3.3 TYPES OF EARTH DAMS
There are three main types of earth dams, namely,
1) Homogeneous dam,
2) Zoned dam, and
3) Diaphragm dam.

3.3.1 Homogeneous Dam
The homogeneous darn is a simple embankment which is essentially hoinogeneous
throughout, although a blanket of relatively impervious material may be placed on the
upstream face. Levees are often simple embankments, but large darns are rarely constructed
in this manner.

3.3.2 Zoned Dam
Zoned darns usually have a central zone of selected soil material, to form a relatively
impermeable core, a transition zone along both faces of the core to prevent piping through
cracks which may form in the core, and outer zones of more pervious material for stability.
This construction is widely used in earth dams and is selected whenever suitable materials
are available. Clay, even though highly impermeable, may not make the best core if it
shrinks and swells too much. The most satisfactorycores are of clay mixed with sand and
fine gravel. Figure 3.1 shows the cross-sections of typical earth dams.
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3.3.3 Diaphragm Dams
Diaphragm type dams have a thin central section of concrete, steel, or timber which serves
as a water barrier, while the surrounding earth or rockfill provides stablity. Thin concrete
sections are easily cracked by differential earth loads, and it is difficult to form a perfectly
watertight barrier of steel or timber. In addition, the diaphragm must be tied into bedrock or
a very impermeable material if excessive underseepage is to be avoided.
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3.4 CAUSES OF FAILCTRE IN EARTH DAMS
Earth dam failures are caused by improper design quite often based on inadequate
investigations, and careless construction and maintenance.
Failures of earth dams may be grouped into the following basic causes:
a)
Hydraulic failures,
b)

Seepage failures, and

c)

Structural failures.

3.4.1 Hydraulic Failures
Failure of about one third of earth dams is attributed to them. They are produced by surface
erosion of the dam by water. Also included are washouts from overtopping (Figure 3.2 (a)),
wave erosion of upstream face, scour from the discharge of the spillway, etc. and erosion
from rainfall.

3.4.2 Seepage Failures
Seepage of water through the foundation or embankment has been responsible for more than
one third of earth dam failures. Seepage is unavoidable in all earth dams and usually it does
no harm. However. uncontrolled seepage may cause erosion within the embankment or in
the foundation which may lead to piping (Figure 3.2(b)). Piping is the progressive erosion
that develops through and under the dam. It begins at a point of concentrated seepage where
the gradients are sufficiently high to produce erosive velocities. If forces resisting erosion,
that is, cohesion, interlocking effect, weight of soil particles, action of downstream filter,
etc. are less than those that tend to cause the erosion, the soil particles are washed away
causing piping failure.
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Figure 3.2 :Types d Failures - Earth Dams

Seepage failures are generally caused by (a) pervious foundations, (b) leakage through
embankments, (c) conduit leakage, and (d) sloughing.

Pervious Foundations
Presence of strata and lenses of sand or gravel of high permeability or cavities and fissures
in the foundation may allow concentrated flow of water from the reservoir causing erosion.
Presence of buried channels under the seat of the dam have also been responsible for this
type of failure.

Leakage through Embankments
The following are the common causes of embankment leakage which lead to piping:

Earth and Rockfill Dams

Ihms and Reservoirs

1)

2)

3)
4)
5)

Poor construction control which includes insufficientcoinpaction adjacent to
outlet conduits and inadequate bond between embankment and the foundation
or between the successive layers of the embankment.
Cracking in the embankment or in the conduits caused by foundation
settlement (Figure 3.2(c)).

Animal burrows.
Shrinkage and drying cracks (Figure 3.2(d)).
Presence of roots, pockets of gravel or boulders in the embankment.

Sloughing

Failure due to sloughing takes place where downstream portioi~of the dam becomes
saturated either due to cholung of filter toe drain, or due to the presence of highly pervious
layer in the body of the dam. The process begins when a small amount of material at the
downstream toe is eroded and produces a small slide. It leaves a relatively steep face which
becomes saturated by seepage from the reservoir and slumps again, forming a higher and
more unstable faca. This process is continued until the remaining prtion of the dam is too
thin to withstand the water pressure and complete failure occurs.

