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CHAPTER I

IWTRODUCTION



The particular purpose of this study was to invest-
igate the functions of soil in earth dams and the various
means used to attain these functions., It is further hoped to
present at the end of tals paper, suegestions, which might
guide later students towards particular lines of study.

The subject of earth dams is perhaps one of the most
hazy in the minds of students, And the average citizen of
the United States would hardly have a thought that soil
could be used as a building material other than in the form
of aggregates,

Additional publicity will not harm anything and will
perhavs save the citizen some money in the form of taxes,

There are two terms, consolidation and compaction,
which are used in construction wark and which are often
confused, ‘'hey should be defined at this time to eliminate
possible future confusion, Consolidation refers to the
gradual increase in density of the soil due to static loads,
generally its own weight or the action of water. Compaction
refers to the increase in density of soil due to roving

loads such as rolling, tamping, etc,



CHAPTER IT

A BRIEF HISTORY AND REVIEW
OF EARTH DA FLATURES



A dan has been defined as a barrier to contain or
keep back a body of water. During the days of early history,
mankind had no access to engineering literature; but, never-
theless, he was pushed into making various types of crude
structures to protect himself from the ravages of the
swirling water., 'The earliest recorded notes concerning the
restraint of the flow of water come from the Nile Valley,
tne EZuphrates and Tigris river region, and parts of India,
By this early date these areas were either already showing
signs of being parched or had too rmuch water in the wrong
places from floods. It was the logical conclusion that
artificial means must be resorted to if the people concerned
were to stay on their paternal lands.

In India, the lower ends of natural depressions in
the ground were walled off with earth and water was
collected behind the walls to be used as necded, These
undertakings were in the nature of cormunity or area enter-
prises, Such bodies of water and their immounding walls are
now called tanks in many lands, includincg the United States,
The Veranum Tank in India has a water area of thirty five
square miles restrained by a dam of silt-clay soil twelve

miles long. This tank has existed for unnumbered centuries.l

How did these structures to store water come into

being? Early writings show that man was dbuilding low

1 John C, Page, "Dams,"™ Encyclopedia Americana, VIII, p.433.




embankrients of loose earth, verhaps using a few rocks and
timbers that could be carried to the site on his back. His
nethods included carrying dirt to the site in baskets and,
at a later stage, tamping the dirt with his feet to compact
it, thus slowing down seepace and reducing settlement.
Possibly even wooden or stone tampers were used, These last
two items definitely showed up in construction a few
centuries later. After these lowly bveginnines came the
basketwork dam of moderate height, fifteen to thirty feet,
and now the great giants of today.

Single purpose dams have in most cases given way to
multi-purpose projects which call for larger and larger
amounts of stored water for power, recreation, flood
control, etc. The ever exvanding industries of today demand
more and more power which 1is most effectively used in the
form of electricity., iiore power deriands in turn more feet
head of water stored at the damnm,

The reasons that earth was used in ancient times were
controlled by econonics and environment. The dirt was close
at hand, at the most only a basket-haul distant. All that
was generally needed was a little loosening. Ancient man was
no stranger to the uses and presence of dirt as he not only
lived on it, but beside it on his skin, and under it in the
form of a cave or a hut., Also, at the beginning, there were
no tools available with which to use other materials,

The reasons just stated still hold with the exception



of the last. The study of soil mechanics has resulted in
the advance of many theories as to why the earth reacts in
certain situations and has enabled us to use earth to a much
greater advantage than was ever thought possible., In the
last fifteen years, earth moving machinery has advanced in
great strides to the point where earth can be moved ten, and
more, cubic yards at a time and at a speed of thirty miles
an hour} But the fact still renains that earth dams are se-
lected because the necessary fill is available nearby and
can be utilized more econonicly than the expensive process
of hauling in cement and reinforcing steel. Then too, "llo
type of structure that man builds to confine water can
¢ompare in permeanence with earth dams."z

This paper is concerned with the relatively larsge
dams used for flood control purposes, power, and irrigation.
Low embankments and levees will not be discussed although
many of the things stated here will apply to them as well.,
In the past the public has seen news items about

levees during flood times, and when an earth dam was brought
to their attention it was consldered merely a matter of sand
bags and piles of earth, This misconcention resulted in
several failures in early earth dams. ''hese dams were not
designed by cualified engineers and competent supervisory

personnel were not placed in charcse of the work. This

2 Burr Bassell, Earth Dams, p. 6.




problem has been partially solved in the last few years, but
the education of both the public and the engineering pro-
fession must continue until the place of the earth dam is
understood by all,

Besides the points already sugzested for the selection
of an earth dam, there is one feature which lends its use
very well to the landscane engineer or the conservation
officer, in situations where looks are one of the guiding
factors. This feature is the ease with which the earth dam
can be blended in with its surroundings., If the country is
primarily rocky, both slones of the earth dam can be covered
with rock riprap. If the country is predominantly grassy or
viooded, the downstream slope can he comvletely sodded and
the upstream slope sodded down to the predicted high water
level, with the rock riprap below that covered by the water.,
‘Whereas, the concrete dam will always stand out with its
characteristic color and in many cases, a downstream face

which is very badly stained,



CHAPTER III

DESIGN A¥D CONSTRUCTION



Present dams are often a unit of a large overall
program, examples of which are the Tennessee Valley
Authority and the lriissouri Basin Project, But whether for a
large organization or for a small private power comnany,
once it has been decided that a dam is needed in a certain
area, the procedure then followed is essentially the same.

The first phase of the project is a series of pre-

liminary studies, often called paper reconnaissance, The

best maps of the area are procured, usually from the united
States Geological Survey or from the united States Coast
and Geodetic Survey. from these meps an outline of the
catchment area is prepared, This outline is the basis for
the gathering of all information regarding rainfall, floods,
and other data which would influence the characteristics of
the flow of water In this particular area., If the rainfall
and rate of flow inform%tion cannot be obtained from
relliable sources, this is the time to establish rainfall
gaging stations and flow stations throughout the catchment
area, A few months to several years may elapse between these
preliminary studies and the final design of the complete dam
structure; and any accurate information obtained during this
interval will be welcomed by the designing engineers,

The reservoir basin is selected with land economy and
water storage the controlling factors. Land economy is not a
dominate factor in the western states but it has appeared in

the Tennessee Valley Authority and the riissouri Basin Project.
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in the eastern part of the country, land values &are high and
the area to be inundated must be carefully celculated. All
land not a part of tne public domain must be purchased from
the private ovmers, sometimes at a very high cost, even
without consideration of the legal exnense involved,

In addition, the total wrater surface to be exnosed to
the air must be considered, In some parts of the country, an
evaporation rate of ten to twenty inches of water a year can
be expected with no detrimental effects. Swinecing toward the
other extreme in the Southwest, an evanoration rate of
eighty to one hundred inches a year is not uncomrion. In this
area water is more of a concern to the people than tne cold
war novw raging in other perts of the world. i loss of this
proportion can be enough to reduce the water tehind the dan
to a point where the cormittments cannot be met,

A consideration of the preceeding information will
narrow the possible dam sites to a rinimum, Aerial photo-
craphs can be used very effectively at this point to clear
up any questions which micht arise concernirg any particular
point,

17ith the larger tyves of dams, the exnense is not the
greatest factor in influencing the final decision as to the
final site. The amount of weter that rmust be stored to
prevent disastrous floods or to provide a sufficient emount
for irrigation are »nrimery, then the other factors will

follow alonge.



