
 

 

Subject Name: Design of Hydraulic Structures 

Subject Code: CE-6001 

Semester: 6
th

      

 

 

 

 



Page 1 of 13 

 

Subject Name: Design Of Hydraulic Structure     Subject Code: CE6001 

UNIT-II 

Earth Dams: Types, causes of failure and design criteria, soils suitability for earth dam construction, 

construction methods, foundation requirements, typical earth dam sections, estimation of seepage 

through and below the dam, seepage control, stability of slopes by slip circle method of analysis, pore 

pressures, sudden draw down, steady seepage and construction pore pressure condition. 

Rock fill dams: Types, merits and demerits, conditions favourable for their adoption. 

Earth and Rock fill Dam 

Instructional objectives  

On completion of this lesson, the student shall learn:  

1. The different types of embankment dams  

2. Causes of failure of embankment dams  

3. Design procedure for earthen embankment dams  

4. Seepage control measures for embankment dams and their foundations  

5. Computation of seepage through embankment dams  

6. Stability calculations for embankment dams  

7. Construction process for embankment dams  

8. Instrumentation in embankment dams  

 

Introduction 

                 Depending upon method of construction, Earth dam can be divided into two categories: 

(i) Rolled Fill Dam 

(ii) Hydraulic Filled Dam 

 

Rolled Fill Dam, the embankment is constructed in successive mechanically compacted layers. The 

suitable material are transported from borrow pit to the construction site by earth moving machinery, it 

is then spread by bulldozers and compacted by power driven rollers. 

 

Hydraulic Fill Dam, the material are excavated, transported and placed by hydraulic methods. Flumes are 

laid at suitable falling gradient along the outer edge of embankment. The material mixed with water at 

borrow pit is pumped and washed into these flumes. The slush is discharged through the outlets in the 

flumes, at suitable intervals along their length. The slush thus flow towards the centre of the bank. The 

coarse material of the slush settle at the outer edge while the fine material settle at the centre. No 

compaction is needed. 

 

Types of Earthen Dam 

For earthen embankment dams, these range from the following types:  

 

1. Homogeneous dam with toe drain (Figure 2)  

2. Homogeneous dam with horizontal blanket (Figure 3)  

3. Homogeneous dam with chimney drain and horizontal blanket (Figure 4)  

4. Zoned dam with central vertical core and toe drain (Figure 5)  

5. Zoned dam with central vertical core, chimney filter and horizontal blanket (Figure 6)  

6. Zoned dam with inclined core, chimney filter and horizontal blanket (Figure 7)  
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An embankment dam is not as impervious as a concrete dam and water continuously seeps through the 

dam body. In Figures 2 to 7, the position of the phreatic line (that is, the line corresponding to the 

phreatic surface lying above the saturated zone when seen in a vertical plane) has been marked in the 

respective figures. It may be noticed how the phreatic line is forced to remain within the dam body by 

providing the clay core (with relatively less permeability) to reduce the amount of seepage water and 

the chimney filter with the horizontal blanket, composed of materials with very high permeability, that 

is used to drain out the seepage water safely through the body of the dam.  

For the rock fill embankment dams, the following variants are common:  

1. Central vertical clay core (Figure 8)  

2. Inclined clay core with drains (Figure 9)  

3. Decked with asphalt or concrete membrane on upstream face with drains (Figure 10)  
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Here, too it may be observed that the clay core with relatively very low permeability or the asphaltic and 

concrete membranes serve to reduce the quantity of seepage water. The rock fill shell only serves as a 

support to the core or membrane. The phreatic line through the rock fill is very gently inclined due to the 

materials of high permeability. 

Since both the upstream and downstream faces of an embankment are inclined, usually varying in the 

ratio of 1V:1.5H to 1V:2.0H. 

Causes of failure of earth dams  

The various modes of failures of earth dams may be grouped under three categories:  

1. Hydraulic failures  

2. Seepage failures, and  

3. Structural failures  

These modes of failures are explained in some detail in the following paragraphs.  