3.4.3 Structural Failures
Structural failures of the embankment or it. foundation account form about one-fifth of the
total number of failures. Structural failures result in slides, such as
a)
Foundation slides, and
b)
Slides in embankment.
Foundation Slides

Seams of weathered rocks, shales, soft clay strata are responsible for the foundation failure
in which the top of the embankment cracks and subsides, and the lower slope moves
outward and large mud waves *re formed beyond the toe (Figure 3.2(e)). Another form of
foundation failure occurs because of excessive water pressure in confined s e a m of silt or
sand. Pore water pressure in the confimed cohesionless seams, artesian pressure in the
abutments or consolidation of clays interbedded with the sands or silt, reduces the strength
of the soil until it is not capable of resisting the shear stresses induced by the einbankment.
or its water load. The movement develops very rapidly withoul warning.
Slides in Embankment

Embankment slides can occvr when the slope is too steep for the strength of soil
(Figure 3.2(f) and (g)). Usually the movement develops slowly and is preceded by cracks on
the top or the slope near the top. Failure of this type is usually due to faulty design and
construction. The shearing strength of the soil is reduced by developmellt of p r e pressures
during construction. In high dams embankment slides may occur during dissipation of pore
pressures.

3.5 DAM SELECTION TO SUIT AVAILABLE MATERIALS
For dams advantage should be taken of every local resource to reduce the cost of the project
without sacrificing the efficiency and quality of the final structure. If suitable soils can be
found in nearby borrow pits, an embankment dam may prove to be the most economical.

The type of earth dam would be dictated essentially by the materials available at or near the
site as also the foundations. For economy, the design of earth dam should be adopted to
utilise the available materials with little processing. Thus, if nothing but sand is available the
design should utilize the sand in the natural state for the bulk of the dam, limiting the
iinported material like clay or silt for providing impervious member to the minimum. The
available materials and their excavation costs dictate the type of earthfill structures to be
considered.
The amount of each type of material available from borrow areas influences the type of
earth darn chosen. If materials are to be used with stockpiling, they must be used early in the
construction period. Materials from a borrow area may also be available only at certain
times of the year and only to certain depths due to groundwater or climatic conditions.
Available excavation machinery, in some cases, force a change in the type of dam. Haul
distances from the borrow area influence cost and therefore the type of dam. Environmental
considerations suggest that a borrow area should ideally be in the area to be submerged by
the reservoir.
Thus the type of dams that may be selected depending upon the materials available are:
1)
Homogeneous dam,

2)
3)
4)

Zoned dam,
Diaphragm dam, and
Rockfill dam.

3.5.1 Homogeneous Dam

i
I

This dam may be selected when there is an abundant supply of a single material. Also when
the more readily available materials are neither clearly pervious or impervious. The material
for drains usually involves limited volumes and hence can be processed materials.

3.5.2 Zoned Dam
A zoned dam may be considered where sufficient quantities of both pervious and

impervious materials are available. The sandy materials should have good shear strength
UKI be free-draining, relative to the core or impervious section. If the material contains

sufficient fines to be relatively impermeable when compacted in the embankment will serve
as a good core (Figure 3.3).
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Flgure 3.3 :Homogeneous Type Earth Dams

