any point, the distribution of deformations at the end of construction is
roughly parabolic, and post-construction settlements result in a shift in this
distribution at the dam crest. The shift remains almost constant to an approximate
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Chapter 9: Static Deformation Analysis

elevation where the weight of fill above this elevation is sufficient to drive the
material to saturation. Below this elevation, the amount of shift gradually reduces
to a value of zero at the foundation contact. The post-construction shift in
settlement is primarily due to the dissipation of excess pore pressures developed
within the dam during construction. The post-construction shift in horizontal
movements is mostly due to embankment material elements adjusting to the
newly imposed stress distribution.
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==2 Development of phreatic
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Figure 9.2.4-1. Generalized pattern of horizontal surface deformations of an
embankment dam.
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Figure 9.2.4-2. Generalized pattern of movements along maximum section of an
embankment dam.

The magnitudes of horizontal deformations (into and down valley) are relatively
small compared to the vertical settlement. The exact ratio between the
magnitudes varies with geometry, dam zoning, and material properties. In
practice it is common to analyze the vertical settlement and assume that if the
settlements are in an acceptable range then the horizontal displacements will also
be acceptable. This assumption is only valid so long as careful attention is given
to foundation shaping, strength of foundation and embankment materials, and
embankment zoning.
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Figure 9.2.4-3. Generalized pattern of movements along centerline of an
embankment dam.

9.3 Estimating Embankment Deformations
9.3.1 Need

The degree of analysis performed on an embankment is highly dependent on the
design detail under consideration. For camber design, it is only necessary to
estimate the amount of vertical settlement of the embankment crest. Often this
estimate can be performed by applying simple guidelines that have been
developed from observations of existing embankments. When cracking of the
impervious core is of major concern or particularly compressible embankment or
foundation materials are present, it is normal practice to perform some basic
settlement calculations in order to decide whether a more complex analytical
study needs to be performed or whether to simply incorporate more defensive
design features. It is desirable to locate appurtenant structures or, for that matter,
any structure off of the embankment. When possible, spillways and outlet works
should be located through or over abutments or reservoir rim. If structures must
be located on the embankment, settlement calculations are necessary. For the
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design of appurtenant structures, such as outlet works bridges, which may have
some piers or footings founded on the embankment and some founded on rock,
the guidelines used to estimate settlements of shallow footings located near the
crest of the dam are the same as for determining dam camber design. For
structures buried within the embankment, basic one-dimensional settlement
calculations are generally sufficient. For structures located near the toe of the
dam, lateral deformations can be estimated from relevant experience, but often
requires advanced analytical or numerical analysis.

9.3.2 Procedures

Instrumentation data presented in the literature [1, 2, and 3] and on file at the
Bureau of Reclamation for compacted embankments constructed on stiff
foundations using modern equipment and designed according to Reclamation
standards indicate post-construction crest settlements generally range between
0.2 and 0.4 percent and seldom exceed 0.5 percent of the embankment height.
Based on this performance history, a “rule of thumb” for conservative camber
design using 1.0 percent of the embankment height has become common practice
[4]. For many low-risk dams or dams of less than 200 feet (60 m) in height, this
“1 percent rule” is the only deformation estimate necessary to arrive at a
satisfactory design for crest camber.

For moderate- to high-risk dams or dams exceeding 200 feet (60 m) or dams on
compressible foundations, the “1 percent rule” alone is often considered
insufficient analytical treatment of the deformation problem beyond preliminary
camber design. Given the recent advances in mathematical computing power, the
first impulse of many analysts is to perform a numerical model study; however,
these studies are both time consuming and expensive to perform. For these
reasons and others associated with material modeling and selection of boundary
conditions, it is advisable to first perform a conservative and rather inexpensive
one-dimensional (1-D) settlement analysis. The 1-D analyses presented in this
chapter will yield no information on tensile stresses that can cause cracking, but
the results are useful in determining whether or not excessive differential
settlements within the embankment are a potential problem and provide a
convenient cross check to determine the applicability for the “1 percent rule” in
camber design. If the 1-D analysis indicates excessive differential settlements are
a potential problem, then a choice may be between defensive design measures or
advanced analyses. The main concern of differential settlement is that it may
result in cracking or hydraulic fracturing, either of which could lead to internal
erosion. Because properly designed and located filters and drains should be
included in all important dams to protect against cracking and material movement,
there may be no real need for advanced analyses.
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Chapter 9: Static Deformation Analysis

There are cases that may warrant advanced analyses. These special cases include:

a. Soft and deep soil foundations, particularly when overlying varying
elevation bedrock surfaces.

b. Essentially homogeneous clay embankments where high moisture contents
in the fill cannot be avoided.

c. Very precipitous or uniquely shaped abutments.

d. Hard structures that penetrate or underlay the embankment and
particularly if they are founded on a soft foundation, are unusually large,
or unusually configured in relation to embankment height and
configuration.

e. Foundations that have significantly variable materials in either
longitudinal or transverse directions.

There is also considerable merit in performing advanced analyses, comparing the
results with actual behavior and publishing the information to advance the state of
the art.