At this point preliminary, on the s»ot, investi-
gations will be initiated., These consist of the preparation
of topogravhical maps of secondary order of the possible dam
sites, random borings, and test pits in likely areas; and
then, back in the office, tests of materials as found at the
various sites., tinally foush estinates of the cost of the
various types of dams at each location are figured to aild in
the final decision.

The selection of the site can be influenced by the
results of the borings and test pits; dbut these two items
will have more effect on the shape and size of the dam, The
decision to employ an earth dam can be influenced by many
things other than have already been mentioned. The borings
might show that bed rock lies one hundred fifty to two
hundred feet beneath the layer of river fill. This would
require an enormous amount of excavation and concrete to
construct a safe masonry dam. Yet an earth dam can be built
wnich will have a good safety factor.,

This can be done by spreading the base of the earth
£ill out until the resultant soll pressure has been reduced
to the point where settlement is of minor immortance, In the
spreading out vprocess, the earth dam is exnosed to another
danger, that of erosion from heavy rains. One way to reduce
the erosive action of the rains is to establish berms on the

slopes of the dam as shown in fig. 1,

11
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Dam Profile /ith Berms

- o
T - - e -
- — - —

Original Ground Line

Figure 1.

The berms are pitched towerds the center of the dam
to collect the rainwater and conduct it by means of ditches
to a masonry gutter which leads the water safely to the
bottom of the slope., As can be seen, the berms are used to
spread the base of the dam without flattening the sloves,

If a diversion cliannel is to be dug, a large amount
of earth must be moved, The most economical method would be
to use it right in the dam., There are always exceptions to
the rule. The Anderson Ranch Dam has a svpillway channel
constructed in solid rock. Of course, if the bedrock is
overlain by only a counle feet of topsoil, the selection of
an earth dam is de»endent on the finding of good berrow »nits
at a reasonable hauling distance. In this case the cost of
hauling cement, ageregate, and steel reinforcenent from the
railhead must be balanced against the cost of hauling the
£ill dirt from the distant barrow pits.

With the site selected, a detailed tovogranhic map,

based on the prelinminary map, will be built up with



additional field work. This map, or copies, will be keot up
to date as the construction progresses, showing the true
picture of the area,

Svstematic borings and test pits will be made at the
dam site, the diversion channel site, and at the pronosed
barrow pits. The results obtained will influence the design
and the methods of construction. A coordinated system of
borings is more likely to reveal faults and slippace planes,
Thesé planes will be hard to find in the foundation, The
extent of the possible fill material upstream from the dam
can be obtained from the borincs. It is a good thing to
deepen the channel for a ways upstream from the dam as this
will provide a place for the silt to settle out, It will be
dependent upon whether or not excavation in front of the dam
will weaken the foundation.

All of the preceeding information is now correlated
and vlaced in the hands of the designers. Detailed nlans
are made for each part of the structure, including the dam
itself, the spillway, intake, forebay, outlet, powerhouse,
access roads, bridges, tem»orary or permanent? and other
details peculiar to each dem., irom these plans the engineers
prepare the engineer's estimate, This estimate is used to
compare with the blds entered on the construction of the
dam and also to form a basis for the financial maneuvering
which must now begin if not already in progress. In many

cases the original apnropriations will not be large enough

13
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and more money niust be drocured,

With the letting of contracts, the construction
starts. Access roads, bridges, and living quarters are
started initially. As soon as the working force can be built
up, the preliminary operations are started at the dam site,
One of the first problems is to move the river out of its
course so that the foundation area nay be prevared, This can
be done by means of a diversion channel, a tunnel, or by
cofferdams, The method of construction of an earth dam is
such that the use of cofferdams is limited, with the excevnt-
ion in the case of a cofferdam thrown across the breadth of
the river upstream of the main dam to divert the water fronm
the construction area. Then during construction, the coffer-
dam can be made a part of the dam at the upstream toe.

The damsite 1s cleared of all vegetation and, if the
inundated area is not too large, it would pay to remove the
trees and large brush in the reservoir basin. A benefit from
this activity would be the use of the lumber and timbers
that could be sawvn at the site. The clearing operations
would lessen the possibility of stoppage of the intake or
damage to the turbines by driftwood.

Depending upon the design, the foundation area may
have all soil stripped down to bedrock, or trenches may be

sunk down to the rock or to the desired depth for the

erection of cutoff walls, figure 2 shows some details of a

foundation trench with the construction of a cutoff wall in



 DOWNSVILLE DAM

Figure 2,
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progress. In the distance can be seen wingiwalls on the sides
of the embanments. These are actually cutoff walls extend-
ing as shown to prevent percolation throush the ends of the
dam. AS can be seen in the firure, the cutoff walls are con-
crete with steel sheet piling as forms. Soretimes the cutoff
walls are made of steel sheet piling only.

Another form of cutoff wall is the clay »nuddle., The
term pudille does not necescarily mean mixing a gooey mass
of clay and water. One tyve of clay nuddle consists of a
nixture of clay, sand, and cravel mixed with water to a
stiff consistency and then tawped into place. fhis will form
a watertipght nembrane., The function of a cutoff wall sunk
either to bedrock or to a predetermined depth below the dnm,
is to reduce secenage throush the foundation and to lowver the
line of szturation.

Very careful »nreparations ere mede to assure a bond
betiwreen the first layver of earth fill and the foundotion. In
the ccse of bedrocx, comressed alr is used to clean the
rock; and, at this point, the plons misht call for grouting
all cracks and crevices in the rock. This 17ill depend unon
the condition of the bedrock. The concrete cutoff walls are
usuelly extended a fewr fect into the main body of the dam or
alnost to the top to aid in keeninn seepare dovm and to
provide stability.

With earth covered foundation, the ton layer of soil

is scarified so that the first layer of fill will be able to

16
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mix with it.

1f the soillwey is a »art of the dam, its construct-
ion should be accelerated so that the concrete walls will
always be higher than the fill surrounding them during
comnaction., This will enable swmecial snall rollers and hrand
tampers to comnact the soil right up to thre wall, Hand
tarping with hand onerated vibratory hamers is an exnensive
nrocess, 1o cut trhe hand vrork to a ninimun, a small sheens-
foot roller has been cdeveloned iiich hos no frame on the
outside excent Tor the hiteh to the »rinme mover, This
enables the roller to be moved richt u» next to the vall,

The £ill for the immervinus section can be roved into
place by carryall, truck, converyor, or combinations of these,
The movenment of carryalls and trucks should be routed care-
fully on the fill to prevent too much travel in one section.
The large rubber tires of the vehicles tend to form a crust
on the f£ill with little commaction underneath the surface,
ttany specifications call for the crusted section of the fill
to be disked or broken in some way imediately before the
succeeding layver is laid to assure maxirnum bond, A mois-
tening oneration might also be carried out before the new
layer is laid. The layers should be sloned away from the
center of the dam to shed rain water readily. A well
comyacted surface slovned in the correct manner will shed a
night's rain and be ready to receive more fill by the

beginning of the next day's operations.