3.5.3 Diaphragm Dam

k

This type of section is adopted when large quantities of pervious material, say sand, gravel
or rock are available and due to inadequate quantities of impervious material being available
a thin diaphragm of impervious material of clay, cement concrete or other material is
provided in the central or upstream face of the dam (Figure 3.4).
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3.5.4 Rockfill Dam
Where appurtenant features such as spillway, tunnel and outlet works provide the greater
portion of rockfill materials such a dam nmy be selected. Figure 3.5 shows sections of
typical rockfill darns. If the rock is strong, hard, durable, relatively dense, and flat or platy
fragments are absent then it is acceptable. If the materials are capable of resisting
weathering, then they may be used in the outer portions of the upstream and downstream
slopes.
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3.8 STABILITY ANALYSIS
Every soil mass which has a slope at its end is subject to shear stresses on internal surfaces
in the soil mass, near the dope. This is due to the force of gravity which tries to pull down
the portions of the soil mass, adjoining the slope. If, however, the shearing resistance of the
soil is greater than the shearing stress induced dong the most severely stressed or critical
internal surface, the slope will remain stable; and if on the other hand the shearing resistance
of the soil, at any time after the construction of the slope beconles less t l ~ mthe induced
shearing stress, the portion of the soil mass between the slope and the critical internal
surface will slide down along this surface, until, the new slope formed by the sliding mass
makes the shearing stress less than the shearing streilgth of the soil. The stability of slope of
earthwork thus depends on the shear resistance or strength of the soil.

The well known method of investigating stability of slope is the Swedish method, devised
by Swedish engineers in 1922, which is simple, and therefore, is more commonly used.
In this method, the curved slip surface is taken to he ,an arc of a circle with a certain centre.
There will be a number of such likely slip circles with their respective centres. It is
necessary to pick up the most dangerous of critical slip circle which is the circle along
which the soil has the least shear resistance. The centre of this circle is located by trial and
error. Below are show11methods of Iocaling the critical slip circle in the case of various
types of strils, assuming that the soil slope is honlogeneous structure i t . , it coisists of one
type of soil only.
a) Cohesive Soils
The slip circle for cohesive soils is shown in Figure 3.6. Let PHV be iu~yslip circle with
centre 01,
X Iis the distance of the centroid G of the area DPHV from the cenue, 01.The
position of G can be obtained in the same manner as the centroid of an irregular plane area.
CURVES OF VALUES OF 'F'FOR
DIFFEREN7 SLLP CIRCLES

SWEDISH METHOD FOR COHESIVE SOILS

Figure 3.6 :Slip Circle Method

Actuating moment which may cause a slip along surface PHV = W x

x' 1

(kgm)

...(3.4)

where, W = weight of soil mass of area LIPHV and length of 1 in.
For cohesive soils = 0 and, its shearing resistance depends on cohesion only and is the
same along the entire surface PHV.
The maximum resisting moment i~~obilized
by the soil to prevent the likely occurrence of a
slip = cohesive shear resistance developed dong PHV (for 1 nl length) x OIV (kgm)

= LCR (kgm)
where,

L

= length of arc PHV (m) = R a ,

C

= unit cohesion (kg/m2),

...(3.5)

R
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= radius of likely slip circle (in), and

a = angle subtended by arc PHV at 0,(radians).
~ (kgm).
Hence, lnaximum resisting moment = CR.R a = C R a
Fact~rof safety against slipping along surface PHV =

Maximum resisting moment
Actuating moinent

Various other slip circles like the above one, e.g. OHIV, SH2V,TH3V, etc. are drawn to scale
and the factor of safety is found, as shown above, for each such slip circle. The slip circle
giving the minimum factor of safety is the critical slip circle, because, the failure. if it
occurs, will occur along this slip circle. This critical slip circle is located iis shown below.
The values of the factor of safety worked out for various slip circles say four, are plotted as
shown in Figure 3.6 and a curve is drawn passing through the tops of the ordinates
representing the four values of the factors of safety corresponding to four slip circles. The
lowest point on this curve is noted and a vertical line is drawn through it, meeting the top oP
soil mass at a point say Z; V and Z then mark the two points through which the required
critical slip circle will pass.

b) C- @ Soil
The shear strength of such a soil due to cohesion and internal friction varies from point to
point along the slip circle. The equation for shear strength of this soil is

S = C + P,, tan @ (kg/m2)

...(3.7)

where C is constant along the slip circle but P, which is the pressure normal to the slip
circle due to the weight of soil varies from point to point along the slip circle. The method
of locating the ~riticalslip circle is as follows:
Figure 3.7 shows the Swedish method for C- @ soil. The wholc soil mass adjoining Ihe
slope, is divided into vertical strips or slices as shown in Figure 3.7(a). The fifth strip froin
the left in the figure is taken for lhe study ,and is show11on a bigger scale in Figure 3.7(b).