The 1-D analyses may be performed using one of three methods. First, a log-
linear relationship (semi-log plot) between vertical stress and axial strain,
respectively, may be developed for the various embankment materials from
laboratory tests and for foundation materials using a variety of laboratory or in
situ test methods. Second, the stress-strain plots of odometer tests performed on
specimens of the various foundation and embankment materials may be used
directly to determine the settlements. And third, for embankment materials, a
parabolic equation of settlement distribution may be used. All three of these
methods are presented in detail in appendix A. The method chosen for any
particular analysis depends on whether post-construction settlements or
differential settlements are of most concern. For example, if camber design is
being studied, then methods one or two should be used. Whereas, if differential
settlements within the embankment are the major concern, then method three is
appropriate for the embankment material, and either method one or two is
appropriate for the foundation materials. The advantage of method three over
methods one and two is that settlements at various elevations within the
embankment may be more rapidly estimated. The disadvantage of using method
three is that post-construction crest settlements cannot be determined with this
method.

In situations involving highly compressible foundation and/or embankment
materials or unique design and/or construction features where the “1 percent rule”
and 1-D analyses procedures appear to be inadequate, a thorough review of
related literature and detailed discussions with experienced designers should be
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pursued. A number of advanced analyses have been made of generalized
problems and the results published, which can provide designers considerable
insight to a problem. Once the designer is fully knowledgeable in the uniqueness
of the problem and has determined that the need exists for a finite element
analysis, the designer should have gathered enough background information to
ensure that the proper procedure is used. For rare instances in which newly
developed finite element codes are proposed for use, the designer should request
to see the results of comparative physical tests and analytical predictions in order
to develop confidence in the results from that analytical procedure. These
physical tests may involve some form of back analysis of a similar embankment,
constructing a test embankment at the proposed site, or centrifuge modeling of the
most important features of the proposed embankment and foundation. For
additional information on various finite element programs for predicting the
behavior of an embankment dam, see references [5] and [6] and the supplemental
references.

9.4 Defensive Design Measures

9.4.1 Limiting Deformations
There are essentially five means for limiting embankment deformations:

1. Foundation materials that are undesirable may be removed and replaced
with more suitable materials.

2. Avoid using weak (compressible) materials within the embankment.

3. Undesirable materials, which cannot be removed from the foundation or
which must be incorporated into the embankment, may be treated to
enhance their performance.

4. The weak materials may be buttressed.
5. The weak materials may be reinforced.

Material removal and replacement is generally the preferable option for weak
foundation materials as this ensures controlled treatment of the suspect material.
This approach may include removing the weak materials and importing stronger
materials or simply removing and compacting the removed material to a higher
density. This approach is generally feasible so long as the foundation materials
are of a shallow extent.

In order to avoid using weak materials within an embankment, the undesirable

materials must be identified during borrow area investigations, and alternate
sources of more desirable material must be located.

9-10 DS-13(9)-17 November 2011
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Foundation and embankment materials may be treated to enhance their
performance in a variety of ways. Granular materials within the foundation may
be compacted in place using dynamic compaction or they may be stiffened
through cement grout injection techniques. Finer grained materials may be
removed from the foundation or embankment borrow areas and mixed with
coarser grained materials to form a more suitable fill. On rare occasions,
materials may be chemically treated to alter their natural properties.

When weak foundation materials are of such depth or extent that removal or
treatment techniques are not feasible, the most common practice is to buttress the
weak materials. Buttressing of foundation materials is generally accomplished
with low berms placed over the weak material to confine them in place. When
weak embankment materials must be used in the construction of the dam, the
materials may be buttressed by using wider/flatter stability shells.

Artificial reinforcement of weak embankment materials may be performed
through the use of synthetic fabrics or placement of reinforcing strips within the
weak material. Weak foundation material may be reinforced with the insertion of
piles and/or the placement of synthetic fabrics on the foundation surface.
Artificial reinforcement of weak materials is not currently in widespread use on
large dams within Reclamation; however, this could change as more experience is
gained in the long-term performance of these techniques.

One of the most important aspects of various measures to limit or control
deformation is the economic comparison of alternatives. Configuration of the
site, types of materials in the foundation, and types and location of borrow
materials must be considered. It may be cheaper to flatten the slopes than to haul
better material a longer distance. Deformations of weak foundations can be
limited or mitigated by preloading, staged construction, and induced enhancement
of drainage rates. Advanced analyses are often desirable to guide the staging and
placement rates and to assist in monitoring behavior during construction.

9.4.2 Accepting Deformations

In cases where deformations that may cause cracking of the impervious core are
unavoidable, the prudent course of action is to incorporate design features within
the dam to mitigate the effects of cracking. Design features such as wider cores,
use of higher plasticity clays that have better resistance to erosion and/or
increased moisture contents in critical areas, wider downstream filter and drainage
zones, and upstream “crack stopper” sand zones have all been employed on
various dams. Other means of mitigating the effects of deformations are to

(1) establish a construction sequence that allows the deformations to occur in
stages and (2) preload the foundation in conjunction with enhanced foundation
drainage features in order to force foundation deformations to occur before the
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embankment is constructed. All of these defensive measures are acceptable
practice provided good judgment is used.

9.5 Performance Monitoring

9.5.1 Purpose

The purpose for performance monitoring is twofold. First, the designer should
follow through on the performance of the structure to ensure the actual behavior is
within the established tolerable limits and that it is safely performing its intended
function. Second, performance monitoring of existing structures helps provide
the basis for developing improved design and construction procedures and
enhancing engineering judgment.

