
























































































































































DIFFERENT TYPLES OF EARTH DAMS. 45

ent amounts of settlement, as bad a form of construction as could
be devised.

Core walls may prevent “free passage of water” and “excessive
seepage,” but are nevertheless of doubtful expediency.

Earthwork Slips and Drainage.

Mr. John Newman, in his admirable treatise on “Earthwork Slips
and Subsidences upon Public Works,” classifies and enumerates
slips as follows:

Natural causes, 7.
Artificial causes, 3I.
Additional causes due to impounded water, 7.

After describing each cause he presents 39 different means used
to prevent such slips and describes methods of making repairs.

Mr. Wm. L. Strange has had such a large and valuable experi-
euce and has set forth so carefully and lucidly both the principles
and practice of earth dam construction, that the writer takes pleas-
ure in again quoting him on the subject of drainage, of which he is
an ardent advocate. He says that,
thorough drainage of the base of a dam is a matter of vital necessity, for
notwithstanding all precautions, some water will certainly pass through the
puddle.

It is at the junction of the dam with the.ground that the maxi-
mum amount of leakage may be expected. The percolating water
should be gotten out as quickly as possible. The whole method of
dealing with slips may be summed up in one word—drainage.

The proper presentation of these two phases of our subject would
in itself require a volume. The interested reader is therefore re-
ferred to the different authorities and writers cited in Appendix II.

Jerome ‘Park Reservoir Embankments.

The Jerome Park reservoir is an artificial basin involving the ex-
cavation and removal of large quantities of soil, and the erection of
long embankments with masonry core walls, partly founded on
rock and partly on sand. The plan and specifications call for an
embankment 20 ft. wide on top, with both slopes 2 on 1, and pro-
vide for lining the inner slope with brick or stone laid in concrete,
and for covering the bottom with concrete laid on good earth com-
pacted by rolling.
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DIFFERENT TYPES OF EAKRTH DAMS. 47

Wherever bed rock was not considered too deep below the sur-
face the core walls were built upon it. In other places the founda-
tion was placed 8 to 10 ft. below the bottom of the reservoir and
rested upon the sand.

It appears that the plans of the Jerome Park embankment were
changed from their original design, prior to the report of the board
of experts, on account of two alleged defects, namely, “cracks in
the core wall” and “foundation of quicksand,” and incidentally on
account of the supposed instability of the inner bank.

In describing the materials on which these embankments rest
the experts remarked
that all these fine sands are unstable when mechanically agitated in an ex-
cess of water, and that they all settle in a firm and compact mass under the
water when the agitation ceases. That they are quite unlike the true quick-
sands whose particles are of impalpable fineness and which are “quick” or
unstable under water.

Fig. 20 is a graphic exhibit of the results of tests made at “Sta-
tion 76 + 20,” and at “Station 99,” to determine the flow line of
water in the sand strata underlying the embankment and bottom of
the Jerome Park reservoir.

The experts reported that there was no possible danger of slid-
ing or sloughing of the bank ; that the utmost that could be expect-
ed would be the percolation of a small amount of water through the
embankment and the earth; and that this would be carried off by
the sewers in the adjacent avenues; that a large expenditure to
prevent such seepage would not be warranted nor advisable.

In concluding their report, however, they recommended chang-
ing the inner slope of 2 on 1 to 2% on 1, and doubling the thickness
of the concrete lining at the foot of the slope to preclude all
possibility of the sliding or the slipping of the inner bank in case of
the water being lowered rapidly in the reservoir.

Mr. W. R. Hill, then chief engineer of the Croton Aqueduct
Commission, favored extending the core walls to solid rock. He
took exception to the manner of obtaining samples of sand by
means of pipe and force-jet of water, claiming that only the coarsest
sand was obtained for examination. He did not consider
fine sand through which three men could run a $-in. rod 19 and 20
ft. to rock without use of a hammer, very stable material upon
which to build a wall.
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North Dike of the Wachusett Reservoir, Bostem.

The North Dike of the Wachusett Reservoir is another large pub-
lic work in progress at the present time. It is of somewhat unusual
design and the preliminary investigations and experiments which
led to its adoption are interesting in the extreme.*

The area to be explored in determining the best location for the
dike was great, and the preliminary investigations conducted by
means of wash drill borings, very extensive. A total of 1,131 bor-
ings were made to an average depth of 83 ft., the maximum depth
being 286 ft. The materials were classified largely by the appear-
ance of the samples, though chemical and filtration tests were also
made. The plane of the ground water was from 35 to 5o ft. below
the surface, and the action of the water-jet indicated in a measure
the degree of permeability of the strata.

