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GENERAL REPORT

EARTH A N D  ROCKFILL DAM S

BARRAGES EN  TERRE ET EN  EN R O C H EM EN T S

RAPPORT GENERAL

S. 0. Wilson, Consulting Engineer 

Seattle, Washington, U.S.A.

INTRODUCTION

The significant developments of the past dec

ade in the design and construction of earth 

and rockfill dams have been presented by this 

General Reporter in the STATE OF THE ART VOL

UME on pp. 137 of the Proceedings of this con 

ference. It was pointed out that changes in 

design practises develop slowly since engi

neers are reluctant to adopt unproven changes 

Further, professional papere generally re

flect design and construction papers which 

antedate by at least 3 to 5 years the publi

cation date.

Authors were invited to present papers to 

Session 3 on the five topics listed below. 

These topics were selected because they rep

resent areas in which there have been recent 

developments of significant interest.

a) Interaction, including load trans

fer and strain, between component 

materials of a dam including the 

foundation ( No papers ).

b) Stability analyses - criteria, side 

restraint, plane strain, meaning of 

factor of safety ( 6 papers ).

c) Performance of dams with special 

problems or of unique design ( 6 - 

papers ).

d) Treatment of pervious foundations 

of great depth ( No papers ).

e) Specifications and control for pro

cessing and placement of materials

( 2 papers ).

Miscellaneous topics - 3 papers 

( Total papers - 17 )

INTERACTION

Many engineers are becoming increasingly con

cerned with the effects of interaction between various 
zones of a dam, and between the dam and the founda

tion. It is disappointing that none of the papers in 
Session 3 were addressed to this question. One 
possible reason for this Is that any realistic discus

sion of this topic must be based on actual field obser
vations, and it is only recently that reliable field 
data are becoming available. These data do Indicate 
that there may be significant transfer of stress across 

interfaces between materials whose compressibility 
and stress-deformation characteristics vary widely.

At Muddy Run Embankment In Pennsylvania, for ex
ample, differential vertical movements of several feet 

developed between the compressible rockfill shells 
of micaceous schist and the Impervious core. On the 

other hand, in the thin vertical core of a high rockfill 

dam it is probable that the settlement of the core will 
be controlled by the settlement of the massive adja
cent rockfllls, and load transfer could be detected 
only by accurate measurement of vertical stress. It 

Is only recently that reliable measurements of vertical 
stress In rockfill dams have been accomplished.

It is hoped that the contributions to the next 
Conference will reflect Increased discussion of this 

particular topic.

STABILITY ANALYSES

The increased use of digital computers has led 

to the development of advanced theories for stability 

analyses which may lead to a better understanding of 
the behaviour of earth and rockfill dams. Anagnosti 

(Vol. 2, pg. 27 5) describes a three-dimensional 
stability analysis in which the potential sliding mass 

Is divided In vertical thin slices and principles of 
limiting equilibrium are applied to each slice. The 
method assumes that on each sliding side of the slice 
one unknown resistive force Is acting at the unknown 

point situated on the center line of the slice side.
Also an unknown intersllce force is acting on each 
Interslice side at an unknown point. The directions 
of these forces are also unknown. The solution of the 

set of equations which are based on six equilibrium 
equations for each slice can be obtained with addi
tional assumptions made as regards the distribution 
of internal forces. The method therefore in.its essence
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is the extension and further development of limit 
equilibrium methods in plane-straln conditions.

Nltchlporovltch and Sinitsyn (Vol. 2, pg. 335) 

describe recent laboratory and theoretical work re
lated to the stability of large earth and rockflll dams. 
Nltchlporovltch describes how the elastic-plastic and 
creep strains in large specimens with a diameter 
greater than one meter were studied under pressures 
up to 60 kg/cm^. From the resulting data, methods 

of strain calculation were proposed and subsequently 

tested by field data. It was ascertained, that the law 
of deformablllty of large-size detritus materials can 
be well described by Theological equations. Differen
tial equations for settlements of elementary layers 

were derived making use of the above-mentioned 
relations ,

The experimental investigations of the large- 

size detritus materials and data of field observations 

of strains and settlements In dams showed that these 
relations may be used for calculating the vertical 

settlements of detritus dam shells. For a dam body 
composed of detritus, it is more expedient to con
sider the problem of stress from the viewpoint of gran
ular medium mechanics. The experiments permitted 
simple seml-empirlcal relations for calculation of the 

vertical stresses caused by the dead weight and the 
hydrostatic pressure of water, to be derived. For sake 

of simplifying the expression of stresses in the longi

tudinal profile of the dam, the problem was solved in 
the term of displacement, with the use of the rectangu

lar net.