The significant problem in performance monitoring is to determine the tolerable
limits. Vertical movements can be estimated with some success using simple
analyses as presented in this chapter. Estimating lateral deformation generally
requires more advanced analyses. Generally tolerable limits are based on
engineering judgment and past experience with similar materials and
embankments where performance was considered acceptable. Thus, references
to published behavior such as in references [1], [2], and [3] are essential.
Several additional references are included in the supplemental references.

9.5.2 Instruments

Typical instrumentation to monitor embankment and foundation deformations
include surface measurement points, base plates, inclinometers, shear strips,
tiltmeters, bore-hole extensometers, liquid level gauges, and internal settlement
devices. Photo 9.5.2-1 shows these instruments. Detailed information

on instruments used on Reclamation dams is included in Chapter 11 —
Instrumentation—of this design standard. Because of the wide variety of
instruments currently available and the development of new devices, the selection
of a particular device to measure displacements is best accomplished by a
cooperative effort between the design engineer and an instrumentation specialist.
The designer’s role in instrumentation is to identify the locations and types of
deformations that are of concern and work with the instrumentation specialist to
select the proper instruments to monitor those deformations.
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Figure 9.5.2-1. Typical instrumentation to monitor embankment foundation
deformations.
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9.6 Existing Dams

For a properly designed and well-constructed dam in service, deformations
under normal operations are generally within the design limits. However, if
deformations observed via instrumentation or visual observations are found to be
excessive, detailed investigations of site conditions and construction records, as
well as instrumentation and monitoring procedures, need to be undertaken to
understand the cause of unexpected deformation behavior. Excessive
deformations could be due to, or lead to, seepage-related internal erosion, which
could have serious consequences if left unattended. Each dam with unusual
deformations under normal operating conditions needs to be investigated and
appropriately remediated under the guidance of experienced dam designers.

Basic requirements for satisfactory performance and design that apply to a
new dam also apply to the design of modifications for existing dams. Static
deformations of modifications should be assessed as a part of required analyses
for the design of modifications to existing dams.

9.7 Additional Information

Supplemental references included in the references contain useful information of
interest on deformations of embankment dams. Examples of detailed settlement
analyses related to embankment dams are included in appendix B.
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Introduction

The primary purposes of a deformation analysis are to (1) estimate settlements of
the embankment in order to perform a camber design, (2) determine if there are
areas where potential cracking of the impervious core may occur, and (3) estimate
displacements of appurtenant structural components located on the embankment.
Therefore, the example in this appendix was developed to illustrate the procedures
used to arrive at a conservative settlement estimate and evaluate the need for more
elaborate analytical analyses. The dam presented in this example was developed
to illustrate the calculation methods. Simplification of the basic design of the dam
and its foundation were deemed appropriate in order to stress the calculation
process rather than examine the minute design details of an actual dam. Examples
of settlement analyses related to three real dams are included in appendix B;
additional examples of settlement analyses can be found in Bureau of
Reclamation files.

Discussion

Geometry

The dam used in this example is shown on figure A-1. For the calculation
methods presented in this appendix, the slopes of the upstream and downstream
shells, as well as the core, are immaterial to the calculation process. The height
of the dam is 225 feet from the bottom of the cutoff trench to the crest at the
maximum section. A 25-foot thick layer of compressible impervious material was
left in place in the foundation between the bottom of the cutoff trench and the top
surface of the bedrock in order to illustrate the procedure for calculating
foundation settlement. The compressible foundation material was divided into
two layers (1F and 2F) with different compression characteristics. For this
example, the bedrock has been assumed to be incompressible. The abutments and
the foundation were shaped to form a uniformly varying surface with no
irregularities, overhangs, or sudden discontinuities.

Deformation Modulus and Stress Distribution

This example illustrates a simple logical approach to settlement analysis. The
assumptions used to develop the analysis reflect this intent. Experience with the
performance of existing dams has shown that conservative estimates of both
deformation modulus and stress distribution would lead to an uneconomical and
overly conservative design; therefore, a constrained deformation modulus, a one-
dimensional (1-D) stress distribution, and settlement calculations to time infinity
are used in the analysis. A dam is by no means a 1-D structure nor is it expected
to have an infinite life expectancy. These assumptions are simply made in order
to counterbalance the effect of using a constrained modulus of deformation.

DS-13(9)-17  November 2011 A-1



Design Standards No. 13: Embankment Dams

Additional conservative assumptions in the analysis include using the wet unit
weight of the material above the groundwater table to calculate effective stresses
and assuming the effects of reservoir water penetrating the embankment and
foundation soils will not decrease effective stress levels. The combined effect of
these assumptions yields an analysis procedure that is considered appropriately
conservative in most cases. Note that there can be considerable error in the
analysis of a soft, thin, clay core supported by relatively rigid filters or shells. If
more accuracy is needed, an advanced finite element analysis may be desirable.

Figure A-2 presents the relationship between an assumed 1-D stress distribution
and the theoretical stress distribution at the base of an elastic embankment [7].
From this figure it can be seen that the 1-D stress distribution assumption is
conservative along the centerline. For points near the toe of the embankment, this
assumption is no longer conservative, but the difference is negligible due to the
low embankment height in this area.