-

Figure 3.7 :Swedish Method for C 4 Soil

Taking 1m of lhe strip, its equilibrium is practically due to two forces only, namely, its
weight Wfi and its shearing strength Ss along the curved surface of le~igthZ5 m at the bottom
of the strip. The weight W5 is equivalent to two forces, namely, Wnswhich is normal to tlie
curved surface and, the tangential force W6 which is tangential to the curved surface as
shown. Thus the equation will be

where,

C.ls = cohesive strength perm length of the strip (kg), and
Was.tan @ = frictional strength per m length of the strip.

Dms and Reservoirs

The moment of this shear strength is = R.S5 (kg-m)

and the moment of shear strength along the entire slip surface,
PHV =

x
x
z

R [C. l5 + WnS. tan $1

=R

[C. 1s + W,s. tan $1

=R

[CL + tan $. W,

(kg-m)

where,
L

= length of the whole slip surface PHV.

The actuating moment along slip surface at bottom of the strip

= R. Wt5

(kg-m).

Hence, the actuating moment along the entire slip surface PHV

The factor of safety, against shear failure, along the slip surface PHV =
or, in general, the factor of safety =

C L + tan$.

Resisting moment
Actuating moment

W,

Cwt

The weight of each strip 1 m long, is proportional to its area and this latter can be found
accurately by a planimeter. W,, and W, of each strip can be found graphically by drawing the
triangle of forces for each strip (Figure 3.7 (a)).

The factor of safety is found for each of other sbp circles and the critical circles is located as
usual. It should be carefully noted, that the tangential components of the weights of the first
few strips near the toe of the slope, will resist the slipping tendency and these components
must therefore, be taken with their proper sign.
Location of Critical Slip Surface

The location of the critical slip surface by trial and error entails much loss of time. To save
time in locatiilg the centre of critical slip circle for homogeneous sections, Fellenius
construction for locating the line on which the centre of the critical circle is most likely to
lie. is generally adopted. Various circles with centres on this line are tried until the one with
minimum factor of safety is found.

LINE OF CENTRE OF CRITICAL
S L I P CIRCLE

Figure 3.8 :Fellenius Method of Locating Line of Centr~for Critical Slip Circle

Accordig to the Fellenius construction, the position of the line on which the centre of the
critical circle lies depends only on the height and slopes of the embankment. Referring to
Figure 3.8, the values of a and P are taken from Table 3.2 for the embankment slope.
Fmm point A and B these angles are drawn to meet at point O1.Point O2 is then located at a
horizontltal distance of 4.5 H, starting directly below point A, and at a depth equal to H, the
height of the embankment. The line joining (.I1 and (bis the line an which the centre of the
critical circle lies. The maximum depth to which the rupture can occur is limited by the
presence of hard stratum underneath.

Table 3.2 :Recommended Values of a and P for Fellenius Construction
Slope ( H:V )

I, s

a

P
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3.9 ROCKFILL DAM SECTION
Rockfill dams (Figure 3.2) can be divided into two main types:
Impervious membrane type which depends on an impervious membrane of
a)
cemetlt concrete, asphaltic concrete, or rarely of steel or timber for water
tightness.
Earth core type with an earth core sloping at 1.3:l or 1.4:l (HV)
placed
against a dumped rockfill. If the rockfill is placed in layers, the core may be
placed at any slope or even centrally.
The main structural element of the rockfill dams is quarry run rock, dumped or placed in
layers. This material being highly pervious requires a membrane or earth core for water
tighhess. On hard rock formations, and if suitable core material is not available, the
membrane type would norm;klly be used. Where suitable core materials are available, the
core type would generally be found more economical. Also for large heights likelihood of
cracking a ~ leakage
d
through me~iibranemakes core type preferable.
b)