The second part of the report prepared by 
Sinitsyn, presents the results of the current research 

and selection of design criteria for aselsmlc struc

tures.

The proposed methods help to determine the 
stability of dams made of local materials with a 
triangular cross-section.

Poorooshasb and Forati (Vol. 2, pg. 349) extend 

the concept of "permeable membrane" introduced by 

Poorooshasfc In connection with the analysis of steady- 
state seepage problems to deal with a transient flow 
situation. The particular example cited, studies the 
mode of drainage and dissipation of the pore water 
pressure in the upstream slope of an earth dam having 
a vertical clay core and subjected to Instantaneous 

drawdown. The analysis utilizes an Integral method 
in which one example assumes the profile of the 

saturation line being expressible in the form of a 
second order polynomial. The theory Is applied to 
the case of an embankment of m = 1:2 and the results 

compared with the experimental observations of 
Newlin and Rossier. The excellent agreement obtained 
indicated that the theory may be used with confidence 

when analysing the stability of the upstream face of 

an earth dam.

Since the performance of earth dams Is largely 

dependent on the transient moisture flow and the 
resulting pore pressure distribution within and under 
the embankment, Richards and Chan (Vol. 2, pg. 355) 

describe the development of a computer program for 
calculating changes in both positive and negative 
pore pressures in earth dams. This method involves 
the solution of the simple two dimensional flow 
equation for isothermlcal liquid phase transfer of 

moisture in saturated and partially saturated soils.

The program has been applied to the clay core of the 
Flagstaff Gully Dam, Tasmania, In which positive 

pore pressure readings have been obtained from

Casagrande type piezometers, since It was refilled 
following a catastrophic piping failure. The agree

ment between predicted and observed positive pore 
pressures measured in the laboratory on samples 
taken from the core was remarkably good. Although 

determinations in the field of in situ permeability 
functions were extremely variable, it was possible 
In this case to obtain a satisfactory permeability 
function by trial and error uslnq the computer program 

Itself. This suggests that the successful application 

of this method in practice will be limited, not by the 
mathematical and physical techniques themselves, but 
by the adequate in situ determination of the flow para
meters of permeability and differential water capacity 

functions and the relevant boundary conditions.

Stefanoff and Zlatarev (Vol. 2, pg. 371) de
scribe a procedure for analysing the stability at 
various stages of construction of a dam on thin soft 
layers. The rate of construction is governed by the 

condition that in no stage of the construction work 
should the shear stress, resulting from the loading, 
attain the shear strength, corresponding to the re
spective degree of consolidation. For different 

construction periods and different stages of the con
struction period the safety factor is determined as a 
quotient of the shear strength at the end of each stage 

to the corresponding shear stress. The minimum period 
of construction for the design safety factor for each 
construction stage Is obtained through interpolation.

The shear strength of the subgrade Is deter

mined in the laboratory in relation to the water content, 

corresponding to the degree of consolidation at the end 
of each stage. The corresponding shear stress in the 
•thin layer Is determined using an approximation formula 

of L. K. Jurgenson. The degree of consolidation at 
the end of each stage is determined after the consoli

dation theory of Terzaghl-Frohlich for a linearly 

Increasing load.

A shortcoming of the method Is the approximate 

determination of the shear stress in the thin layer, 

which makes the method not rigorous. In case of a 

more precisely calculated shear stress In the thin 

layer, the method could be more exact, provided the 
shear strength parameters were well defined.