Foundation Settlement Calculations

Foundation settlement calculations are needed primarily for the settlement design
of river outlet structures and investigation of differential settlements of the
embankment. For this example, a 25-foot thick layer of compressible material
was left in the foundation at the maximum section. In order to calculate the
embankment settlements induced by compression of this material, the slope of the
recompression (Cy;) and virgin compression (C,) lines for each material layer
must be estimated. The terms Cy;, Cee, 6p', 0vo', and o' used in this calculation
are defined on figure A-3.

The general form of the equation for calculating layer settlements is [§8]:

Si=Cr - Ho - log(c'p/ow’) + Cee - Ho - log(ovf/op") (A.1)

S; = The settlement of the layer
The initial layer thickness

£
I

This general equation applies to an in situ soil element that is overconsolidated
and will be loaded to a normally consolidated state once the embankment has
been constructed. Three other possibilities exist for the stress path of a soil
element. First, a soil may be overly consolidated in situ and remain so after
construction is complete. Second, occasionally a soil element may be normally
consolidated in situ and would remain so after construction. And third, very
rarely a soil element is normally consolidated in situ, and due to excavation of
loose undesirable material and placement of higher density acceptable material,
the soil element ends up being overconsolidated. Since it is seldom that the

A-2 DS-13(9)-17 November 2011



Appendix A: Example Problem

second and third alternative cases of stress path are encountered in the analysis of
an embankment dam, only the reduction of the general form of the settlement
equation for the first alternative case is presented. The reduced equation for an
overconsolidated soil element that remains overconsolidated after the
embankment has been constructed is:

S; = Crs - Ho - log(cv/0vo') (A.2)

Calculations for the settlement of the foundation are presented in table A-1. Note
that the post-construction settlements of the foundation were estimated at

25 percent of the total foundation settlements. This estimate was based on a
review of embankment dams founded on relatively easily drained materials. The
post-construction settlement of clay or silt portions of a foundation depend on the
location of the water table, degree of saturation, location and distances to drainage
faces, and time rates of construction loading. Consequently, if there are
significant thicknesses of clay or silt in a foundation, the estimate of amount of
post-construction settlement should be based on time rate of consolidation studies.

Camber Design

The easiest and oftentimes the most practical method of camber design is to apply
the “1 percent rule.” This method is illustrated in table A-2. In this method, 1
percent of the embankment height is calculated for various stations along the
embankment. Then, the numbers are added to the post-construction foundation
settlements to arrive at a required camber height. The actual camber design is
arrived at by (1) rounding the calculations to the nearest 0.5 foot at the maximum
section of the dam, (2) maintaining this elevation across the embankment section
within the valley floor, (3) drawing straight lines from this section to the contacts
between the ends of the dam and the abutments, (4) comparing this straight line
approximation to the calculated required camber at selected stations, and

(5) adjusting the lines as required to provide adequate camber across the dam.

It is interesting to note that in this example, as it is often in real situations where
competent foundation materials exist, that the computed post-construction
settlements of the foundation are minimal compared to 1 percent of the
embankment height.

For high risk dams, dams over 200 feet in height, or when an unusually
compressible core material must be used in constructing the dam, it is advisable to
perform a 1-D analysis to determine if the “1 percent rule” is still applicable. The
additional assumptions that must be made for estimating post-construction
settlements with a 1-D analysis are (1) compression of the embankment to achieve
saturation of the material occurs during construction and (2) consolidation of the
embankment due to the dissipation of excess pore pressures developed during
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construction occurs after construction has been completed. From basic soil
mechanics it can be shown that the equation to determine the percent of axial
strain required to achieve saturation in the odometer test is:

€a=Va=74" (0/y) - (I/Ds-1) - 100 (A.3)
where:
€a = The axial strain required to achieve saturation in percent
V. = The volume of air in the specimen in percent at the beginning of the test
va = The initial dry unit weight of the specimen
®. = The initial moisture content of the specimen
vy = The unit weight of water
Dy = The initial degree of saturation of the specimen

The 1-D analysis can be performed by the same method as the foundation
settlements were calculated above or by the method of directly applying the
odometer test results stress-strain plot. In order to compute the post-construction
settlements with a log-linear compression analysis, the total compression and
compression to saturation of the embankment must be calculated. The difference
between the total compression and the compression to saturation is assumed to be
the post-construction settlement.

The alternative method of directly applying the odometer test results stress-strain
plot is presented in its entirety in table A-3, columns (1) through (13). The
complete procedure was presented in order to compare the results of this analysis
with the results of the parabolic equation procedure presented later. For a check
on the “I percent rule,” only columns (1) through (5) and column (7) need be
completed. The post-construction settlement of the crest is the difference between
the totals for columns (5) and (7). The results of an odometer test used to perform
this analysis are shown on figure A-4. The basic steps for this procedure are

(1) break the dam into layers and calculate the average stress in each layer
(columns (1) through (3)), (2) pick the strain level corresponding to this stress
level off of the stress-strain plot and calculate the total compression of the
embankment (columns (4) and (5)), and (3) compute the strain level required to
drive the embankment to saturation (equation (3)) and determine the amount of
embankment compression that occurs during construction (column(7)). The
purpose of columns (6) and (8) through (13) is to determine the vertical settlement
profile at a specific dam section. The basics of this additional procedure are

(1) determine the amount of compression that occurs in the dam prior to reaching
the top elevation of each layer and (2) subtract this amount of compression from
the total compression of the embankment occurring below this elevation. This
compression subtraction procedure accounts for the fact that the compression
occurring prior to reaching the top elevation of each layer is made up in an equal
amount of embankment material required to achieve the top of layer elevation.
The results of the settlement calculations are presented on figure A-5.