Hydraulic failures  

This type of failure occurs by the surface erosion of the dam by water. This may happen due to the 

following reasons:  

a. Overtopping of the dam which might have been caused by a flood that exceeded the design flood 

for the spillway. Sometimes faulty operation of the spillway gates may also lead to overtopping 

since the flood could not be let out in time through the spillway. Overtopping may also be caused 

insufficient freeboard (the difference between the maximum reservoir level and the minimum 

crest level of the dam) has been provided. Since earth dams cannot withstand the erosive action 

of ate  spilli g o e  the e a k e t a d flo i g o e  the da ’s do st ea  fa e, eithe  
complete or partial failure is inevitable (Figure 22).  

b. Erosion of upstream face and shoulder by the action of continuous wave action may cause 

erosion of the surface unless it is adequately protected by stone riprap and filter beneath (Figure 

23).  

c. Erosion of downstream slope by rain wash. Though the downstream face of an embankment is 

not affected by the reservoir water, it may get eroded by heavy rain water flowing down the 

face, which may lead to the formation of gullies and finally collapse of the whole dam (Figure 24).  
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Seepage failures  

The water on the reservoir side continuously seeps through an embankment dam and its foundation to 

the downstream side. Unless a proper design is made to prevent excessive seepage, it may drive down 

fine particles along with its flow causing gaps to form within the dam body leading to its collapse. 

Seepage failures may be caused in the following ways:  

a. Piping through dam and its foundation: This is the progressive backward erosion which may be 

caused through the dam or within its foundation by the water seeping from upstream to the 

downstream (Figure 26)  

b. Conduit leakage: This is caused due to seepage taking place by the surface of a conduit enclosed 

within an embankment dam (Figure 27). The seepage of water may be from the reservoir to the 

downstream or due to the water leaking out of the conduit through cracks that might have 

developed due to unequal settlement of dam or by overloading from the dam. Further, the 

cracking of a conduit may also be caused when the soil mass lying below it settles and the 

conduit is not sufficiently strong to support the soil mass lying above.  

c. Sloughing of downstream face: This phenomena take place due to the dam becoming saturated 

either due to the presence of highly pervious layer in the body of the dam. This causes the soil 

mass to get softened and a slide of the downstream face takes place (Figure 28) 
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Structural failures  

1. These failures are related to the instability of the dam and its foundation, caused by reasons 

other than surface flow (hydraulic failures) or sub-surface flow (seepage-failures). These failures 

can be grouped in the following categories:  

2. Sliding due to weak foundation: Due to the presence of faults and seams of weathered rocks, 

shales, soft clay strata, the foundation may not be able to withstand the pressure of the 

embankment dam. The lower slope moves outwards along with a part of the foundation and the 

top of the embankment subsides (Figure 29) causing large mud waves to form beyond the toe.  

3. Sliding of upstream face due to sudden drawdown: An embankment dam, under filled up 

condition develops pore water pressure within the body of the dam. If the reservoir water is 

suddenly depleted, say due to the need of emptying the reservoir in expectation of an incoming 

flood, then the pore pressure cannot get released, which causes the upstream face of the dam to 

slump. 

4. Flow slides due to liquefaction: Triggered by a shock or a movement, as during an earthquake, 

some portion of the dam or foundation may destabilize due to the phenomena called 

liquefaction. Here, even cohesion less soil cannot drain quickly enough as the movements are so 

sudden that the rate of extra loading on the soil becomes greater than the rate of drainage of the 

seepage water out of the soil.  
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5. Damage caused by burrowing animals or water soluble materials: some embankment dams get 

damaged by the burrows of animals which causes the seepage water to flow out more quickly, 

carrying fine material along with. This phenomena consequently leads to piping failure within the 

body of the dam, finally leading to a complete collapse. Similarly, water soluble materials within 

the body of the dam gets leached out along with the seepage flow causing piping and consequent 

failure.  

6. Embankment and foundation settlement: Excess settlement of the embankment and/or the 

foundation causes loss of free board (Figure 32). The settlement may be more in the deeper 

portion of the valley, where the embankment height is more. 

7.  
 

 

 

 

Design of earth dams  

As may be observed from the modes of failures of earth dams, there are three main types, which have to 

be prevented in a safe design of embankment dam. These are:  

1. Safety against hydraulic failures due to overtopping, rain cuts, wave action or tail water.  

2. Safety against seepage failures due to internal erosion and development of pore pressure due to 

insufficient drainage.  

3. Safety against structural instability.  

4. Special design requirements.  

 

The features in design that must be incorporated in order to take care of the above criteria are 

elaborated in the Bureau of Indian Standard codes IS: 12169-   C ite ia fo  desig  of s all 
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e a k e t da s  a d I“: -  Guideli es fo  desig  of large earth and rock fill da s  f o  
which the following have been summarized: 

1. Safety against hydraulic failures  

a. Sufficient spillway capacity should be provided to prevent overtopping of embankment during 

and after construction.  

b. The freeboard should be sufficient enough to prevent overtopping by waves. Bureau of Indian 

Standards code IS: 10635-  F ee oa d e ui e e t i  e a k e t da s-guideli es  
provide methods to determine freeboard. However, for simplicity, the methods to determine 

free board for concrete dams may be used.  