In addition to these tests experimental dikes of different mater-
ials, and deposited in different ways, were made in a wooden tank
6 ft. wide, 8 {t. high and 60 ft. long. The stability of soils when in
contact with water was experimented with, as shown in Fig. 21, in
the following manner:

An embankment (Fig. 21) was constructed in the tank of the ma-
terial to be experimented with, 2 {t. wide on top, 6 ft. high, with
slopes 2 on 1, and water admitted on both sides to a depth of 5 ft.
The top was covered with 4-in. planks 2 ft. long and pressure ap-
plied by means of two jack screws resting upon a cross beam on
top of the planks.

With a pressure of three tons per square foot, the 4-in.planks
were forced down into the embankment a little more than 6 ins.,
resulting in a very slight bulging of the slopes a little below the
water level. Immediately under the planks the soil became hard
and compact. A man’s weight pushed a sharp steel rod, $-in. in
diameter, only 6 to 8 ins. into the embankment where the pressure
was applied, while outside of this area the rod was easily pushed to
the bottom of the tank.

These results corroborate in a general way the practical experi-
ence of the author, both in compressed embankments, where he
" found it necessary to use a pick vigorously to loosen the material
of which they were composed, and in embankments made by mere-

*This work is very fully described in the Annual Reports of the Metropolitan Water
Board of Boston: and by Mr. F. P. Stearns, Chief Engineer of the Metropolitan Water

and Sewerage Board, in the Proceedings of the American Society of Civil Engineers
for April, 1902, The latter description was reprinted, wlt.h the omission of some of

the ﬂlustra.tlons in Engineering News for May, 8, 1
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ly dumping the material from a track, in which case the earth is so
slightly compressed that an excavation is easily made with a shovel.

The difference in the coefficient of friction of the same material
“.when dry and when wet greatly modifies the form of slope. The
harder and looser the particles, the straighter will be the slope line
_in excavation and slips. The greater the cohesion of the earth, the
‘more curved will be the slope, assuming a parabolic curve near the
top—the true form of equilibrium.

RATE OF FILTRATION.—The rate of filtration through dif-
ferent soils was experimented with by forming a dike in the tank
previously mentioned, as shown in Fig. 22.

- The dike was made full 8 ft. high, 7 ft. wide on top, with a slope
‘on the up-stream side of 2 on 1, and on the down-stream side 4
on 1. This gave a base width of 55 ft. Immediately over the top
- of the dike there was placed 3 ft. of soil to slightly consolidate the
.. top of the bank and permit the filling of the tank to the top without
.~ overflowing the dike. The water pressure in different parts of the
‘. cike was determined by placing horizontal pipes through the soil
- cross-wise of the tank. These pipes were perforated and covered
with wire gauze, being connected to vertical glass tubes at their
ends. The end of the slope on the down-stream side terminated
in a box having perforated sides and filled with gravel, thus en-
abling the water to percolate and filter out of the bank without car-
rying the soil with it.

When the soil was shoveled loosely into the tank, without con-
- solidation of any kind, it settled on becoming saturated and became
" quite compact. It took five days for the water to appear in the
sixth gage pipe near the lower end of the tank. After the pressure,
which was maintained constant, had been on for several weeks,
the seepage amounted to one gallon in 22 minutes. When the soil
was deposited by shoveling into the water, the seepage amounted
to one gallon in 34 minutes.

The relative filtering capacities of soils and sands were thought
" to be better determined by the use of galvanized iron cylinders of
known areas.

Fig. 23 shows one of the cylinders. These latter experiments
confirmed those previously made at Lawrence, by Mr. Allen Hazen,
‘for the Massachusetts State Board of Health. They showed that
the loss of head was directly proportioned to the quantity of water
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fiitered and that the quantity filtered will vary as the square of the
diameter of the effective size of the grains of the filtering material.*

The material classed as “permeable” at the North Dike of the
Wachusett Reservoir has an effective diameter of about 0.20 mm.
A few results are given in the following table:

Amount of Filtration in Gallons per Day, Through an Area of 10,000 Sq. Ft.,
With a Loss of Head or Slope of 1 ft. in 10 ft.