Material for Rockfill Dams

The rock used in rockfill construction should be sound and should neither disintegrate
during long exposure to water and weather 11orsplit aid crush under the heavy stresses to
which it will be subjected. Massive igneous and metamorphic rocks are satisfactory.
Sedinientary rocks like sandstones and limestones have also been used satisfactorily.
hi earlier practice of dumped construction large sized rocks, weighing 3 - 5 t and larger were
used. In more recent practice, however, smaller rock is preferred.
Foundation Requirements
Large rockfill dams are usually founded upon bed rock. It is, however, not necessary to look
for rock foundations of as high quality as for concrete or rnasonry dams. For dams of
moderate or low heights, river bed sand gravel and boulder, when dense and compact, with
shear strength of the same order as that of the rockfill, may be retained and need not be
excavated.
Dam Cross-section of Membrane w p e
Duinped rtxkfill adopts a natural slope of about 1.3:l to 1.4:l (H : V ) ,and the downstream
slope is usually kept at this natural rock slope (Figure 3.9). If no rehandling of dumped rcxk
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is desired. the upstream slope will also be the same. However, in a number of dams the
upstream slope has been made steeper, about 0.75:l (H:V),to reduce the quantity of rock as
well as the area of the membrane. This requires rehandling of the rock and a thick zone of
"rubble cushion" to resist rock pressure.
C O N C R E T E MEMBRANE
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Figure 3.9 :Membrane Type Rockfill D m

The transition between the main rockfill and the face membrane was built in the past of
hand or derrick laid rock. me more common practice now is to provide well graded rockfill
of small boulder-gravel material compacted in layers of 30 - 45 cm thickness. It acts as a
cushion distributing the water load from the membrane to the main rocktill evenly. On self
supporting rock slope it may be 1.5 - 3 m thick at the top increasing at 5 per cent of height
towards the bottom.
A rockfill dam of the proportions given above is automatically safe against sliding. It has
practically no pore pressures, good seismic resistance, and is inherently a stable structure.
Membranes

The most common type is reinforced cement concrete membrane. The thickness is usually
about 30 cms at the top increasing at about 0.5 - 1 per cent of the height. The reinforcement
is usually 0.5 per cent of the sectional area of the slab in each direction. The slab is
generally poured directly on the rubble cushion and is provided with joints 10 - 1 2 m apart.
The horizontal joints are tight while the vertically inclined expansion joints permit
movement. Reinforcement does not pass the joints. Water seals have to be provided at the
joints.
Asphaltic concrete membranes cost less than reinforced concrete and are inore flexible and
hence less susceptible to cracking. They can also be constructed more rapidly. The asphaltic
concrete is made of aggregates from 25 mm size to fine rock dust with 8 - 10 per cent by
weight of asphaltic bider.

Rockfill Dams with Earth Cores
Rockfill dams with earth cores are just like earth dams except that the shell material is free
draining rockfill.
Typical sections of Oroville dam and Nurek darn are shown hi Figure 3.10 and Figure 3.11,
respectively. It is necessary to provide adequate filter hclalccn the core and the rockfill on
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Figure 3.11 .: Nurek Dam Section (USSR)

both sides of the core so that core particles may not migrate into the rockfill. For stability
analysis, surfaces of failure consisting of two or three planes are more appropriate than
circular arcs. The method of analysis is called the "wedge method" and is beyond the scope
of this unit.
Method of Rock Placement

In the earlier construction practice the rock was dumped at site from large heights and this
was usually done from buckets travelling on cableways strung across the valley, but
sometimes from the sides of the valley itself. The idea was to cause the rock to break its
comers and roll into a stable position. Jets of water were played on the rock as it was falling
for Lhe same purpose.
A technique of placing rocktill in 1 - 2 m thick layers, more or less like earth, is gradually
becoming inore popular. Smaller, well graded rock is used in this case. The layers are
compacted by~ibratoryrollers or caterpillar tractors. Water is commonly used, but not
always.
Settlement of Rockfill Dams
I
I

The main problem of rockfill dams is their settlement resulting in danger of cracking of the
membrane. The settlement results from crushing of rock corners and readjustment of rock
under load. The settlement may be roughly estimated by

where,

S

H
1

/

= settlement (m),and
,

= dam height (m).