Romero (Vol. 2, pg. 387) indicates the way in 

which the method of the characteristics can be 

applied to the design of loose fill dams. This method 
Integrates, by finite differences, the static and 
plastic equilibrium equations which define the stress 
field In-a wholly plastlfied soil mass. Beginning at 
one of the contours of the dam's profile, either at the 

crest, or at one of its slopes, the morphology of the 
other slope can be determined with the same safety 
factor at any height. The method can be applied to 
the design of homogeneous dams or to rock fill dams 

with either clay core or with upstream Impermeable 
face.

From the studies carried out to date, it appears 
that in rock fill dams with inclined clay cores or with 
impermeable upstream face, the morphology of the 
downstream slope Is not determined by the thrust of 
the core, or of the water, provided that the difference 

between the water level and the crest and the width 

of the latter are the normal In this type of dam. If 
the upstream slope is very steep, or the core is 
vertical, the downstream slope can be influenced by 
the thrust of the water. When the dam is founded on 
soils of less shear strength than of the slope materials, 
it Is necessary to modify the equal strength profile 
near the foundations. The paper includes the criterion
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followed by the author under such circumstances.

PERFORMANCE OF DAMS WITH SPECIAL PROBLEMS

Careful observation, analysis and reporting 
of the behaviour of dams with special problems or of 

unique design provides an opportunity for many en

gineers to profit from the experience of a few. The
6 papers presented In Session 3 in this category 

Illustrate a wide variety of problems, the successful 
solutions to which are well documented.

Begemam (Vol. 2, pg. 281) reports on an 

earth-reservolr at Cardon, Venezuela for the storage 
of 1 million m^ of fuel oil In the open air. This 
reservoir was to lie partly below and partly above 

the existing ground-level. The oil-tight lining of 
this reservoir Is provided by a water-saturated clay 
layer. According to the existing theories the maxi
mum required pressure to press the oil into a water- 
saturated clay is determined by the maximum capllllary 

rise of the clay on the one hand and the difference in 
surface tensions of the fuel oil and the water on the 
other hand. With laboratory tests It appeared to be 

impossible to reach a pressure with winch a penetra
tion of fuel oil could be provided. Even with the 

help of the tests with a centrifuge by which an oil 
pressure of 12.6 atm. could be reached (during 7 to

10 weeks) no penetration of oil was ascertained 
(approx. 0.1 mm). Physico chemical investigations 
revealed that the fuel oil with which the oil pit was 

to be filled contains unsaturated molecules which 

enter into a covalent bond with the 0 atoms on the 
surface of the clay particles. As a result of this 

strong oleophilic character, this oil, as it penetrates 
the clay, expels the air and water present there and 
In so doing seals the pores, so that further passage 
of oil Is hampered. Some electron microscopic 
photographs reveal this. The reservoir has been 

filled for the fifth time now and has worked satis
factorily .

The Plover Cove main dam in Hong Kong Is 

6800 feet long and has a maximum height of about 
130 feet. Guilford and Chan (Vol. 2, pg. 291) de
scribe some of the problems relating to soil mech
anics. It was built mainly underwater and, to

gether with two subsidiary dams, has sealed off 
from the sea a large 40 ft. deep coastal Inlet. The 

trapped sea water has been pumped out and collection 
of fresh water in the newly formed 37000 mg reser
voir began In 1967.

Laboratory testing was augmented by a com
prehensive programme of field tests, the highlight of 
which was an 80 ft. high fully instrumented test 
mound built mainly of decomposed granite. These 

aspects are discussed In some detail and typical 
properties of in situ seabed mud, foundation (alluvium 
and In situ decomposed rocks) and embankment 

materials are tabulated. Reference is made to the 

effect of sea water on the engineering properties of 
decomposed granite and granodlorlte.

A complete section of the paper is devoted to 
design considerations including choice of dam type 

and cross-section, Influence of the test mound 
experience, control of cracking, selection of soil 
parameters and methods of stability analysis, pro
tection against typhoon waves, treatment of abut
ments (need for grouting and for beach cut-offs) 

closure studies including tidal model tests and 
erodabllity experiments, extent of Instrumentation 

and types of measuring equipment. Design changes

Terzaghl Dam, originally named Mission Dam, 
comprises a 180-foot high earth and rockflll dam, and 
was constructed across the Bridge River in British 
Columbia, Canada, during the period 1957 to 1960.
It was one of the last major projects for which Dr. 