Acain to assure bond and stcbility between sections,
the seml-impervious and pervious sections are car-ied un
along with the center core. The semi-imoervious sections
usually consist of i1oistened rock screenings and the
nervious sections are of rock,

The dam is comnleted by larineg rinrap on the unstrean
slovne for wave and ice orotection and either sodding or
laying riorap on the dovmstream slove,

The operction of the dam consista of maintcining the
prover flow of water through the outlets and s»illweys =nd
taking all measures to prevent the water from overtopping
the dam as this has been disastrous in all cases, '"he
construction is such that larse masses of water noving over
the top will erode masses of fill away and collanse others.,

tiaintenance consists of keeping the outer surfaces of
the dam in renair and a schedule of inspections to assure
the continued safety of the dam, One of the things to look
for is seenace from the dovmstream toe or molst arecs on the
dovmstream face., This is an indication of undesired hish

percolation and must be taken cere of,

18



CHAPTIR IV

LABORATORY IITVISTIGATIONS OF SOIL



As stated earlier, soil nechanics has playved an
important »art in the construction of earth dams in the past
few years, The latest findings have enabled us to build the
dams bigger and higher and in locations where, at the turn
of the century, an englneer would have been called crazy to
even consider the possibility of constructing a dam there,
An example is the Garrison Dam on the pissouri River. A rock
formation was found at a considerable distance below the
surface under deposits of well consolideted silt and clay.
This material is subject to much deformation under heavy
loads, but the dam was desisned as an earth dam and allow-
ances made for two-way settlement. 'oday even the textbooks
on soil mechanics adnit that their subject is not an exact
science, but enousgh information can be obtained from the
application of soil mechanics to heln us meesureably in the
design of earth dams,

./hen the soil samples are procured from the site

investigations, four najor laboratory tests are verformed

upon the samples: compressibility, shear, permeability, and
optimum moisture content. Several other tests are nerformed
to identify the various soil types encountered. They are:
void ratio, svecific gravity, svecific weisht, porosity,
water content, degree of saturation, effective size, and the
Atterberg limits. The four major tests mentioned first, how=-
ever, are the ones that actively arTect the desisn of a dan

by making possible a prediction of the behavior of the soil.
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PART I
COLPRESSIBILITY

The first test, comﬁressibility, can be defined as
the measure of the volume change produced by an increase of
pressure acting on the soil. ''he volume change can be
accomplished by a decrease in the volume of the voids, or by
a reduction of the contained water through squeezing the
water out of the soil., The soil itself is not being comp-
ressed but rather is shifting and deforming under the
pressure to meet the changed conditlions. The water must flow
'through the soil to escape, thus compressibility 1s contin-
gent upon the permeability of the soil.,

Pressure can be applied to the soil in three
dimensions, but the science of soil mechanics is limited at
the present to one dimension, Consolidation was defined at
the beginring in order to definitely limit the word in its
meaning. The reason for this is apparent when one looks

through several soil mechanics books. Taylor in Fundamentals

of Soil Mechanics says "This one-dimensional compression

involving a slow escape of water, gradual compression, and a
gradual pressure adjustment is called consolidation,"® Here
compression and consolidation are linked together., In other
writings compressibn and compaction are used interchangeably
with no distinction made between the two, 1t would be best

to use compression as defined first in sonnection with soils

3. D.We Taylor, rundamentals of Soll llechanics, p. <l2
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to eliminate confusion,

There are several different types of equinment which
have been designed to deterniine a coefficient of compress-
ibility. they can be divided into two groups. 1t is necesary
in all cases to duplicate the noisture content and density
which will be found in the field. In the first group are the
tests in which a sampnle of soil is placed into a cylinder
and then confined at each end in such a manner that only
water can escape, Pressure is applied and the deflection of
the moving end recorded. ''he information is plotted on a
load deflection diagram end a coefficient determined for
the particular pressure to which the soil 3rill be subjected,
The coefficient is defined a&s the volume chance per unit
volume divided by the pressure. CJ;?; » In which A 1is the
measured deflection in inches, d is the thickness of sample
in inches, and n is the applied pressure in pounds ner square
inch, A steel cylinder is used with one movable end. “Whis
method keeps two dimensions constant and allows oﬁly one to
change.,

In the second groun are the unconfined compressinn
tests., .\n examnple of which are the tests performed during
the site investiration for the San Jacinto Dam near Houston,
I'exas, These tests are performed in the field irrmediately
after the sampnles are removed from the core samnpler. “he
speed used is to cut dovm evaporation losses which would
affect the test if not retarded. ''he same princinles apoly

as in the first groun except the samnle is not riesidly con-
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talned. As long as standard conditions sre maintained, a
load-deflection diasran nay be dravm un and the desired
information e:xtracted.

“he equivnnent needed is a simple bench with a nulley
arrancenent for amnlying the load and a rneans of reading
deflections. A samnle of sandy or rravel soil would offer
no resistancc on this machine and have little or no values,
'‘he advantares of this method is its simplicity and lirht
weight of the testing frare meking it ideal for field vork,

'he effect of commression on tvo different tinmes of
soil illustrates the renasons rhy the commression tec” is a
part of the standard testing o»rocedure., “hen a lond 1is
apnlied to a samnle of sand, 95% of the ultimnte deflection
occurs within one ninute of the ep-rlication, On the other
hand, a sermle of clay will take consid rabvle tire to reach
the ultinrte deflection; there ~vill »rodably te an apnrec=-
i-ble amount of deflection betireen thirty minutez of

epnlication and one dny of application.4

4, Tbid., D. 215-9,
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In addition to the vertical ferces producing
conprescion in the foundation, there will be horizontal
forces acting on thie dam tending to slide the danm or
portions of the dam dovmstream, These horizontal forces
produce a condition or a result called shear, "his shear can
be accorplished in two vmrs, In one, part of the mass
renains stationary and the rest of the mass noves relative
to the first. In the other, one pnart of the mass rioves in a
direction oppnosite to the direction of movement of the other
portion., This movement tends to take place along a vlane or
a series of closely rclated »lanes,

in general, vertical shear »nlanes are curved due to
the internal friction of the soil. This internal friction is
thought to be one of the elements of the resistance to shear
along with the surface tension of the cavrillary water con-
tained within the soil. This is illustrated by the fact that
a dry soll has less snearing resistance than when it is wet.
Sand which usually is considered as having no shearing
resistance, will develop a small shear resistance vhen
rnoistened. Chear is a phenomenon such that when it occurs,
failure has taken place or is immwending.

The possible rupture or shear plane nay be in one of
three locations, rirst in the dam itself., This is generally

manifested in the form of a lateral movement of a nortion
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of the dam. Lt 1is possible to vroduce this condition in all
soils by increasing the heirht and slo»e of the earth fill,
Flattened slones 2re a means to stabilize the fill in an
earth dam. This location will reocuire tests of the fill
material after it has been coracted to determine the
resistance to shear which has been develoned throurh
compaction,

Secondly, shear may occur betireen the base of the dam
and the foundation. This would be very difficult to test,
The safest way is to be ~uided by the experience of others,
and do every thing possible to assure the maxirmum bond at
this juncture,

Thirdly, the failure may occur within the foundation,
/hen the foundation consists of rock, a series of well
chosen samples should be taken to deternmine the condition of
the rock in the foundation. The presence of snall or larre
fault lines will have an effect on the cesign of the dom. A
study of the angles of inclination of the fault lines will
give the experienced observer a clue as to the vnossible
points of shear., Good design is the best corrective measure,

A foundation material of soil also has to be 1ell
sampled. Shear tests conducted on the samples can lead to
predictions as to future slides and also to possible
corrective measures which might be taken, such as wooden or
steel pile walls, or excavation of the offending nmaterial,
The latter might be done in the case of a layer of fat clay

which lies a short distance below the surface of the oricinsl
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soil. This condition is niore than likely to result in a
slide of a portion of the dam due to shear taking place
within the layer of low sheer resisting clay,

The determination of sheer resistance is as approx-
imate as the other tests used in the study of soil

mechanics. Taylor in Fundamentals of Soil Mechanicss, lists

seventeen dirTerent factors affecting shear strength. They
are of such diverse nature that the ergineer in the field
can only set up a shear testing procedure and then make sure
the testing standards are kept the same at all times.
Included in these stand-rds should be one which requires
that the structure of the samnles to be tested should be the
same, This will require undisturbed samnles or samples
compacted to the same density. Another invortant item is the
fact that confined wvater will carry part of the apvnlied load,
Thus, the water content must remain the same for each samnle
during the test, in order for comparable results to be
obtained.

