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SYNOPSIS : The area of dam design, which pertains to the behaviour of interfaces and rigid elements in earth dams, has an important bearing 

on the performance of dams. This subject had however in the past not received adequate attention from the profession. Some recent failures and 

problems arising in the homogeneous dams have brought the subject into focus and certain interesting concepts have been developed to explain 

the mode of such hydraulic failures. The state-of-the-art approach for dam design is to incorporate defensive design features, so that even if 

hydraulic failures occur due to interfaces or embedded rigid elements, it would not lead to loss of the dam. This paper deals with the problems 

associated with interfaces and embedded rigid elements in embankment dams. The probable mechanisms causing these problems are outlined and 

examples are described including experience of dam projects in Pakistan. Precautionary design measures that should generally be adopted to 

guard against such problems are also discussed.

INTRODUCTION

The art and science of dam design and construction has always 

captured the imagination of geotechnical engineers. This could be 

because the conditions imposed by a dam generally defy exact 

mathematical treatment. The design of dam therefore utilizes som e 

empirical information that has been refined over years with the help of 

accumulated experience. One such area of dam design pertains to the 

behaviour of interfaces and rigid elements embedded in dams, 

specifically their role in initiating hydraulic failures.

INTERFACES AND RIGID ELEMENTS IN DAMS

Interfaces in embankment dams are created due to marked 

difference in the properties or the stiffness of materials such as 

interfaces between foundation and embankment, soil and concrete 

structures, drier and wetter clays, and due to time lag between 

construction of adjacent sections of embankment such as the river 

closure section. Rigid elements that are embedded in dams include 

concrete galleries, portions o f cut-off walls, outlet pipes, rigid walls of 

appertenant structures and instruments and their leads.

The above interfaces and rigid elements could either be along a 

plane parallel to the axis o f the dam or transverse to it. In the latter 

case, they tend to be more critical as failure along a transverse interface 

could lead to a partial or total failure of the dam. The problems with 

interfaces and rigid elements in dams are closely associated with the 

phenomena of arching and stress transfer in soil.

MECHANISM OF ARCHING AND STRESS TRANSFER IN 

HYDRAULIC FAILURES

The transfer of stress from a yielding (less stiff) soil mass onto 

adjacent stationary (more stiff) soil is called "arching effect" or "stress 

transfer". (Terzaghi, 1943). Arching and stress transfer occur due to 

differential settlements and therefore it could take place wherever 

potential for differential settlement exists within an embankment dam. 

Sherard (1986) and his co-workers believe that arching and stress 

transfer in embankment dams due to interfaces and rigid elements

result in hydraulic fracturing causing failures. However another group 

of research workers (Lofquist, 1988; Mesri and Ali, 1988) question 

Sherard’s interpretation. They argue that saturation collapse coupled 

with arching, is the phenomenon responsible for hydraulic failures. 

Upon first filling of the reservoir, water penetration and settlement 

progresses almost instantaneously from upstream to downstream. This 

initiates collapse along horizontal planes where compaction may be 

insufficient or the soil brittle. If upon collapse, conditions are conducive 

for the overlying material or soil to arch, then an opening or channel is 

created in which water can enter freely, and if this channel extends 

along the width of the dam or core, then flowing water causes erosion 

and possible failure.

The argument in favour of such a hydraulic failure mechanism 

stems out from the fact that the "Hydraulic Fractures" are generally 

observed along horizontal planes on which major principle stress acts, 

and not vertical ones on which minor principle stress acts. Lofquist 

(1988) suggests that hydraulic fractures are initiated along existing 

cracks whereas Sherard (1986), feels that such cracks are more likely to 

be present along a horizontal plane than a vertical one, due to 

horizontal compaction layering in dams. However it may be noted that 

arching is the common denominator in both saturation collapse and 

hydraulic fracturing. It is also possible that these two phenomena occur 

jointly.

In embankment dams, arching could take place due to the 

interface between the soft area of the dam and other stiff elements such 

as shells or transition zones, walls of core trench, and valley side slopes 

(abutments). The core tends to settle more than these stiffer elements 

resulting in stress transfer from the core to stiffer elements. Greater 

the difference in stiffness between the core material and the interface, 

higher would be the degree of stress transfer. Similarly thin cores, steep  

core trench slopes and higher friction at the abutment slopes generally 

lead to greater stress transfer.

Rigid elements embedded in dams also lead to stress transfer. 

The embedded elements being stiffer than the core material through 

which they pass settle less than the core, resulting in stress transfer due 

to arching. Stresses as high as 2 to 3 times the total vertical stress have 

been measured on top of such embedded elements (Penman and 

Charles, 1979) which also provide support to the overlying material if 

the soil under them collapses due to saturation.
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CASE HISTORIES

The Teton Dam is one of the most well known examples o f recent 

dam failure. Hydraulic fracturing in the core material upon first filling 

of the reservoir, starting from the core trench was thought to be one of 

the probable causes leading to the failure of the dam (Seed and 

Duncan, 1981). The steep side walls of the core trench were conducive 

for arching effect. Another probable failure cause was the interface of 

core material with the rock foundation where joints in the rock were in 

direct contact with the core material. Migration of fines with seepage 

through these open joints could have been the cause o f failure.