A-4 DS-13(9)-17 November 2011



Appendix A: Example Problem

The procedure presented provides a vertical profile of settlement at a particular
section. The process must be repeated at appropriate embankment sections to
obtain a “settlement profile for the dam.”

Cracking Potential Evaluation

As none of the 1-D methods for estimating post-construction settlements can
predict locations of tensile stresses within an embankment, a much faster method
of calculating settlement profiles is recommended for evaluating cracking
potential. The method for evaluating cracking potential and the necessity to
perform more elaborate analytical modeling is to assume a parabolic settlement
distribution occurs within the embankment. The settlement distribution must be
determined for a number of sections representing significant changes in
foundation slope, embankment height, location of hard structure contacts, etc.
The equation for this parabolic settlement calculation is:

S=(w/E)-(h-y)-(y)/144 “
where:
S = The settlement at a point within the dam
h = The height of the dam
y = The amount of fill beneath the point of interest
E The 1-D secant modulus to a stress level equivalent to the midheight of the

dam

The results of the parabolic equation calculations for the example dam are
presented in table A-4 and on figure A-5.

Results

For this example problem, the post-construction settlements were calculated by
the 1-D method to be slightly in excess of 1.0 percent. For camber design
purposes, 1.0 percent of the embankment height would probably suffice. For
cracking potential evaluation, it would be advisable, for this material, to assume
cracking will probably occur near the ends of the dam and in areas where severe
foundation discontinuities or steep abutment slopes exist and defensive design
steps should be considered.
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Geometry ra——— Settlement
Original Layer Layer | Total Estimated
foundation Depth of Remaining thickness settle | settle | settlement
Dam thickness excav. foundation Layer He ap O'w o'v Equation S St postconst.
staffon (ft) (ft) thickness (ft) No. (ft) Ce | Ce | Ibiin® | (Ibfin?) | (Ibfin?) No. (ft) (ft) (ft)
0+00 0 0 0 - - - - - - - 0 0 0
1+00 15 0 15 1f s} 0.005 | 0.05 150 5.7 44.8 2 0.07 0.07 0.02
2+00 30 15 18 1f b .005 .05 150 19.9 918 2 0.05 0.05 0.01
3+00 40 20 20 1f 20 .005 .05 150 264 162.8 1 0.1
2f 0 001 | .01 [ 250 0 0 - 0 011 0.03
4+00 50 25 25 1f 18 .005 .05 150 29.2 192.7 1 0.13
2f 10 001 | 01 [ 250 | 392 | 2027 2 001 | g1a 0.04
5+00 50 25 25 1f 15 .005 .05 150 292 201.4 1 0.15 0.04
2f 10 001 | 01 [ 250 | 392 | 2114 2 001 | g1g
6+00 40 15 25 1f 15 .005 .05 150 19.9 175.3 1 0.10
2f 10 001 | 01 [ 250 | 299 | 1853 2 001 | g4 0.03
7+00 30 15 15 1f 15 .005 .05 150 19.9 136.2 2 0.06
2f 0 001 | .01 [ 250 - . - 0 0.06 0.02
8+00 20 10 10 1f 10 .005 .05 150 13.2 821 2 0.04 0.04 0.01
9+00 5 0 5 i) 15 .005 .05 150 38 292 2 0.02 0.02 0.01
10+00 0 0 0 % . . . . - = " 2 0 0
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Table A-1. Foundation compression calculations - continued

Equation
No. Stress condition Equation
1 Overconsolidated to
normally consolidated o, o,
S, =C_H,log -+ C,, H,log—
v0 O-p
2 Overconsolidated to
overconsolidated o,
Si:CrsHO log '
UVO
Assumptions:
1) v, excavation = 135 Ibf/ft’.
2) vir = 110 Ibf/ft’.
3) yar = 125 Ibf/t.
4) Postconstruction foundation settlement = 0.25 S,.
5) Cs, C.:, and o, for foundation materials are as shown in table A-1.
A-7
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Table A-2. Camber design by “1 percent rule”

Postconst.
Embankment 1 percent of foundation
Dam height height settlement Camber
station (ft) (ft) (ft) (ft)
0+00 0 0 0 0
1+00 45 0.45 0.02 0.6
2+00 115 1.15 0.01 1.2
3+00 200 2.00 0.03 1.8
4+00 215 2.15 0.04 25
5+00 225 2.25 0.04 25
6+00 195 1.95 0.03 2.0
7+00 150 1.50 0.02 1.5
8+00 90 0.9 0.01 1.0
9+00 30 0.3 0.01 0.5
10+00 0 0 0 0

Notes:

1) Camber design is a series of straight lines between dam stations 0+00 and 4+00,
stations 4+00 and 5+00, and stations 5+00 and 10+00.