Tnere are two shear tests which are perhaps more
adapted for use in the field than other more complicated
ones. In one the samnle is an undisturbed core which is
tested in the same cylinder that originally received the
soil. In this way disturbance of the soil structure is
reduced to a minimum, The cylinder is esnecially made for

this test, It consists of two cylinders about three inches

5. Ibido’ po 364"5.
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long separated by a short cylinder seven eichts of an inch
long. The three inch cylinders are clamped in a jig and a
deformetion dial is nounted to bear on the top of the short
cylinder, At the bottom of the short cylinder is attached a
loading tray. After the setuop is complete, the dial is
zeroed and increments of loads are added until failure. Each
increment is left on the tray for a period of ten ninutes,®

The information gained is plotted on a granh es shownm
in fisure 3, and a value is obtained for the ultimate
shearing resistance in pounds ver square inch. This test is
for cohesive clay soils only and would not give satisfactory
results when used with sand., o attemnt is mede to keep the
contained noisture constant other than using the samnle
immediately after the paraffin is removed. In this test the
clay soils retain the water while the more granular soils
would let the water escape.,

‘'he second shear test 1is sinilar to the first excent
that tlhiere is single shear and a compressive load can be
applied at the same time the shearing force is avnlied, The

application of the applied forces is as shovm:

Compressien
| Seil | > Sheer
M2 _cpear Line

Shear _o

lemamde o -

6. William S, Housel, Applied Soil rlechanics, p. 61-6.
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This test is representative of the forces that will bve
applied to the foundation and fill naterial , and perhans
is more used in connection with earth dams than the first
test. /ith the comnhression load constant for each run, the
plotting of the results could be accomplished in the sane
manner as in the first test. Several runs could be taken
varying the coriwressive load in each run.

The distinctive feature of this tect is that
disturbed samples may be used, Ilach sampnle may be commacted
to the desired density using the proper moisture content.
Provisions can be made for the escape of the water throuch-
out the test, denmending upon what is desired of the test,
The test can be used to examine samples of sand. Too rmuch
value should not be attached to the test in this case. Sand
has very little cohesion and therefore little shear
strength, 'nis is one reason why earth daoms are not seneraly
built on a foundation of sand. ‘‘here are exce-tions, but if
a strata of sand is encountered in the foundation, a careful
study should be made. Perhaps it can be left there or
possibly removed. It is a point of weakness and will affect

the design.



PART ITI
PUTUABILITY
The third major test is measuring the ecse with which

water travels throuch the voids in the soil. This »nroverty
is called permeability, and, in the case of earth doms, is
one of the most imnortant tests to be nade, both for the
foundation and the dam itself. The purhose of the danm
deterrniines the amount of seena~e that is to be allovwed

throush the dam. A wvaterticht dam could be used for
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irrigation or vower where the vrater is costly and must not be

wasted. Vhereas, a flood control dam is used to lower the
flood crcst and seepare is not too imdortant as long as the
dam is not endensered, All earth dams are saturated to sone
extent, but if the water finds a path by which it can move
throush the dam and come out on the downstream face of the
dan with any velocity at all, trouble will start and, unless
preventative measures are taken, a failure will occur. In
some cacses the water moves throush the foundation with
enouch velocity to carry small particles of soil along with
it. The Tlow path is enlarzed and »iping results. This will
show up at the dovmstream toe in the form of sand boils. The
usual cure for this is the dumping of rock at the point of
boiling until no further movement is detected,

A rmachine used to deternine the permeability of
samples of soil is called a permecameter. These machines are

divided into two grouns, the constant head and the variable
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head desinmns,

The constant head nermcareter is one constructed so
that the hezd or viater »recsure is lept constant at both the
point of influx and efflux, It requires a nore elavorate
setup to perform the test than the variable head permeameter

and is not too suitable for tests of imnervious soils as it
7

0]

takes such a long time to commnlete the test.

The variable head permcameter in its simplest form
has a graduated glass pive fixed in position over the
apvaratus containine the sample to be tested. A valve is
turned and a record is kept of the time required for a
certain amount of viater to pass throuch the sarmle by the
action of rravity only. This test can be simply set un for
use in the field and will give accurate results,

Because of the stratification of soils, samples should
be taken both vertically and horizontally as the seepace will
take both paths to pass obstacles. The horigzontal sarmles
are the ones which will interest us the most; but in some
cases, a layer o soil will run vertically for a disteance
and then run horizontally. If this hapnens, the tests are
run on the samples of each tyne to mive an idea of *hat to

expect., Test pits are of sreat help here,

7. Fred L. Plumer, etc., Soil Mechanics & Foundations,
P. 89.
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Items affectins permeablility are: rrain size,
properties of the liquid, The void ratio, the soil
structure, anount of eas present, and the te-merature.B
For earth dams the licuid will alweys be water end the
proverties will not be changing. The amount of gas nresent
would not be too hard to deterriine in the field, but
keeping the amount constant during a series of tests would be
rather difficult in this situation.

The other items, grain size, void ratio, soil
structure, and temperature are of major concern and a
reasonably accurate acccunt must be kept of then,
especially the termerature. The others are controlled during
the compaction prior to the test if disturbed samvles are
used, Accuracy of the highest desree n:zed not be strived for
as it is common knowledze that widely varying coefficients
of permeability will be obtained in the same soil from
sarples teken just a few feet avpart,

It is best to use undisturbed samples for the tests
but, if they are not available, disturbed samples may be
effectively uscd as will have to be done in the case of the
compacted fill. The method used is to compnact the samnles to
varying densities to represent the possible combinations,
obtain the permeability coeflicients, and plot them on a
graph to the void retios. The resulting curve will orovide

information as to what to expect.

8¢ Do We Taylor, Fundamentals of Soil lechanics, p. 111-2
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Darcy's Law, k = Ait , can be rearranged so that the
quanity of flow through aqsoil may be predicted., k, as the
coefficlent of vermeability, can be expressed in feet ver
minute, with A as the area in square feet, i as the
hydraulic gradient, and t the time in seconds? The
difference in head between irflux and efflux can be desig-
nated H and the length of travel of the water as L.

" Then i = H . The Darcy formula furnishes very reliable
results, if the value of the hydraulic gradient i is small?lo

The knowledse of permeabllity can be used to construct
a flow net for a dam. A flow net consists of a cross section
of a dam and foundation, both upstream and downstream from
the dam. ‘The net consists of flow lines and lines revre-
senting equal pressure heads through and under the dam,

The flow lines are alviays pervendicular to the ecual
pressure lines., A lot of exverience is needed to construct

a reasonably accurate flow net; but, when once accomplished,
the information gained can be used to great advantage in the
design of a dam.

The upoer boundary line of flow is called the line
of saturation and renresents the nost criticel flow line to

be obtained.

9¢ Dimitri P. Krynine, Soil lMechanics, p. 52-3.

10. 1bid., p. 53.