Material. Unit ratios. U. S. gallons.
(1) Soil iviiiiiiiii s e 1 510
(2) Veryfinesand ..............coovunnn 14 7,200
(3) Fine sand ................oiiiiiin 176 90,000
(4) Medium sand .............. ........ 784 400,000
(5) Coarse sand ............ccooveininnn. 4,353 2,200,000

To be sure that the accumulation of air in the small interstices
of the soil was not the cause of the greatly reduced filtration through
it, another series of experiments was conducted in the wooden tank,
as shown in Fig. 24.

A pair of screens was placed near each end of the tank, filled
with porous material, sand and. gravel, and the 50-ft. space between
filled with soil. The soil was rammed in 3-in. layers, and special
care taken to prevent water from following along the sides and
bottom of the tank. One end was filled with water to near the top,
while the other end gave a free outlet. '

After this experiment had been continued for more than a month,
the amount of seepage averaged 1.7 gallons per 24 hours, or about
32 drops per minute.

Filtration tests were also made through soil under 150 ft. head,
or 5 lbs. per sq. in., with results not materially different, it is stated,
from those already given. The soil used in all these tests con-
tained from 4 to 8% by weight of organic matter. This was burned
and similar tests made with the incinerated soil, resulting in an in-
crease of about 20% more seepage water.

PERMANENCE OF SOILS.—This last material experimented
with suggests the subject of permanence of soils. This was report-
ed upon separately and independently by Mr. Allen Hazen and
Prof. W. O. Crosby. These experts agreed in their conclusion,
stating

that the process of oxidation below the line of saturation would be ex-
tremely slow, requiring many thousands of years for the complete removal

*By effective size of sand grains is meant such size of grain that 109 by weight ol
the particles are smaller, and 90% larger than itself; or, to express it a little differently,
the effective size is equal to a sphere the volume of which is greater than !/, that
forming the weight and is less than °/y, that forming the weight.
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of all the organic matter, and that the tightness of the bank would not be
materially affected by any changes which are likely to occur.

It has been remarked,

that of all the materials used in the construction of dams, earth is physically
the least destructible of any. The other materials are all subject to more
or less disintegration, or change in one form or another, and in earth they
reach their ultimate and most lasting form.

In speaking of the North Dike of the Wachusett Reservoir, Mr.

Stearns remarked that,

it was evident by the application of Mr. Hazen’s formula for the flow of
water through sands and gravels, that the very fine sands found at a con-
siderable depth below the surface would not permit enough water to pass
through them if a dike of great width were constructed, to cause a serious
loss of water, and it was also found that the soil, which contained not only
the fine particles or organic matter, but also a very considerable amount of
fine comminuted particles, which the geologist has termed “rock flour,”
would be sufficiently impermeable to be used as a substitute for clay puddle.

Fig. 25 shows the maximum section of the North Dike with its
cut-off trench. The quantities and estimated cost of the completed
structure are given in the table herewith:

“r COSt,———1

Per cent.
Work. Quantities. Unit price. Actual. total.
Soil civiiliiiiiiiii 5,250,000 cu. yds. $o0.05 $262,500 34.7
Cut-off trench ........... 542,000 .20 108,400 19.3

Borrowed earth and gravel 200,000 .20 40,000

Slope paving ............ 50,000 2.20 110,000 14.6
Sheet-piling, pumping, etc. .....ccovivvvirnrnnenenn. 117,000 15.5
Engineering and preliminary investigations .......... 120,000 15.9
Total COSt vuvinniiiiiiiniiiieineeeeiiennennnnns $757,900 100.0

Druid Lake Dam, Baltimore, Md.

Another very interesting and instructive example of high earth
dam construction is that of the Druid Lake Reservoir embankment,
Baltimore, Md.

This dam was built under the supervision of Mr. Robt. K. Mar-
tin. Construction was begun in 1864, and the dam was finished in
1870. Mr. Alfred M. Quick, present chief engineer of the water-_
works of the City of Baltimore has given a very lucid description
of this work in Engineering News of Feb. 20, 1902.

Fig. 26 is a cross-section of this dam, showing the method of
construction so clearly as to scarcely need further description.
The banks D-D on either side of the central puddle wall were car-
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FIG. 26.—WORKING CROSS-SECTION OF DRUID LAKE DAM.

ried up in 6-in. layers with
horses and carts, and kept about
2 ft. higher than the puddle
trench, which always contained
water. The banks E-E were
made of dumped material, after
which the basins F-F were first
filled with water and finally filled
by dumping material into the
water from tracks being moved
in toward the center.

After reaching the top of this
fill, banks B-B-B were built up
in layers similar to D-D. The
second set of basins C-C were
then filled in a manner similar
to F-F. The remaining portion
A-A was constructed in lavers
like D-D and B-B. with the ad-
dition of compacting each layer
with a heavy roller.