c. Sufficient height of dam has to be provided to take care of any future settlement and consequent 

loss of free board  

d. Upstream slope shall be protected by riprap, which is a layer of rock fragments, against wave 

action. The riprap shall have to be provided from an elevation 1.5m or half of maximum wave 

height at Minimum Draw down Level (MDDL), whichever is more below MDDL to the top of the 

dam. Figure 32  

e. The downstream slope of the embankment should be protected by turfing, that is growing of 

grass on the surface against erosion by rain wash. A system of open passed drains (chutes) along 

the sloping surface terminating in longitudinal collecting drains at the junction of berm and slope 

shall have to be provided at 90m centre-to-centre to drain the rain water. Drains may be formed 

of stone pitching or with pre-cast concrete sections (Figure 33)  

f. Downstream slope of embankment, if affected, upon by tail water, should be protected by 

placing riprap of 300mm thickness over proper filter layers up to 1m above the maximum tail 

water level.  

 

2. Safety against seepage failures  

a. Amount of seepage water passing through the embankment and foundation should be limited so 

as to control piping, erosion, sloughing and excessive loss of water.  

b. The phreatic line should be well within the downstream face of the dam to prevent sloughing.  

c. Seepage water through the dam or foundation should not be so high that may cause removal of 

fine materials from the body of the dam leading to piping failures.  

d. These should not be any leakage of water from the upstream to the downstream face, which may 

occur through conduits, at joints between earth and concrete dam sections, or through holes 

made by burrowing animals.  

 

3. Safety against structural instability  
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a. The slopes of the embankment on the upstream and downstream should be stable under all 

loading conditions.  

b. The embankment slopes should also be flat enough so as not to impose excessive stresses on the 

foundation, and as much, be within the permissible limits of the shear strength of the material  

 

4. Special design requirements  

According to IS: 8826-1978, an embankment dam should, in addition to the basic design requirements 

detailed above, has to satisfy the criteria of control of cracking, stability in earthquake regions, and 

stability at junctions. These are explained in the following paragraphs:  

Control of cracking  

Cracking of the impervious core results into a failure of an earth dam by erosion, piping, 

breaching, etc. Cracking occurs due to foundation settlement and/or differential movements 

within the embankment. Differential moments may occur due to unsuitable or poorly compacted 

fill materials, different compressibility and stress-strain characteristics of the various fill 

materials; and variation in thickness of fill over irregularly shaped or steeply inclined abutments.  

Stability in earthquake regions  

Embankment dams which are located in earthquake affected regions are likely to be subjected to 

additional stresses and deformation on account of the sudden vibrations generated by seismic 

forces.  

 

 

Seepage control measures in embankment dam and foundation  

 

a) Impervious core,  

b) Inclined/vertical filter with horizontal filter,  

c) Network of inner longitudinal drain and cross drains,  

d) Horizontal filter,  

e) Transition zones/transition filters,  

f) Intermediate filters,  

g) Rock toe, and  

h) Toe drain.  
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Seepage calculations in embankment dams  

Two important seepage calculations are required in embankment dams, which are as follows:  

1. Location of phreatic line  

Phreatic line, also variously also called as saturation line, top flow line, seepage line, etc. is defined as 

the line within a dam in a vertical plane section below which the soil is saturated and there is positive 

hydraulic pressure. On the line itself, the hydrostatic pressure is equal to atmospheric pressure, that is, 

zero gauge pressure. Above the phreatic line, there will be a capillary zone in which the hydrostatic 

pressure is negative (Figure 49). Since the flow through the capillary zone is insignificant, it is usually 

neglected and hence the seepage line is taken as the deciding line between the saturated soil below and 

dry or moist soil above in a dam section.  

 

 

Quantity of seepage flow  

An embankment dam should be so designed that the quantity of water seeping through it is not 

excessive, otherwise the reservoir water would be drained off within some time. Hence, it is essential 

for the engineer to calculate the quantity of water seeping out through the dam. One method of 

calculating this is by drawing flow nets, as shown in Figures 48, 49 and 50. Flow nets can be drawn by 

trial and error, with the equipotential lines being approximately at right angles to the stream lines. The 
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saturated zone through the embankment dam is then seen to be divided into a number of flow net 

boxes, bounded by two streamlines and two equipotential lines. If h is the total hydraulic head and N
d 

is 

the u e  of pote tial d ops, the  the d op i  pote tial head Δh) per drop is given as:  

 
 