If this line of saturation comes out of the dar1 above the
dovmstream toe, danger is eninent, as exnlained earlier,

and safety measures nmust be taken. Dense blankets of earth
on upstream slope and floor, dense core walls, cutoff walls,
interior drains, toe drains, and toe blankets are all
measures to keep the line of saturation below the dovmstrean

toe,
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PART IV
OPTILII! 1ICISTIRE COImiilT
As areas for excavation are deternined, the soil
therein is tested to determine its suitability for use in

the dam., 1f suitable, it is stockpiled for future use, In
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most cases it will be necessary to find borrow pits in order

to obtain enouch fill. “he test for optirum moisture content

will be run on the »prospective f£ill material to detcrmine
sorie of the compaction characteristics of the soil mixtures.
''"he procedure was originally intended to dunlicate the
desree of comnaction possible to be obtained with standard
rolling equipment under field conditions. 'Whe present
rolling equipment is now constructed so that the oressure
per square inch obtainable can be changed at will., .isain,
experience is the best teacher in performing the test and
deternining the specifications for tne field comvpaction,

The test stems fromn the relation that there is one
viater content at which maxinmum density is reached by a
particular desree of cormpaction., The first step of the test
is to take a disturbed sample, nulverize it throuchly, and
then dry it.

The equinmment is a standard cylinder of tiwvo narts
and a tarmer which is sometires used with a suide., The
cylinder is assembled and filled one tiird full with the
dried earth. lt is then tamned, using a certain number of
prescribed blows. Vo riore layers are corpacted in the same

manner, after which the top vart of tre cylinder is removed,
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'he excess soil is struick off and tke c¢rlinder is veicrhod

to find the net bulk weisht of the soil, from vhich tre

[oN]

ensity is comuted., A siell semnle is trhen removed for

s follnwed

Fe

deternining the vnter content, ''mis »nrocedure
until the density of the comracted soil besins to decresse,
After the first wei-hing and the sarmle Is taken, wnter is
added to the c0il sample by increnents of a specified per-
centa~e of the bulls dry reisht, '‘'his water rmust be throu~hly
rnixed into the sampnle tefore the next coweaction is berun,
As with the other tests cdescribed, there ere many
riables »nresent. The mrver of blows per larer or the

-

reicht of harrier Tall can be clhanced and a ¢

e

fferent ontirmun
sture content will be obteained. The t:7oe of suHort for

the cylinder during tenping will have an effact on the
results. The llational P~rk Service prescribes a sand box
support to dunlicate the conditions in the field 1l

The weight per cubic foot of the sanple obtained
with each commaction in the test is converted to commacted
dry weight pner cubic foot. The dry vweicht densities are
used so thot all tests can be referred to a standerd.

The informietion is then nlotted on a srenh vwith the
unit weisht vlotted asainst their respective moisture per-
centagces. The graph will show two curves, one for the unit

dry weicrhts and one for the unit vet weishts,

11. ilational Xesources Committee, Low Dams, p. 298
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The high points on the curves will renresent the
optimum moisture content. It has been established in the
field that it is best to stay one or two percentare noints
on the dry side of the ontirum moisture content for best
results during construction. Some clays when too wet and
comnnacted tend to form small shear wnlanes, If these are
distributed throuchout a whole layer of fill, a dancerous
condition exists arnd will probably cause a failure, /ith
a dryer soil, it is easier and takes less time to add veter
than it does to dry the soll in case it is too wet. For this
reason many borrovw vits have to be abandoned because ther
cannot be drained pronerly. This possibility should be con-
sidered when investipgations of the borrow nits are
proceeding. Sometimes an adeguate drainace system will
salvoge the »it and save exnensive hauling of the fill, or
it may be possible to loosen the fill dirt and let it lay
for a few days to dry out before using it,

The Anderson Ranch Dam used a belt feeder to move
the £ill from the borrow »it to the site, The fill in nost
cases had the proper moisture content, but at times it was
too dry. It was then neceszary to spray water onto the fill
at the discharse end of the converor system. An inexnensive
method comnpared to that used at other sites., The impervious
material consisted of a sandy clay, of which 955 nassed a
one quarter inch screen and 33 passed a two hundred mesh.
The density obtained under standerd commaction was 119

pounds percubic foot with an ovtirum mnoisture content of 12,5
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The pervious material used was an alluvial sand and cravel.
Not so much care was taken with this material, and the
material from slides was also used in the pervious zones,
It was compacted by sluicing with no effort made to control
the amount of moisture present.12

Up to now no corment has been made as to the cost and
size of the laboratory unit. This can vary from an outfit
costing a couple hundred dollars to a setup costing twenty
or thirty thousand dollars, The size will in almost all
cases vary in proportion with the size of the project.
tinirum equipment will include an accurate balance, seives,
containers, tools, and some special small equipment for the
classification of soils, In addition there will be the

special items of equipment already mentioned.,

12, D. S. Walter, "Reclamation's Biggest Earthfill Dam,"
Engineering News-Record, V. 139, 18 Sept 1947, p. 396-402,
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PART I
ROLLED FILL

There are, at present, two methods of consolidating
or compacting the earth fill during the construction of
earth dams,., They are the rolled fill method and the
hydraulic fill method. In addition, there are coribinations
and variations of these two methods, but none are used
extensively and will not be discussed here.,

Thirty and forty years ago, the hydraulic fill method
was much used. 1his was because in most cases the fill
could be moved cheaply and faster by water, and the consoli-
dation was nore complete than was possible with the smooth
rollers and other ecuipment used et that time. The
inventions and innovations introduced in the design of the
earth moving equipment and in the comvpaction ecuipvment has
reduced the advantage of the hydraulic fill to the vpoint
where the rolled fill method is used almost entirely on
small dams and to a greater extent on the large dams,

The rolled fill method can be more effectively and
easily controlled by the laboratory. "hereas, the hydraulic
£ill method always has the possibility that fingers of
pervious material will be extended throuch the core during
the sluicing operations, The limits of the hydraulicked
dense core cannot be as well defined as in the rolled fill

rnethod.
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The first step in the construction of an earth dam by
the rolled fill method is to determine the dry weight den-
sity which is considered desirable for the dense core of the
dam., The weight which is to be above a pnoint in the fill
should be considered in the determination of the dry weight
density. Thus, the desired dry weight density would vary
from a heavier weicht at the bottom to a. lighter weicht at
the top of the dense core as the fill progresses upwards,
'The nrocedure for the determination of the dry weisht
density has already been discussed. This density will be the
goal towards which all the comvaction. operations vwill be
aimed.,

As mentioned earlier, the foundation should be care-
fully cleaned before the Tirst layer of fill is s»read. All
loose and weatiiered rock, trees and bushes, and roots are
removed, The fill dirt is brought to the site by trucks,
carryalls, or by conveyor belts, The trucks and carryalls
can partially spreed the dirt as they unload. The conveyor
belt will need some sort of sunvlenentary transhortation in
order to rove the fill dirt over tihe whole length of the
site, A large capnacity rubver tired wagon called the
ississipnl Dump ‘iagon or Euclid Bottom Dump ‘agon is used,
This vehicle can move very larce loads over short and nedium
distances., Iige~4 shows the carryall or scraver in operation.

¥ig., 5 is a view of a bottom dump wagon.



Part of R. A. Heintz's “Caterpillar” Zoned Equipment fleet, building highway
near Moscow, Idaho. In the background a D8 pulls a “Caterpillar” No. 80
Scraper on a medium-length haul. The scraper in the foreground is being push-
loaded by a D8. In a moment the “Caterpillar” Diesel DW10 Tractor will
roll off with it to a distant fill.

Serapers

Figure 4.
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Bottom Dump Wagon

Figure 5.