Finally the inner face slope
was carred up in 3-in. layers and
thoroughly rolled, after which 2
ft. of “good puddle” was put
upen the inner slope the latter
was rip-rapped, the crown. cov-
ered with gravel and the rear
slope sodded.

Some years after completion,
a driveway was built along the
outer slope, as shown, which
had a tendency to strengthen
the dam, though not designed
expressly for that purpose.

It is of interest to know that
the influent, effluent and drain
pipes were originally con-
structed through or under
the embankment. These pipes
were laid upon solid earth,
and where they  passed
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through the puddle wall were supported upon stone piers 6 ft]
apart. As might be expected, they soon cracked badly and were
finally abandoned, new ones being placed in the original ground at
the south side of the lake. Mr. Quick states that so far as is known
there has never been any evidence of a leak through the embank-
ment during these 32 years of service.

New Types of Dams; Bohio, Panama Canal.

A brief description will now be given of three different dams
designed for Bohio, on the proposed Panama Canal. Mr. George
S. Morison’s paper before the American Society of Civil Engin-
eers, on “The Bohio Dam,” and the discussion thereon, especially
that by Mr. F. P. Stearns, were quite fully reported in Engineer-
ing News for March 13 and May 8, 1902. In constructing
the Panama -Canal it will be necessary to impound the waters of
the Chagres River, near Bohio, to maintain the summit level of
this canal and supply water for lockage.

THE FRENCH DESIGN.—Fig. 27 is an enlarged section of the
original design of the new French Co. This design has no core
wall, but at the up-stream toe a concrete wall was to be built across
the river between the two lines of sheet-piling. At the down-stream
toe a large amount of riprap was to be placed to prevent destruc-
tion of the dam during construction. In this case it would be nec-
essary to construct a temporary dam above and also to use the ex-
cavation for the locks as a flood spillway. This method would in-
volve considerable risk to the work, on account of the large volume
of flood waters it might be necessary to take care of during con-
struction.

ISTHMIAN CANAL COMMISSION.—The dam proposed by
the Isthmian Canal Commission is shown by Fig. 28. This was de-
signed to be an absolutely water-tight closure of the geological
valley, by using a masonry core wall carried down to bed rock.
The maximum depth being 129 ft., it was planned to rest the con-
crete wall on a series of pneumatic caissons reaching to rock. The
spaces between the caissons would be closed and made water-tight.
Both slopes of the earth embankment were to have horizontal
benches and be revetted with loose rock.

MR. MORISON’S DESIGN.—To appreciate fully the object
and aim of the third design, Fig. 29, which may be called a new type,
although similar in many respects to the North Dike of the Wachu-
sett reservoir already illustrated and described, it should be stated
that the equalized flow of the Chagres River is put at 1,000 cu. ft.
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per sec. Of this quantity it is estimated that 500 cu. ft. would be
needed for lockage and 200 cu. ft. for evaporation. This leaves
300 cu. ft. per sec. available for seepage and other losses or to
be wasted.

Tt will thus be seen that a scarcity of water is not in this instance
a condition demanding an absolutely water-tight dam. The amount
of seepage permissible without endangering the stability of the
structure is the real point now to be discussed.

The third design, which was proposed by Mr. Morison, is shown
by Fig. 29. The topography and configuration of this dam site is
not unlike that of the San Leandro Dam, California, soon to be de-
scribed, while the yeneral design is similar, as has been remarked,
to the North Dike of the Wachusett Reservoir.

This third design contemplates a compound structure, formed by
two rock-fill dams situated about 2,120 ft. apart, with the inter-
vening space filled with loose rock, earth and other availible ma-
terial. Immediately below the upper and higher rock-fill dam, it
is proposed to place across the canyon a puddle wall 50 ft. in width,
resting over two lines of sheet-piling 30 ft. apart. This piling
would probably not reach farther than 50 ft. below tidewater, the
solid rock floor being about 100 ft. deeper.