2) The amount of postconstruction foundation settlement in this example is negligible
compared to 1 percent of embankment height.
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Layer thick Stress’ strain in layer of layer const, const. of layer top settiement const, constr.
No. (ft) (Ibfin?) (%) {ft} (ft) (ft) (ft) {ft} (ft} (ft) (ft) settlement
1 25 10.9 0.2 0.05 10.43 0.05 7.80 0.00 7.80 2.63 0 2.63
2 25 326 0.8 0.20 10.38 0.20 7.75 0.00 6.55 3.83 1.20 2.63
3 25 543 20 0.50 10.18 0.50 7.55 0.00 5.30 4338 2.25 2.63
4 25 76.1 3.2 0.80 9.68 0.80 7.05 0.00 4.05 563 3.00 2.63
5 25 97.8 50 1.25 5.88 1.25 6.25 0.00 2.580 6.08 3.45 2.63
B 25 119.6 6.0 1.50 7.63 1.25 5.00 0.25 1.55 6.08 3.45 2.63
7 25 141.3 7.2 1.80 6.13 1.25 375 0.55 0.75 5.38 3.00 2.38
8 25 163.0 8.3 2.08 4.33 1.25 250 0.83 0.25 4.08 2.25 1.83
9 25 1548 9.0 225 225 1.25 1.25 1.00 0.05 220 1.20 1.00
Total 10.43 7.80 2.63
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Table A-3. One-dimensional compression calculations - continued

Col(3): Col(8):
Col(3), = 1/2 vy,, Col(2), Col(8)"; = ZCOI (7,
144 “
forj=1
1
Col(3); = [(2), — |+ col(3),
0() [ywca()ll44i| CO()I*I
Col(9):

Col(4):
Col(9); = Col(5); - Col(7);
Taken from consolidation plot (fig. A-4)
Col(10):
Col(5):
n—(j-1)

Col(10)j= Y_col(7),
i=1
for j=1
Col(5); = Col(2); - Col(4); / 100
Col(11):
Col(6):
Col(11); = Col(6); - Col(10);

Col(6) = Y col(5), 1 Col(5);

i=j

forj=1
Col(12):
Col(12); = Col(8); - Col(10);
Col(7):
Col(13):
for Col(5); < 1.25; Col(7); = Col(5);
for Col(5); > 1.25; Col(7); = 1.25 Col(13); = Col(11); - Col(12);

where 1.25 ft = compression required for the
25-ft layer to reach 100 percent saturation

Note: For camber design check, only columns (1) through (5) and column (7) need be completed.
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Table A-4. Embankment settlements by parabolic equation

Fill height
beneath point Settlement
y S
(ft) (ft)
225 0
200 2.17
175 3.80
150 4.89
125 5.43
100 5.43
75 4.89
50 3.80
25 2.17
0 0
Equation: 5= 2o (- () (L)
E,, 144in
where:

Yo = 1252 1bf/ft *

h = 225ft
100
E = 003" 2,000

Note: vy, h, and E are taken from consolidation plot, figure A-4.
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Figure A-1. Example dam.
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Figure A-2. Stress distribution on the base of an elastic embankment [7].
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Figure A-3. Theoretical one-dimensional compression curve for a soil element.
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Examples of Settlement Analyses
Related to Real Dams

Part 1 Analysis of Foundation Settlements at Ridgway Dam
Part 2 Settlement Evaluation, Horsetooth Reservoir Dams Modification

Part 3 Ridges Basin Dam — Embankment Settlement and Construction
Pore Pressures

Each of these documents is self explanatory, and no additional comments
are considered necessary.
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Part 1 Analysis of Foundation Settlements at Ridgway Dam by
Ashok K. Chugh and Luther W. Davidson

This article was published in the Canadian Geotechnical Journal, Volume 25,
pp. 716-725, 1988, Natural Resource Council
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Ridgway Dam (near Montrose, Colorado).
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Analysis of foundation settlements at Ridgway Dam

Asgok K. CHuGH AND LUTHER W. DAvVIDsON

United States Department of the Interior, Bureau of Reclamation, Engineering and Research Center, Denver,
CO 80225, U.S.A.

Received April 7, 1988
Accepted April 19, 1988

The foundation material at the Ridgway Dam site is broadly classified as mudstone. The observed foundation settlements
along the invert of the river outlet-works conduit at Ridgway Dam are on the order of 0.3 m. Numerical analyses were
performed to estimate the deformation properties for a foundation material that under the existing embankment loads would
deflect in a manner similar to the settlements surveyed along the invert of the outlet-works conduit. The foundation
deformation properties determined from these analyses are compared with those obtained through the laboratory testing of the
site-specific foundation materials and the published data. The results of the analyses, the field instrumentation data, the site
geology, and the laboratory data provided an input to the decision-making process for the rehabilitation of the river outlet-
works conduit.

Key words: foundations, settlements, embankment dams, mudstones, analysis.

Le matériau de fondation sur le site du barrage Ridgway est généralement classifié comme un mudstone. Les tassements
observés de Ja fondation du radier de 1a conduite de fuite dans la riviere sont de I’ordre de 0,3 m. Les analyses numériques ont
été réalisées dans le but d’estimer les propriétés de déformation pour le matériau de fondation qui, sous les charges du remblai
existant, va subir une déflexion similaire aux tassements qui oot été relevés le long du radier de la conduite de fuite. Les
propriétés de déformation de la fondation déterminées au moyen de ces analyses oot été comparées 2 celles qui ont été obtenues
par des essais de laboratoire sur le matériau de fondation spécifique a ce site, et les données sont publiées. Les résultats des
analyses, les données de I’insttumentatjon sur le chantier, la géologie du site, et les données de laboratoire ont fourni un
ensemble d’éléments utilisés dans le processus de décision quand 4 la méthode de réhabilitation de la conduite de décharge

dans la riviere.