The f£ill is usually s»read to a depth of ten to
twelve inches and is then comvacted to a denth of six to
eight inches. Dozers and road graders are uscd to snread
the fill before compaction, The first layer of fill is very
carefully comnpacted. t'his is a necescity eas oné of the nost
probable routes for seenace through the dam is at the
juncture between the foundation and the fill, This is
esnwecially true for a rock foundation. An earth foundation
can be plowed up or disked before the fill is s»Hread to
assure a bond,

Succeeding layers are snread and commacted in the
sane rnanner as the first layer., ILf the vehicle traffic over
the fill tends to form a surface crust, it may be necescary
to disk these areas before the next layer is s»read, a~ain
to obtain a bond. One means of avoiding this narticular
trouble is to route the traffic over the surface of the fill
in such a nanner as to nininize the traffic over anr one
section.,

Another »Hoint for possible failure in the dnm is at
the line betvreen the concrete structures and the fill. One
atterpt to avoid this trouble is to construct concrete wing
walls extending out into the fill from the main body of
concrete to act in the same nanner as cutoff walls, Eut no
matter what is put up in the line of concrete viork, the fill

should be carefully compnacted in these areas,
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One means of sneeding un this operation has been to have on

S

hand a few sheep's-foot rollers which a:"e srmaller versions
of the larcer types used on the main £ill. These miniatures
are constructed so that there is no fremnework on the outside
of the roller except the hitch to the nrime mover, /ith the
use of these nidgets, 1t is poscible to cormact the dirt by
roller within a very few inches of the concrete, The final
few inches left are finished off with the aid of pneuwmatic
air tarmners onerated by hand. ‘™Me snecial cuts dovm the
anount of tine needed by the hand tampers, thus cuttinm

dovm on some of the costs, Another way to assure a tight fit
betwveen the concrete wall and the £ill is to build a slisht
batter in the wall, so that as the fill is compacted, it is
wedgsed outward from the wall, thus eliminatine any tendency
for the wall and the fill to sewnarate,

The sheep!s-foot roller nentionecd above 1s one of the
reasons for the increased vopularity of earth dams. Figure 6
shows a view of a sheen's-foot roller in action, The roller
consists of a circular drun on which is attached a number of
projections which appear similar to small legs with a slisht
elongation on the front edge which look like sneall feet. As
the roller is turned, the feet and then the lecs move down
through the loose soil to compact a small nortion of the
soil at the bottom of the loose layer. The »rojections are so
arranzed that they will not enter the same sv»ot previously

touched by the roller ahead,



This International TD-18 Diesel Cr.
and matched 10-yard scraper is improv
2-mile stretch of farm-to-market road f
owner—Wayne County, Nebraska, Cc
Highway Commission. The TD-18 is di
ditches, sloping banks and leveling roa«

Sheep's-foot Roller

Figure 6.
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Also the arrangement is such that only one row of
feet are in comvlete contact with the fill at any one time,
This assures maximun load ner foot. These rollers act in the
same menner as the hooves of animals, whence the nare, In
fact, before the advent of modern nachinery, bands of horses
and herds of sheep were driven over new fill in order to
achieve cormmaction at some dam sites. The only imnrovernent
has been the mechanization to gain more control over the
operation., Further refinements are accomplished by removing
projections, adding them, or by adding sand or vater to the
interior of the drums, in order to increase or decrease the
pressure per square inch out at the ends of the fect,

The other earth noving ecuipment used on the jobs are
power shovels, bulldozers, road graders, draslines, and
mechanical loaders. These machines are the sarne as used in
other types of construction and will not be discussed here,

As the various operations on the fill are carried out,
it is necessary to maintain constant check on the effective=-
ness of the compaction. This is done by taking sarnles from
the compacted portions of the embankment and performing the
test for the dry weight density.

The procedure followed is to use a cylindrical
sampler which can be forced into the earth and then with-
dravm with the sarple inside, To obtain the exact volume
of the sarple, sand is vlaced into the hole from a

previously measured quanity.
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The amount of sand used to fill the hole to the original
level can be used to comoute the volume of the samnle, krom
this point on, the test is identical with those mentioned
earlier.

1f the density has varied from that desired, it may
be necessary to add or reduce the anmount of water in the
£ill, or to increase or decrease the compaction produced by
the equipnent. The moisture content should be carefully
controlled by the laboratory, using a value slightly lower
than the o»timum moisture content. To vary the coraction
mechanically, it will be necessary to either vary the number
of passes of the comnacting equipment, or to vary the
pressures obtainable from them. Too great a variation would
be cause for plowing or disking and recomnection,

There is a danger from over-comnaction that should be
recognized; this is especially true with impervious material
high in clay content. Over comnaction will compnress the clay
to the point where shear »lanes will be formed, and, if this
condition prevails all through a layer of fill, there will
be a danger of slides as the embankment is carried higher.
The laboratory should be on the watch for this condition,
and if found to exist, it should be taken care of before
any more material is denosited on the fill, The bad layer
can be plowed up and thorouchly pulverized before being
compacted asain, If the moisture content is at feult, the
material will have to be spread out for drying before it

can be used again.,



Once the embaniment has been built unp away from the
foundation, it will be found desirable to slone the ton of
the £ill awey from the center of the dam. he comnacted
earth will shed water very readily, and, if given the slope
of two or three percent, a very heavy and sustained rain can
be drained off so that construction can »nrocecd vrithin a
very short time after its cessation. If the to» had been
sloned towards the middle, the water wwould have collected
there and in a short time, traffic would have made an
impassable quasiiire at the center,

The preceeding material has concerned the impervious
portion of the earth dan. On each side of the imvervious
core will be vnlaced a semi-irmmervious section and then a
pervious section. ''heir purnose being to contain the
impervious core and to protect it from outside dangers,

The latter two sections are free draining. The pervious
section will consist of sraded rock and the semi-irmmervious
section will usually be of the rock screenings plus other
craded nmaterial if needed,

Because of the ~orous nature of these fill materials,
their cormaction is more simmle. 1t matters little if the
senl-impervious f£ill is nlaced too wet, so it is usvally
thoroughly sprayed with water before comraction., The rock
£ill can be dumped in place fron trucks and then smoothed

up to grode vwith a dracline,



ST IT
HYDRAULIC TFILL

The nydraulic f£ill method of constructing earth dams
v
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is still uscd et tines and nrobably never will be commletelyw

abandoned. 1ts distinctive nethod of »lacing~ £111 =111
alwaeys be the riost cconomical at sorme locatlons, fictually
there 1is a method of fill called the seni-2'raulic method;

corharicon with the turo

[N
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but this methnd 1is very crude

not be used if at =211

(o]

rcthods analyzed here and shnul
mosnible to use a vetter nethod, It concists of dumnin~ the
£ill dirt into the pool of vnter froa truclis or shovels,
with no attenmnt nade to =ennrate the fines Trom tre corrcer
materials. It is true that sone ennsolidation will teke
place, tut no conarcte dense core will be built up and
nercolation will not be hindered. This metihind could bhe used
on the constriction of a ¢1all vinter tank on a form, but it
should not be used on anything lar-er.

e rost eflficient use of the hrdraulic £ill method
will teke nlace then a r£ond sunply of water is on hend, and
vhen the borrow »it is located at on elevation hicher then
that of the dan site. The £ill will be loosened hydraulicly
at the pit b& neans of a streen of ater from a oressure
nozzle, A view of this oneration is showmn in Tisure 7, The
mud is collected in a nool and is sluiced dovm throuch nives

to the dam site,



| BETTER PRODUCT
_ LOWER COST

Veteran G-E Motors Drive the P

Hydraulic Sluicing |

One 14,000,000-yard sand dune will be |
nozzle to make way for the constructior
rate activated sludge plant. This unique |
depends for its pumping power on six g
tion motors built back in 1934 for cons |
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nected for a different voltage to go back
six days a week.
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drive. Apparatus Dept., General Electric C

Hydraulie Sluicing Operation

Figure 7.
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Before actual cluicing onerations begin, it will be
necessary to build hoth upnstrean and dovmstrcanm banks or
dikes of the fill dirt to contain the stilling pool., This
initial oneration is similar to that described in the rolled
£ill method, including the care taken to szcure a bond with
the foundation.