Terzaghl provided consultant services prior to his 
death in 1963, and was subsequently named Terzaghl 
Dam In his honor at the 6th International Conference 

on Soil Mechanics and Foundation Engineering. A 

subsequent to the award of the contract are also 
described. Construction experience is discussed 
with reference to quality control, stability of de
composed rock deposited under water and of rock 

fill during closure and behaviour of the embankment 
as Indicated by the Instruments. Especially em

phasized are unusual problems which arose princi
pally during under-water work.

The Grovehurst Dock Dam, described by 
Melgh and Haws (Vol. 2, pg. 317) is an example of 

a dam built under tidal conditions on a foundation 

consisting of 20 feet or more of soft silty clay.
Initial closure was achieved by end tipping London 
Clay fill to a level just sufficient to avoid over
topping by normal high tides. At this stage the factor 
of safety was unity, the cross-section being deter

mined by the displacement of the alluvium. Vane 

tests in the foundation were made before and at 
various stages during construction, and the variations 
In position of the flll/alluvlum Interface were followed 
by boring. On the basis of these the final profile was 
designed section by section as construction pro

ceeded to give an end-of-construction factor of safety 

of about 1.2 for the condition of reservoir full and low 
water on the seaward side. By means of the vane 

tests it was possible to follow the strength reduc
tions due to remoulding as the alluvium was displaced 

and the subsequent Increase due to thlxotroplc regain 
and later still the effects of consolidation.*

During construction substantial settlement 

took place and extensive cracking developed as was 
expected. However, as the dam was extended to the 

designed profiles the rate of settlement decreased to 
a small value. A recent check on shear strength 
shows continuing gain in strength with time. It is 
estimated that the long-term factor of safety will 

approach 1.5.

In South Africa wire mesh reinforcement was 

used for the first time at Bridle Drift Dam to protect 
rockflll against overtopping during construction, as 

described by Pells (Vol. 2, pg. 345). The pattern 
of reinforcing used differed from that previously used 

in other parts of the world. The mesh used on the 
face consisted of two number 2 gauge wires at 6 Inch 
centres (2x7 mm wires at 150 m m  centres) down the 
slope and number 6 gauge wires at 9 Inch centres 

(5 mm wires at 230 mm centres) across the slope 
(horizontal). Overtopping during construction re
sulted In loose rocks being washed down the rein
forced face cutting the horizontal wires thereby 
causing the loss of a considerable quantity of com
pacted rockflll. To prevent further floods carrying 

loose rock over the downstream edge a different 
technique of placing the rock and the reinforcing 
was adopted. This is described In the paper and 
was successful In preventing further damage during 
subsequent overtopping. The experience at Bridle 

Drift Dam indicated the need to make the surface 
mesh sufficiently robust to resist the action of fall
ing rocks or else ensure that loose rockflll could notbe 

washed off the surface being placed.
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paper by Taylor (Vol. 2, pg. 377) reviews the perfor

mance of Terzaghl Dam during the period 19 60 to 1969.

The site was considered the most economical 

development even though It was founded above a highly 

compressible clay stratum requiring particularly care
ful design and construction. A 50-foot layer of river 
sediments lay above the clay stratum and below it 
was a deep gorge filled with pervious slide debris.

Dr. Terzaghl predicted prior to construction 

that there was a possibility vital parts of the dam may 
fall locally and progressively due to excessive differ
ential settlement of the base of the dam. Roughly 15 
feet of settlement was predicted in areas where the 
underlying clay was thickest. Many devices were 

Installed in the dam to measure settlement, piezo- 
metric levels and seepage. The gorge below the clay 
stratum was sealed with a 5-line grout curtain and the 
layer of river sediments above the clay stratum was 
sealed off by a row of steel sheetpiling. In order to 

utilize local materials to the best possible extent the 

final design embodied a zoned earthflll dam with a 
rockfill downstream section. A 5-foot layer of clay 
was placed over the upstream surface of the stony 
till as a prime water barrier. Approximately 2 acres 

of this clay surface were covered with a plastic 
membrane to prevent water pressure reaching potential 

cracks in the clay blanket resulting from differential 
settlement.