Mots clés : fondations, tassements, barrages en terre, mudstones, analyse.

Can. Geotech, J. 25, 716—725 (1988)

Introduction

Ridgway Dam is a zoned earthfill embankment across the
Uncompahgre River in Ouray County near Montrose, Color-
ado, U.S.A. The embankment dam has a maximum height of
102 m' above the stream bed and a crest length of approxi-
mately 750 m. Figure 1 shows the location map and general
layout of the Ridgway Dam and its appurtenant structures. The
dam was completed in 1987.

The river outlet-works conduit is located on a relatively flat
foundation and has about 65.5 m of embankment fill above it
under the crest of the dam (see Fig. 1). Figure 2 shows the pro-
file and some cross-sectional details along the outlet-works
conduit.

In January 1986, cracking of the river outlet-works conduit
was observed and a survey of the conduit invert was made.
This survey indicated that settlement had occurred. The maxi-
mum settlement was 0.23 o, near station 11 + 11. At the time
of this survey, embankment construction near the river outlet-
works conduit had been completed to elevation 2078.7 m.
Embankment construction was completed in Septermber 1986
when the crest elevation of 2098.9 m was reached. A second
survey was completed in October 1986. It indicated that the
maximum settlement was 0.28 m, near station 11 + 24,
Another survey in early December 1986 showed that the total
settlement near station 11 + 24 had increased to 0.29 m. Two

'Imperial units were used on this project. The data and analyses
reported in this paper were converted, wherever practicable, to metric
units and conveniently rounded. The numeric information contained
in this paper should, therefore, be interpreted keeping in mind this
change of units.

Printed in Canada / lmprimé au Canada

[Traduit par Ja revue]

additional surveys later in December 1986 indicated no addi-
tional settlement. Figure 2 shows the surveyed settlements
along the invert of the conduit. From March to September
1987 there had not occurred additional settlements along the
conduit length due to reservoir loads.

There are several methods and practices available for use in
predicting settlements of structures (Hamdy 1986). Their use
in engineering practice is a matter of individual or organiza-
tional preference and past experience.

The objectives of this paper are:

(1) to present the rationale for selecting the particular analysis
procedures for estimating the deformation properties of a foun-
dation material that under the existing embankment loads
would deflect in a manner similar to the settlements surveyed
along the invert of the river outlet-works conduit;

(2) to present the results of numerical analyses;

(3) to present a comparison of numerical analysis results with
the laboratory data on site-specific foundation materials and
the published data from the literature.

It should be kept in mind that the cumulative settlement
data and the embankment loading causing the settlements were
the only reliable site-specific data available for analysis pur-
poses at the time of this study. The results of laboratory inves-
tigative studies, performed in conjunction with the foundation
settlements, became available toward the end of the analytical
studies. The preconstruction laboratory data could mnot be
completely relied upon because the observed settiements were
considerably greater than anticipated. The preconstruction
geologic investigations and foundation exploration data were
available and used only for the benefit of the problem defini-
tion. The problem as posed for analysis is incomplete. The
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TaBLE 1. Preconstruction rock mechanics laboratory unconfined compression strength test results on mudstone samples (Babcock 1983)

Static secant modulus of

Unconfined compressive

elasticity, E,, at 40—60%

Calculated undrained

Sample depth Sample strength, g, of ultimate strength shear strength, S, = % 4
(m) length/diameter (MPa) (MPa) (MPa) E /S, (approx.)
17.5 1.60 0.5 34 0.25 141
22.3 2.06 3.7 207 1.8 113
22.8* 2.02 4.3 414 22 192
22.9 2.01 2.1 207 1.1 193
25.5 1.81 18.5 1380 9.2 149
140.3 1.97 32.8 6895 16.4 421
142.6 2.15 44.6 96 525 22.3 4328

*Specimen dried during preparation.

back-calculated values of the operating deformation properties
for the foundation matenal shall depend on the assumptions
made in defining the problem. Therefore, the reasonableness
of back-calculated values of deformation properties of the
foundation material must be evaluated in view of the site-
specific laboratory data, and other data available in the litera-
ture. Even though this comparison is after-the-event, it may
serve as a useful learning exercise for future use in geotechni-
cal engineering practice.

Though it may appear to be an unusual set of conditions for
an engineering problem, it did happen in practice and requires
a solution. Thus, the approach to the problem at hand and the
methods of analysis adopted may be of equal significance.

A brief description of the site geology and representative
site-specific laboratory data is presented first, then the main
objectives of the paper. Additional information on these items
can be obtained from the authors on request.

Site geology

The dam and the river outlet-works conduit are founded on
the Morrison Formation of Jurassic age. The Morrison Forma-
tion is about 213 m thick near the damsite and is divided into
the upper Brushy Basin member and the lower Salt Wash
member. The Brushy Basin member is exposed in the damsite
area and is the foundation for the niver outlet-works conduit.
This formation consists mainly of shale and mudstone units
with random, generally thin- to medium-bedded sandstone and
siltstone layers. The Salt Wash member was not encountered
during the dam construction and is thought to occur at more
than 30 m below the conduit. The Salt Wash member contains
massive sandstone beds interstratified with layers of mudstone.