A pipé line will be laid on the inner side of each of
these banks near the top. These pipes will have o»enings in
the sides at intervals viich can be onened and closed, The
flow of the hydraulicked material can be directed to any
point desired vwitih the use of these gates.

As the fill laden water leaves the pipe, it flows
over a beach for a short distance and enters the stilling
pool, where it tends to move towerds the center of the vool,
The instant the water leaves the nine, its velocity is
retarded, until at the center of the nool, there is no move-
ment. AS a result of the falling velocity, the larcer
particles tend to settle out first in the areca next to the
pipes and the finer materials are carried towards the center
of the pool. These finer materials will be in susnension in
the pool in the middle of the depression. As these materials
settle out, a very dense mass will be formed,

The limits of the dense core will be determined by
the actual area covered by the still water. This is a very
difficult operation to control and all dams with a

hydraulic core tend to be indefinite in regards to the
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dividing line between the immervious core and the seni-
impervious layer next to the core. Shoddy construction
nethods can easily lead to trouble because of this fact,

As the stilling pool ncars the top of the outside
shells, the tops of the shells are built up and the sluicing
pipes are raised to the new elevation, This nrocedure is
repeated until the desired elevation is reached for the core.
The dem is usually tooned off by the rolled fill method.

As has been explained, a very dense core can be
obtained. The necessary itens needed to make a hydraulic
£ill dam one of the best is plenty of competent sunervision
and inspection. The progress of the stilling pool must be
watched carefully, and if it is found that the water is
carrying too many fines that won't settle out, a remedy
should be found at once, A change in borrow pits might be
necessary. Usually some of the still water in the niddle of
the pool is »nunped out at intervals to prevent a semi-liquid
core being formed due to the vparticles which won't settle
out.

If the water and borrow nit cannot be found at the
desired elevations, other neans can be used to fill hydrau-
licly. The fill can be sluiced out and purped up to the
dam site, The fill can be trucked, shoveled, or run on a
conveyor belt to a sluice box, from which it can also be
pumped to the site, This method is liable to have a

bottleneck develop at the sluice box,



‘What hapoens is that the water currents in the box do not
cover the whole area of the box interior; consequently some
of the material settles out and in time forms a serles of
baffle plates within the box, slowing down the currents
some more, The remedy is to test models of sluice boxes
until an eflicient shape is found, and then to make sure,
arrange for several nozzles to be ettached to the box, If
any dead arees then develop, water under hich pressure is
introduced to prevent settling.

The £ill material must be of the right sizes, Because
of the method of placing used in the hydrauliec fill dem, the
£i11 dirt must be of non-uniform sizes so that there will be
the larger particles to form the beaches on which the finer
materials can be wasned dowvn to the center, Too rmuch of the
larze sizes will leave a porous core; and too much of the

smaller sizes will lead to an unstable dam section,
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FATILURES
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There is one rmethod of learaing that is successful
where others fail, That is the method of learninrg from the
observation and study of the mistekes and failures of
others. This is a means of gaining exnerience second hand;
but this method can be very successfully used when a study
of earth dams is being made.

Today's dans are more nassive than yesterday's; as a
consequence, they receive much more public attention when a
failure occurs. 1Then too, an earth dam does not seem as safe
to the layman as the concrete dam. It can be proved on paper
that one is as safe as the other, and through careful design
and construction, they can be nade that way.

A few earth dam failures will be presented on the
following nages. /in effort was made to confine these
examples to ones in which the fill was the cause or indirect
cause of the failure, lhany earth dams have failed beceuse of
faulty design, inadequate s»nillways, drain pines not collared
right, and other items of design. ilo analysis will be mnade

of these last.



T FOoT PLCIH DAL
The rort Peck Dam on the lissouri River is an examnle
of a hydraulic fill dam which had a partisl failure during
construction, Its finished heisht is two hundred forty two
fect, the lensth of the main dam is ten thousond six hund-
red fect, and the volume is 124, 000, 000 cubic yards,

"On 22 Sentember 1938, when the hydraulic f£ill
was vwithin twenty feot of tbe too of the dam, a slide
occured in the unstream nortion of the dam near the
risht abutment.

The total lensth of time consumed in the slide
was about ten ninutes, Anoroximately 5,000,000 cubie
vards, or less than 55 of the materlal in the dam
movcd. here were aboxt 180 men in the slide area et
the time it sterted and eicsht of them lost their
lives.

Then portions of the u»rstr=am shell nearest
the pool besan to slide into the sinking core nool.
In a lesser decree, similar creacks and sliding and
slummins were taking nlace on the unstream vportion
of the dovmstrean beach. Sinmultaneously with these
develonments, the nain mess of the unstream shell,
alwost intsect, wes moving out into the r\uervnir in
a swinem %-Mél*r to that of a ~ate hinred at the rl”ht
abutment,

Irmediate investimotions were ordered on the nmatter

of the slide end elso in view of continuing with the con-
ruction of the dan,. liimy drill holes were telten and sone

test holes were dug.

llany oninions have been advanced as to the ceuse of
this slide., The investigeting boord decided that a2 formation
of shale in the foundation was the irmedicte crouce, This
shale had a low shesr resistance, the elffect of vhich has

been discus:sed previously,

13, 2nsineer Corvps, U.o. arlly, nenort ol the siide of a
Portion of the Upstream Face of Fort ‘eci Dan, July Z9,p. 4
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Cnce the siell berins to fail, the li¢uified n»ortion
of the core wvould erert a larre hydrostatic Hdressure a2t the
point of failure and vould tend to increase the fzilure,
This exemnle illustrates the ever nresent dancer during the
construction of a hydraulic f£ill dan,

The presence of this shale had been discovered during
the site invecstirctions., 1The desirn of the dem wwas su-posed
to be such that this weakness had been covered., Curiously
enoush, one of the recorrmendotions of the board wes thet the
unstrearnn slope be flattened to a 1:8 slope or flatter.
Thirty foot berms -rere constructed in some places. The
original plans called for an unstrecn slope twrice as steep
as the dovmstrean slone.