If along the flow path, the length of the side of a flow net box between one potential and the other is l, 

the  the hyd auli  g adie t a oss the s ua e is Δh/l  

The dis ha ge passi g th ough t o st ea li es of the field Δ  is gi e  as  

 

Where K is the coefficient of permeability and b is the width of one flow channel, that is, the distance 

between two stream lines. If N
f 
is the total number of flow channels, then the seepage per unit width of 

the embankment (q) is given as 

 

 

Stability calculation  

The slope stability methods generally employed to analyze the failure modes are two, depending upon 

the profile of the assumed failure surface. These are:  

a) Circular Arc method, and  

b) Sliding Wedge method  

Rock Fill Dams: 

"an embankment type of dam, dependent for its stability primarily on rock. As rockfill dams 

must contain an impervious zone - now usually selected earth with filter zones, comprising a 

substantial volume of the dam - the term Rockfill dam usually represents a dam that contains more 

than 50% of compacted or dumped pervious fill. The dam is dependent for water tightness on an 

impervious upstream blanket or an impervious core." 

Like an earth dam it is composed of fragmental materials, with each particle independent of the 

others. The mass stability is developed by the friction and inter-reaction of one particle on another 

rather than by any cementing agent that binds the particles together. 

Rockfill dams are resistant to damage from earthquakes. The three main components of a 

rockfill dam are: 

 

 The main rockfill 

 The impervious zone 

 Auxiliary supporting members 

 Rockfill Dam Special Considerations 

If you're ever assigned to build such a damn or you decide that you want to build a rockfill dam 

on your property, it's important that you pay attention to the following areas: 

Stability is critical. Both the foundation and the abutment must be stable throughout the life 

cycle of the dam. 

Seepage must be controlled to ensure safe operation. Seepage control measures should be in 

place before the dam's initial use. 
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The spillway must be strong enough to prevent overtopping of the embankment. 

Reservoir slopes should be carefully designed. 

Advantages: 

 Economical - due to the use of cheap local materials. 

 Suitable where the foundation conditions are not good, especially where high hydrostatic uplift 

is likely to be a factor in design. 

 Rockfill is particularly suitable when there is no satisfactory earth available and when a plentiful 

supply of sound rock is at hand. The rockfilling is especially adapted to construction during wet 

and cold weather and permits continuous work under weather conditions that would not 

permit earth or concrete construction. 

 Very rapid constructions are possible with rockfill because of its adaptability to bad weather 

and because the process of filling does not have to be interrupted for rolling or other separate 

compaction operations. 

 

The rockfill dam with an upstream diaphragm is very well adapted to stage construction. The 

dam height can be increased merely by dumping more rock behind the impervious diaphragm without 

interfering with or encroaching on the reservoir. The dam is then made water-tight by continuing the 

impervious face upward. The stage construction concept is also suitable for coffer damming, as the 

first part of the dam serves as a cofferdam which protects the remainder of the foundation for further 

construction. 

Material for Rock Fill Dams: 

The quality of the rock is a major factor in the choice of a rockfill dam and in the design of the 

structure. Extensive testing is necessary to judge whether the rock is suitable for construction. 

Quarrying - The cost of drilling and blasting constitutes a large part of the unit price of rockfill. 

Quartzite for example has excellent qualities for rockfill but is extremely expensive to drill. The way 

the rock breaks up is also important, sandstone produces a lot of fines, others produce flat slate 

pieces which do not lend themselves to dumped rockfilling. 

 

Rock Durability - There is no entirely satisfactory test to determine durability of rock over centuries, 

and hence good judgement has to be used. Examining old structures such as walls and bridge piers 

built of the same material is helpful. Accelerated durability tests do exist, where the samples are 

subjected to alternate cycles of wetting and drying or freezing and thawing. Compressive strength 

tests can be made after each series of wet-dry and freeze-thaw testing if there are sufficient samples. 

 

Strength - In high dams where crushing of the corners of the rock pieces will result in settlement, the 

strength is important. In general strengths of over 35MPa or more are desirable for dams over 40m, 

while strengths as low as 14MPa are more suitable for dams less than 15m in height. Friability, the 

tendency to become a powder during crushing is important because too many fines can seriously 

interfere with construction. 

 

Petrography - The study of the rock under chemical reaction and under a microscope to establish rock 

breakage. 
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We hope you find these notes useful. 

You can get previous year question papers at  

https://qp.rgpvnotes.in . 

 

If you have any queries or you want to submit your 

study notes please write us at 

rgpvnotes.in@gmail.com 

 

 

https://qp.rgpvnotes.in/
mailto:rgpvnotes.in@gmail.com