During construction all effort should be made to obtain a compact mass. The placing of the
membrane should be delayed to enable settlement under rock load to be substantially
completed. Subsequent settlement under water load is, however, unavoidable.
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3.10 SUMMARY
Earth and rockfill dams are economical structures if adequate quantities of the appropriate
materials are available. The various types of earth dams depends on the quantities of
materials available. The stability of the dam section has to be analysed for the worst
combination of loads. The methods of analysis also depends upon the materials used in the
darn section. The quality co~~trol
during construction has to be good to avoid problems with
these structures arising from careless workmanship. All these aspects would be clear to you
by the end of this unit.

3.11 KEY WORDS
Cohesive Solls
C- 41 Soils

:
:

Conduit Leakage

:

Diaphragm Dam

:

Soils having only cohesion and no friction, such as clays.
Soils having both cohesion and friction between soil
particles.
Conduits are sometimes embedded in the body of an
earth dam. Seepage may occur along the outside of the
conduit which develops into piping or leaks through the
conduit may cause seepage which may also lead to
piping.
A dam in which a thin diaphragm of impervious
material such as clay or cement concrete is placed in the
central or on the upstream face of the dam. The
diaphragm may be vertical or inclined.

Foundation Requirements :

Rockfill dams are founded on rock foundation but not as
strong as that required for a concrete or a masonry dam.

Foundation Slides

:

Slides caused in the foundation due to seams of
weathered rocks, shales, or soft clay.

Freeboard

:

Homogeneous Dam
Hydraulic Failures

:

It is the required allowance in the dam height against
water splashing on the dam top due to effect of wind.
A dam constructed with a single material.
Failures of an earth dam may be attributed to hydraulic
failures, that is, to surface erosion due to overtopping or
rainfall or scouring due to wave action.

Leakage through
Embankments

:

Leakage through embankment lead to piping failures.

Location of Critical
Slip Circle

:

The slip circle having the lowest factor of safety against
failure is the critical slip circle. Various methods are
available to locate the critical slip circle depending on
the type of material used in tlie dam and that occurring
in the foundation.

Material for Rockfili Dams :

They include igneous, metamorphic and sedimentary
rocks of large and small sizes to make up the bulk of the
dam section.
They are impervious materials laid on the upstream face
of a rockfill dam to reduce seepage through the rockfill
dam section.
Rock is placed in the rockfill dam so as to rninimise the
effort of placement. Various methods are adopted.

:

Membranes

:

Methods of Rock
Placement

:

Pervlous Foundations

:

Foundations consisting of sands and gravels or cavities
and fissures allow profuse seepage from the reservoir.

Rockflll Dams with
Earth Cores

:

They are similar to earth dams with a freely draining
shell.

Seepage Failures

:

Failures of earth dams due to excessive seepage through
the foundation or the emb'mkment are termed seepage
failures.

Settlement of Rockfill
Dams

:

Slides in Embankment

:

Sioughing

:

Stability Analysis

:

Structural Failures

:

Top Width

:

Zoned Dams

:

The upstream membrane may crack due to the
settlement of a rockfill dam and this is the most serious
problem with such dams.
When the slope of embankment is too steep for the
strength of the soil, slides may take place.
The downstream portion of the dam may slump due to
erosion leaving a relatively steep face which slumps
again.
The checking ofthe dam section for safety against all
destabilising forces is stability analysis.
They are due to slides in the foundation or in the
embankment.
It is the width of the dam at the top required for a
roadway and the parapet walls.
Embankment dams formed of a number of different
materials with transition zones between different
material in contact are zmed dams.

3.12 ANSWERS TO SAQs
SAQ 1
a) Homogeneous dam, zoned dam and diaphragm dam.
SAQ 2
Hydraulic failures; seepage failures; and structural failures.
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