One possible conclusion is thet the low shear did
not show un in the labcratory tects and that a larsze enouch

factor of safety was not provided.,

o8
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THE ALSILOTDIER DALT

The failure of the Alexander Dan on the Island of
Kauail in the llawaiian groupn, 26 llarch 1920, is an excellant
exariple in the hydraulic fill grouv. “xtensive tests of the
£ill naterial were made before construction started., An
overabundance of fines 'qas noticed and stens viere taken to
reduce the dangcer from it. “hey included the ad’ition of
chenicals at certain stames of construction to aid in the
settlement of the fines,

"After the accident it was lezrned that men at
work on the dam had noticed a cessation of drainace
throuzh the bank in the vicinity of the initial
break at least ten days before failure., Up to this
time, the drainage had apneared free and well
distributed,."14
The failure consisted of a break in the dovmstrean

shell, through which practically all the core pool moved
dovmstream, washing away rmch of the shell,

The core of a hydraulic fill dam consolidates as the
particles settle out and the water either drains out through
the benks or is nunped out. In this case drainare in a
certain area was retarded for some unknovm reason. A licuid
pocket was built up within the shell, and, when sufficient

pressure was developed, broke out. The core pool moved into

this void and on out carrying the dowvmstream banks with it}s

14, Joel B. Cox, "Hydraulic~Fill Dam of Fine Volcanic Ash
Fails Disastrously," Incineering riews-Record, 22 lay 1930,
Pe 8710

15. Ibido’ p. 869-710
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Two v»oints should be stresscd here. The workers had
not been well enourh informed as to cause and effect. A good
information »nrogram to acquaint the workers with all phases
of the project will pay dividends, Secondly, the insnections
of the completed »ortions of the dam were not comnlete and
thoroush.

This dam was completed a few months later success-
fully. is the dam was built up, drainage systems were
installed in the shell, to forestall the forming of liquid
pockets.,

An interesting note is that rolled fill dams
generally fail after construction, whereas a hydraulic fill
dam usually fails during construction. The latter is due to
the high liquid opressure within the two constricting dikes

forming the outer portions of the dan,
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The Clendening Dam

The Clendening earth dam on the fuskincoum River in
Ohio was approxinately completed in 1937 when a partial
failure of the dam took place. The visual results of the
failure consisted of a sagsing of the top at one point of
about five feet and a bulging of the unstream face at the
same point of about five fect. The toe line of both the
unstream and downstream faces showed no signs of movement,

An investication showed the following facts. The
foundation had a top layer of forty feet consisting of a
fat clay aend silt. The bedrock was one hundred feet below
the surface, The borrow nit material was found to be the
same material as the to» layer of the foundation. The
moisture content was above averarce in both the pits and the
dam, The dry density of the dan was found to te ninety six
pounds per cubic foot, a low value,

The semi-impervious shell on the outside of the core
was a random fill, a large part of which wes shale, This was
supposed to be broken dowvn by the rollers to form a dense
mass. This was not done, and the saturated shale becamne

very slippery and formed slickenslids, a name for slinvnage

planes. This unstable riass was no help in conteining the
core,

The fact that the moisture was too high was realized
at the time of construction, but mo other material was

available except at exorbitant hauling distances. lothing
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was done to change the design of the dam because of this
undesirable feature.

As a result of the investigations, as additional rock
£ill was added to the upstream face extending from within
seventeen feet of the top dowm past the toe for a consider-
able distance. The new rock fill was about fifteen feet
thick horizontally. This additional weight was sufficient to

stop the novernient and to stabilize the upstream vnart of the

An interesting result of the analysis of the test
holes which were dug was that the fat clay in the foundetion
of the dam had very little effect on the failure, 1t was
found that there was Jjust the exrected amount of ssttlement
in the foundation. ‘'his is a proof of the statement made
earlier that earth dams can be built on other than rock

formation successfully.

16, Creager, Justin,and Hinds, In~ineering For Dams,
p ° 772-5 'Y
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The Horse Creek Dam

The Horse Creek Dam near Denver, Colorado is an
examnle of the construction metnods sometimes used in the
early part of this century and of how not to build an earth
dam. “he one correct thing done, according to present day
standards, was theat substantial concrete collars were built
in both the upstream and dowvmstream portions of the dam
around an outlet pipe laid throusgh the bottom of the dan,

A description of the construction follows:

" The material was denosited in layers as thick
as four feet, ..cecee o AS the layers were three to
four feet thick, the Iresnos could hardly have been
used very nwuch for pulling dovm and levelineg up the
earth as it was dumped from the warons,

'he bottom two feet of the dam are said to
have been placed moist. The remainder of the material
was very dry, and there was no effort made to moisten
it to aid in compacting., Aside from the packing
effect of teams and wacons, no effort at comraction
was nade., ...the structure settled seven fe~t the
first season and 34,000 cubic yards of additional
naterial had to be placed on the top to bring it to
grade again.,

The dan was not provided with a puddled core
or core vall of any kind, denendence apharecntly bein
placed on the concrete lining on the uvstream face," 7

Prelininary investigotions shored that tne bedrock
camne very close to the surfece at intervals., Lt was proved
later that the initial brealk occured at a »noint there the
bedrock was within four Teet of the surface., 1t was decided
that this shallow rock forced the line of saturation un

above the toe of the dam,

17, Joel D, Justin, Eorth Dam Projects, p. 27=9,
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‘'his meant that the exnoced earth wons sctar-ted, piving
started, and, &s can be ceen from the above dercrintion,
there vvos nothing to retard the builduan of the flow thr-u~h
the dem and foilure reszlticd,

Jdecuate commaction and a core vrall nicht have
corbined to bring the line of eoturction dovm to a sefe
point, There are innuerable va's to shiave th:e enre; o~ond all
t:pes of cut-oif wells, dia~hrosis, and vervious blenlzets
cre vszsd to reduce »nercolation to the point vhere no herm
can be done. “he irvervious blanizets ere constricted in the
sayie manner as the deance core cicent they are vsually not

over six feet tihick.



Delhi Dam

The failure of a snall rolled fill dam a2t Delhi,
f.ichigan, 8 Jpril 1926, illucstrotes the results of poor com-
naction, insufficient slone to the unstrean frce, and insuf-
ficient snillway canacity. The dam was just cormleted nrior
to the conins of winter. rlood conditions from a thawr the
followring espring brousht the vater to within one foot cf the
top of the dam.

The only comnaction effort had been the pnassage of
tractors over the fill. This resulted in a very incomnlete
conpaction. The rising water in the reservoir soaked the
outer surrface of the dem and froze. This formed a crust., As
the fill within consolidated, it moved away from the crust
creating voids. "he unanticipated height of viater was suf-
ficient to break the crust at swots. The vater rushed in and
soon nmacde a path throuch the entire dum, carrying larrse
portions of the £ill with it.

It wvas later recormended that the snillway be incre-
ased, and the unstrean face protected by selected stone to

take care of the 1:2 slope.18

18. IZnginecering liews-Record, V. 96, pe. 942,
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The requirenents of zn earth dam are thorourh
investigotion, sate design, careful construction, and
vigilant maintenance. These items have been illustrated in
the preceeding vages,

‘'nere was not enouch time available to examine each
section of this study and present the details as regards to
soil, As stated in the introduction, the use of soil in
earth dams vas to be scrutinized in all its aswnects, which
has been done in a general nature,.

The study of soil seems to lead one into blind paths,
yet when the soil is used carefully and intellicently,
structures can be built which will te lasting. “he constantly
chancing characteristics of soil riust never be forgotten as
one rnoves from one spot to another,

I''urther study is needed in all prhases of ecrth dens,
"he laboratory test would be an esnhecially fruitful subject,
rarticularly the determination of tlie optimum moisture
content. Thi& test could be set up by using the same sample
and the same range of moisture contents, The variable would
be the number of blows of the tampver. The object would be
to determine the effect of increase or decrease of the com-
paction effort,

A further study could be nmade to correlate the number
of blows of the tamper to the pressure obtainable from the

roller,
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The earth sample could be varied with the other
factors ikept constant. An indicetion would then be found in
regards the effect of the same comnaction on different tines
of soil,

The construction process of both the reolled £ill and
the nydraulic fill can be analyzed more thoroushly in an
effort to uncover any inefficiercies or new methods not yet

used.
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