A t Tarbela Dam (Pakistan), the zones around riser pipes and 

trenches for instrument leads have settled more than the adjacent 

regular core material, resulting in sinkhole formation on the upstream 

face o f the dam. The leads for the instruments placed in cores o f Main 

Embankment Dam and Auxiliary Dam-1 at Tarbela were routed 

through the core in a series o f horizontal runs and risers. Compaction 

of the fill to a distance o f 3 to 4.5 m around the pipe was done in thin 

layers with hand equipment. Lower densities of fill around these risers, 

caused differential settlement upon first reservoir filling and washing of 

core material into the transition zones, resulting in sinkhole formation 

at the upstream face of the dam.

Another problem at Tarbela occurred at the interface of 

upstream blanket and foundation material consisting of open work 

gravels and boulders. Since the blanket was not self filtering, fines from 

it were washed into the foundation material, resulting in development 

of about 300 sinkholes in the blanket immediately after the 

impounding.

Interfaces created due to "construction timings" caused problems 

at Goronyo Dam, Nigeria. Goronyo dam is a homogeneous earthfill 

dam, incorporating a toe drain without a downstream filter at its 

interface with the embankment fill. The fill was compacted dry of 

optimum. First filling o f the reservoir in August 1984 caused a portion 

o f the downstream slope to collapse. Subsequent investigations 

revealed that the failure had occurred in the closure section. A 

probable mechanism for failure could be that the differential 

settlem ents between the closure section and rest of the dam, caused 

stress transfer resulting in hydraulic fracturing. Saturation collapse 

associated with arching may have been another probable failure 

mechanism. A  chimney drain along with proper filter could have 

prevented failure in this case.

PRECAUTIONARY MEASURES TO PREVENT HYDRAULIC 

FAILURES

It is possible to incorporate som e preventive measures in the dam 

design, to guard against the problems caused due to hydraulic failures. 

Som e important precautionary measures are listed below.

a) If rigid elements are unavoidable, then measures should be 

taken to reduce their stress transferring characteristics, such as 

founding them in rocks or encasing in concrete. Also, if possible, the 

interface direction could be changed to run parallel to dam axis rather 

than transverse.

b) The outside wall and top of intrusions in the core such as 

outlet pipes, inspection galleries, cut-off walls, should be compensated 

for differential settlement with the help of compensation pad, such as a 

layer o f highly plastic clay and their edges rounded off to minimize 

arching.

c) Extension of concrete collars and protruding walls into the 

cores should be avoided or minimized as their use tends to produce 

additional arching effects.

d) The valley walls or abutments could be made rough to avoid 

slippage of core at this contact once the dam starts to settle. The 

potential to increase stress transfer to valley walls in this case can be 

offset by providing a more plastic and wetter core adjacent to the 

abutments. Also, to increase the seepage path, the core could be 

"flared-out" near the abutments.

e) Over-hangs and steep slopes in core-trench and abutments 

should be completely avoided, as these cause more soil arching and 

stress transfer.

f) Concave shapes of the valley and smooth transition of 

abutments with valley floor helps in transferring the normal loads to the 

contacts and therefore should be adopted.

g) To reduce pore pressures and compressibility in high stress 

zones, the clay core should be compacted wet of optimum near the top 

and adjacent to the abutments, while the lower portion be compacted 

dry of optimum.

h) The dam axis may be given a curvature upstream so as to 

induce horizontal compression in the core of the dam due to filling of 

the reservoir. However construction difficulties versus the small 

advantage gained may eliminate this choice.

DEFENSIVE DESIGN FEATURES

In dams it may never be possible to completely eliminate the possibility 

of soil arching and stress transfer, therefore defensive design features 

should be incorporated in dams. These features may include:

i. Providing chimney drain on downstream face of the core with a 

conservative filter design to stop migration of fines, if hydraulic failure 

occurs.

ii. Preferable use o f erosion and dispersion resistant material in the 

core.

iii. Grouting and sealing of joints in the foundation bedrock to 

prevent loss o f core material through the joints.

iv. For higher contact stresses at the interface, the concrete face 

forming abutment o f an embankment should be battered to facilitate 

access o f heavy compaction equipment.

v. Hydraulic fractures and channels created by saturation collapse 

have a tendency to heal with time, slow first filling of the reservoir is 

highly recommended.

vi. Since saturation collapse is initiated in horizontal layers o f less 

compacted or less competent material, rigid construction control is 

imperative.
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