Mr. Morison made use of Mr. Hazen's filtration formula for
estimating the rate and quantity of seepage through the permeable
strata below the dam. This formula is:

h t+10°
V=cd2—
1 60
V=rate of flow in meters per day through the whole section.
c=constant varying from 450 to 1,200, according to cleanness of
the sand.
d="effective size” of sand in mm,

h=—=head in feet.
l==length or distance water must pass.
t—temperature of the water (Fahr.)
This formula should be used only when the effective sizes of sands
are from o.10 to 3.0 mm. and with uniformity coefficients below §.0*
Mr. Morison used the following values: C=1,000; d=1.0 mm.;
h=go ft.; I=2,500 ft.; t=—00°; for the solution of this problem, and
*The term ‘‘uniformity coefficlent’’ is used to designate the ratio of the size of the
grain which has 60% of the sample finer than itself to the size which has 10% finer than
itself. The method of determining the size of sand grains and their uniformity coeffi-

cients, is fully explained in Appendix 8 of Mr. Hazen's book on ‘‘The Filtration of
Public Water Supplies.”’

where
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cbtained a velocity of 0.002 ft. per sec. The bed of sand and gravel
was assumed to have a sectional area of 20,000 sq. ft. for 2,500 ft.
in length. This gives a seepage of 40 cu. ft. per sec.

It is believed that the above rate of 0.002 {t. per sec., equivalent to
1 3-8 ins. per minute, or 7 ft. per hour, is not sufficient to move any
of the material. The velocity of water percolating through sand
is found to vary directly as the head and inversely as the distance.

The value of “c” in the formula is larger for sands of filters fav-
orable for flow, and smaller for compacted materials and dams.

Mr. Morison thought it might be nearer the actual conditions
to assume d=0.50 mm. ; c=500; and l=5,000 ft.; in which case the
seepage would only amount to 2.5 ft. per sec. In this last assumption
the “effective size” of sand grains is 2} times that classed as “per-
meable material” at the North Dike of the Wachusett Reservoir.

Prof. Philipp Forchheimer, of Gratz, Austria, recommends the
use of the formula,

h

—1—-=a V+bv?2
for the percolation through soils between loam and loamy sand.
Sellheim, Masoni, Smreker, Krober and other authorities on fil-
tration use still other formulas, to which the reader and student is
referred for further research.

The writer, having had occasion in his professional practice to
study quite carefully the subject of ground waters, and their per-
colation or flow through different classes of materials and under
varying conditions, is of the opinion that rarely does the cross-
section of a stream-channel, filled with sand, gravel and debris, pre-
sent, even approximately, a homogeneous or uniform mass; and
that there are, almost without exception, strata of material much
coarser and more porous than the general average. In other
words, that it is extremely difficult to arrive at a uniformity coeffi-
cient. It is unwise to place much reliance upon an estimated flow
where this is the case. The formula may be used with confidence
where the layers are artificially made, and where there is no uncer-
tainty regarding the uniform character of the material. In most
natural channels there are distinct lines of flow, and under con-
siderable hydrostatic head or pressure these lines of flow would
surely enlarge. There is a wide difference between permissible and
dangerously excessive percolation through an earth embank-
ment. The local features, economical considerations and magni-
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tude of the risks, all bear upon this question and must be considered
for each particular case.

It is of interest to compare the estimated cost of the three de-
signs proposed for the Bohio Dam, based upon the same unit
prices, as follows:

French Engineers’ design «....coceiiiiiiieneiiiierinrennnnns $3,500,000
Isthmian Canal Commissioners’ design ..........c.ccocvvinnnnen 8,000,000
Mr. Morison’s desi@n. .....coovevverenunrennceiinsenneannnnns 2,500,000

No comments will be made upon these figures, further than to
remark that the successful building of a stable dam, accomplished
by the use of an excessive quantity of materials and at a cost be-
yond reasonable requirements, is mainly instructive as illustrating
“how not to do it.” It is creditable to execute substantial works
at a reasonable cost, but it reflects no credit upon any one to con-
struct them regardless of expense.

Combined Rock-fill and Earth Dam.

Fig. 30 shows a section of the Upper .Pecos River Dam near
Eddy, N. M.

This dam is quite fully described by Mr. Jas. D. Schuyler, in his
recent book on “Reservoirs for Irrigation, Water-Power and Do-
mestic Water-Supply,” and need not be mentioned in this paper,
further than to call attention to the combination of rock-fill and
earth which constitutes its particular type of construction. This
type of dam is believed to be for manv localities a very good one,
but up to the present time has only been adopted for dams of
moderate height, under 6o ft.

The San Leandro Dam, California.

A section of the San Leandro Dam, near QOakland, Cal.,
is shown by Fig. 31. This section was supplied by Mr. W. F.
Boardman, hydraulic engineer, who superintended the construction
of the dam, from his own private notes and data. It differs mater-
ially from sections heretofore published, and is 5 ft. higher, thus
making it rank as the highest earth dam in the world of which
we have an authentic record.