Five shallow drill holes with depths 2.4—15 m below the
conduit were completed in conjunction with this investigation.
The geologic logs and visual inspection of the drilled core
show high variability in the thickness and integrity of the mud-
stone layers. Based on these logs, it is estimated that approxi-
mately 26—33% of the foundation material is very soft to
medium mudstone (g, = 0.2—0.7 MPa).

Applying the estimate of 30% of the foundation material to
be of soft to medium mudstone to a depth of 30 m below the
conduit, one would infer a thickness of compressible founda-
tion matenal of ~9 m.

Laboratory data

The preconstruction rock mechanics laboratory tests on
mudstones from the Ridgway Dam site were perfonmed on
core samples from the dam’s drainage and grouting tunnel.

These test results are shown in Table 1 (Babcock 1983.)

To study the problems associated with the conduit settle-
ment, additional soil mechanics laboratory testing was per-
foomed on the very soft to medium mudstone samples taken
from under the river outlet-works conduit. Eleven NX size and
15.25 cm diameter waxed core samples and three 15.25 cm
diameter samples protected in split polyvinyl chloride pipe
were obtained for laboratory investigations. All tests were per-
formed in accordance with procedures described in the Earth
Marnual (1980). Some of these representative test results are
shown in Tables 2 and 3 (Redlinger and Casias 1987).

Rationale for analyses

The compressibility of a foundation material may be charac-
terized in terms of
(1) coefficient of subgrade reaction, K;

(2) Young’s modulus of elasticity, £, and Poisson's ratio, »;
(3) recompression index, C,, and (or) compression index, C,,
and initial void ratio, eg.

Associated with each of the above characterizations of mate~
rial is a method of settlement calculation. Obviously, one
needs to make additional assumptions with regard to material
behaviour, i.e.. linear or nonlinear for characterizations (1) and
(2), normally consolidated or overconsolidated for (3); thick-
ness of foundation undergoing compression for (2) and (3);
boundary conditions for (1), (2), and (3), etc. For purposes of
this paper, only linear, homogeneous, and isotropic properties
for K, E, v, and a uniform value for the slope of the e — log p
curve for C, are considered.

The motivation for the choice of analysis methods came, in
general, from the following considerations:

(1) The embankment load and the foundation settlement data
have provided a pseudo-plate bearing test of the prototype
foundation and one should be able to calculate the cocfficient
of subgrade reaction, K, which is an average representation of
the load —deformation behaviour of the entire foundation
under the dam. The magnitude of K shall indicate whether the
foundation behaviour is one of a soil-like material or a rock-
like material.

(2) If the foundation deformations occurred over a short time,
the foundation response to embankment load should be essenti-
ally elastic, and one needs to know £ and v.

(3) If the foundation deformations occurred over some time,
the foundation settlement under embankment load should be
due to consolidation of the foundation materials, and one needs
to know C,, C,, ey, etc.

The number and significance of assumptions required for
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FiG. 1. Location map and geperal layout of the Ridgway Dam and appurtenant structures.

making the analyses depended on the analysis procedure
adopted. These are described in the following section (Chugh
1987).

Analyses and results

1. Coefficient of subgrade reaction

The analytical model for this calculation is shown in Fig. 3.
In this approach the surveyed settlement data are used to calcu-
late the total vertical reaction assuming a uniform coefficient
of subgrade reaction, K, and seeking static equilibnum of
forces in the vertical direction (see Fig. 3). The main assump-
tions of this procedure are
—no interelement shear;

—a uniform and linear load —displacement response of the
foundation matenal;

—only vertical displacements;

—an incompressible foundation underlies the compres-
sible zone.

The calculated value of K is about 6.11 MPa/m of settle-
ment. This is indicative of a soil-like behaviour of the founda-
tion material. Obviously, this calculation procedure does not
require a prior knowledge of the thickness of the foundation
material within which the settlement occurs. The results of this
calculation provided a convenient measure of the deformation

charactenistic of the foundation material based only on the
surveyed settlement data and the weight of the dam.

2. One-dimensional elastic analysis

This simple calculation procedure was used to estimate mag-
nitude (high or low) of modulus of elasticity of the foundation
material using the observed settlement data. The analytical
model for this calculation is shown in Fig. 4. In the use of this
approach, the thickness of compressible foundation zone at
any point was assumed to be a constant fraction of the embank-
ment height above it. A uniform modulus of elasticity value for
the foundation material is calculated by seeking an equilibrium
of forces in the vertical direction (see Fig. 4). The main
assumptions of this procedure are the same as those for analy-
sis 1 above.

The results of this analysis show that the modulus of elastic-
ity, E, of the compressible foundation zone should be quite
low for a reasonable depth of influence in the dam foundation.

3. Two-dimensional elastic analysis

The analytical model for this calculation is shown in Fig. 5.
This analysis is similar to analysis 2 described above except
that a uniform depth of compressible foundation is assumed
and interelement shear is allowed. The table in Fig. 5 shows
the assummed elastic properties for the embankment materials.
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