Filling of the reservoir commenced in July 1960 

and reached the spillway crest, 140 feet higher, in 

June 1961. The reservoir was lowered to El. 2015 in 
the Spring of 1962 and measurements were taken on 
all devices to assess the performance of the dam. 

Maximum settlement after 2 1/2 years of service was 
4 feet near the middle of the dam above the sheet- 
plle wall. Sinkholes had developed downstream of 

the piling which investigation showed were caused 
by water flowing past the bottom of the sheetpiling.
Due to lack of available time rectification was limited 
to repair of the clay barrier. The plastic membrane 

was found to be undamaged. New settlement markers 
and three new piezometers were installed. The re

servoir was again lowered in 1963 and inspection 
showed the repaired clay barrier intact and that only
0.4 feet of settlement had occurred since the 1962 
Inspection.

Performance of the instrumentation devices is 

discussed noting that no positive indication was 
given that ruptures to the water barriers had occurred; 
that the original piezometers had not given meaning
ful results as to changes in plezometric level under 
the clay stratum; and that the probe and bubbler 

method to measure water level at piezometers worked 
satisfactorily and provided the most reliable infor
mation of the plezometric level under the dam.

The design, construction and control of the 
earth dam of PINIOS-ILIAS, Greece, is described in 
a paper by Sinnlgner (Vol. 2, pg. 363). The pre

vailing climatic conditions required special place
ment controls for the core material, since it was very 

difficult to either dry or wet the materials during 

placement. Observed settlements in the core are 
about 2 5% larger than anticipated due in part to lateral 
spreading of the embankment.

FOUNDATION TREATMENT - DEEP PERVIOUS
FOUNDATIONS

Although the past decade has seen significant 
advances in the treatment of pervious foundations of 
great depth, not a single contribution to the proceed

ings of Session 3 was submitted. The state-of-the- 
art volume contains brief references to the concrete 

diaphragm cut-off, nearly 3Cn feet deep, which under

lies La Villlta Dam on the Balsas River in Mexico. Al
though the dam is finished, the reservoir has not yet 

been filled completely and thus it is too early for 
publication of performance data.

Other projects involving deep cut-offs, either 
of concrete or of slurry filled trenches, are in final 
stages of construction or were completed too late to 
be described in technical papers. Some of these 

will be discussed by the Panel in Session 3. Hope

fully many of these projects will be presented to the 

next International Conference.

CONTROL FOR PROCESSING AND PLACEMENT
OF MATERIALS

The design of earth and rockfill assumes that 
the materials will be processed and placed under 
carefully controlled conditions. Nuclear radiation 
methods for determining the in-situ density and 
moisture conditions are well known, whereas very 

little attention has been devoted to the possibility 

to apply the new technique to other fields of soil 

and rock mechanics. In connection with the design 
and construction of several earth and rockfill dams, 
the Swedish State Power Board has developed the 

nuclear radiation technique for solving many pro

blems in construction control. The experiences thus 

obtained have resulted in reliable and simple methods 
for determining settlements in earth and rockfill em
bankments and for controlling the effect of grouting 
in soil and rock. These applications of the nuclear 

method are briefly described in a paper by Bernell and 

Scherman (Vol. 2, pg. 285).

A paper by Margarson and Symond (Vol. 2 , 

pg. 307) reports the results of three test embankments 
carried out at Tlckton and Avonmouth in the United 

Kingdom and at Izmir In Turkey to determine the dis
tribution and rate of dissipation of excess pore- 
water pressure generation in the subsoils. For each 

site, details of the embankment cross-sections, sub
soil profiles and location of instruments are given 
together with the relevant properties of the subsoils 

and fill materials. All three embankments were 

founded on soft soils of recent origin and experience 
suggests that these deposits might contain undetected 

drainage features which would allow more rapid dis
sipation of pore-water pressure than Indicated by the 
routine site Investigations. A laboratory method of 
detecting such features is described and an example 
of drainage layers in a sample of soil from Tickton 
is shown.

For the control of construction of these sites, 

the stability was assessed using field measurements 
of pore-water pressures in the subsoils together with 
previously prepared stability charts. Examples are 

given of these charts which relate the percentage 

dissipation of excess pore-water pressure to the 
calculated factors of safety against failure along both 
circular and non-circular surfaces. Detailed results 
of site pore-water pressure measurements are pre

sented and compared with the assumptions used in 

the preparation of the charts for each of the sites.

At critical stages during the construction-, up
dated analyses were carried out using the actual field 
measurements and the results are compared with the 

assessments of stability given by the control charts. 
The validity of the stability assessments is discussed 
in the light of other site observations including de
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tailed measurements of settlement and lateral dis

placement. It Is concluded that the effective stress 
method of analysis, when used In conjunction with 
suitable field measurements, provides a practical and 
economic means of controlling stability during em

bankment construction.

OTHER TOPICS

Three papers were presented on topics not 

specifically Included In the recommended list. They 
were, however, of sufficient Interest to be accepted 

for publication and to be discussed.

Little and Struct (Vol. 2, pg. 301) describe 
geotechnlcal Investigations for embankment dams in 

considerable detail. They emphasize that these in
vestigations should be divided into preliminary, 

design and construction stages, each with a different 
emphasis, and that Investigations cannot be con
sidered as finished until construction is complete.
A number of examples are given of startling discover

ies that were reserved for the construction stage. A 

timely warning that overestimates of the amounts of 
fill materials available from borrow areas are fre
quently made.

Model tests for slope stability, earth pressure, 

settlement of foundations, etc. are usually carried 

out under much smaller stresses than those occurring 

in the prototype. An Interesting countermeasure for 
this difficulty as described by Mlkasa, Takada and 
Yamada (Vol. 2, pg. 325) is to place the small scale 

model in a centrifugal force field so as to simulate 
stress conditions in the prototype. A large centri

fugal accelerating apparatus was developed by the 
authors and used for the slope stability experiment.

The model container (50 cm x 30 cm x 10 cm) can be 
put in a centrifugal acceleration field of 200 g, and 
can be Inclined through 16.7 degrees during rotation, 
the water level being variable at will.

About 60 model dams and model slopes were 
tested, together with triaxlal tests, direct tests, 

compaction tests and sieve analysis, for the five 
different materials.

Main conclusions obtained from the centrifugal 
model test are:

1) Rock materials pulverized into 1/200 
size showed behavior of a perfect d~ 

material in submerged state, in spite of 

the fact that they had a certain cohesion 
intercept in shear test.

2) The type of failure was mainly surface 
slide, though in non-submerged state 
some materials showed collapse failure.

3) The safety factor of the model slope well 
coincides with the conventional calcula

tion, provided the d - value from triaxlal 

test is multiplied by 1.05, and the co
hesion intercept is neglected.

The results obtained from the model test do not 

always give the direct answer to the stability problem 

of the prototype dam. For this ultimate purpose, 

further Investigations are needed about the mechanical 

properties of the prototype rockfill material, with the 
consideration of similarity for the granular materials.

The cost of obtaining large-size stones for 
closing tidal Inlets or for diversion can be excessive. 

Zwol and Van der Sluls (Vol. 2, pg. 397) describe the 
successful use of manufactured soil-cement stones 

for this purpose In the Netherlands where natural stone 
must be imported. The locally available sand was 
first stockpiled from a suction dredge. The sand 
and cement are mixed, according to the "mix in place" 

method with a so-called deep-mlxer, to a layer of 0.40 
m after compaction. Compaction was achieved with 
a pneumatic-tyred roller. As soon as the material 
had a sufficient degree of compaction, It was cut 

into blocks of the desired dimensions. This was done 
with knives mounted on the tool-bar of a bulldozer. 
Then the material was compacted again. After the 

soil-cement stone is sufficiently hardened, it can 

be broken up with a shovel; the blocks come off at 
the cut joints. It is then carried to the worklng- 

slte by barge and used as required.