The dam was commenced in 1874, and brought up to a height
of 115 ft. above the bed of the creek in 1898. At the present time
it is 500 ft. in length on the crest and 28 ft. wide. The original
width of the ravine at the base of the dam was 66 ft. The present
width of base from toe to toe of slopes is 1,700 ft. The height of
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embankment above the original surface is 125 ft., with a puddle
trench extending 30 ft. below.

All that portion of the dam within a slope of 2} on 1 at the rear
and 3 on 1 at the face is built of choice material, carefully selected
and put in with great care. The portion outside of the 2} on 1
slope line at the down-stream side of the dam, was sluiced tn from
the adjacent hills regardless of its character, arid is composed of
ordinary soil containing more or less rock.

This process of sluicing was carried on during the rainy season,
when there was an abundance of water, and it was intended to be
continued until the canyon below the dam had been filled to an av-
erage slope of 6.7 on I at the rear of the dam. It was thought that
the location was particularly favorable for this kind of construction,
the original intention being to raise the dam from time to time,
not only to increase the storage as the demand for water increased,
but to meet the annual loss in capacity caused by the silting up of
the reservoir basin. The latter has amounted to about 1 ft. in
depth per annum.

METHOD OF CONSTRUCTION.—Under the main body of
the dam, the surface was stripped of all sediment, sand, gravel and
vegetable matter. Choice material, carefully selected, was then
brought by carts and wagons and evenly distributed over the sur-
face in layers about 1 ft. or less in thickness. This was sprinkled
with just enough water to make it pack well, not enough to make
it like mud. During construction a band of horses was led by a
boy on horseback over. the entire work, to compact the materials
and assist in making the dam one homogeneous mass. No rollers
were used on this dam, )

The central trench was cut 30 ft.-below the original bed of the
creek. In the bottom of this trench three secondary trenches, 3
ft. wide by 3 ft. deep, were made and filled with concrete. These
concrete walls were carried up 2 ft. above the general floor of the
trench, to break the continuity of its surface.

The original wasteway, constructed at the north end of the dam,
has been practically abandoned, having been substituted by a tunnel
of larger capacity. The original wasteway was excavated in the
bed rock of the natural hillside, and although lined with masonry,
is not in the best condition. The author considers its location an
objectionable feature, as menacing the safety of the dam, and thinks
it should be permanently closed.

A wasteway tunnel, 1,487 ft. in length, was constructed in 1888,
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through a ridge extending north of the dam. This has a sectional
area of about 10x10 ft., lined with brick masonry throughout, hav-
ing a grade of 23%.

The criticism might be made of the tunnel that it is faulty in
design at the entry or reservoir end, where the water must first
fall over a high spillway wall, aerating the water before entering
the tunnel proper. The water even then has not easy access to
the tunnel, and no adequate arrangements have been made for ven-
tilation, so as to insure the utilization of its maximum capacity.
The maximum depth of water in the reservoir is about 85 ft., and
the full capacity 689,000,000 cu. ft. of water. The catchment area
is 43 square miles, and the surface of the reservoir when full 436
acres. The outlet pipes are placed in two tunnels at different ele-
vations through the ridge north of the dam. There are no culverts
or pipes extending through the body of the dam itself.

Hydraulic-fill Dams.

No discussion of earth dams would be complete without some
reference being made to the novel type of construction developed
in western America in recent years, by which railroad embankments
and water-tight dams are built up by the sole agency of water. The
water for this purpose is usually delivered under high pressure, as
it is generally convenient to make it first perform the work of
loosening the earth and rock in the borrow pit, as well as subse-
quently to transport them to the embankment, and there to sort and
deposit them and finally part company with them after compacting
them solidly in place, even more firmly than if compressed by
heavy rollers. Sometimes, however, water is delivered to the bor-
row pit without pressure, in which event the materials must be
loosened by the plow or by pick and shovel by the process called
ground sluicing in placer mining parlance.

An abundance of water delivered by gravity under high pressure
is usually regarded as one of the essential factors in hydraulic-fill
dam building, but it is not essential that there be a large continu-
ous flow. The Lake Frances Dam, recently constructed for the
Bay Counties Co., of California, by J. D. Schuyler, is 75 ft. high,
1,340 ft. long on top, and contains 280,000 cu. yds. The dam was
built up by materials sluiced by water that was forced by a cen-
trifugal pump through a 12-in. pipe and 3-in. nozzle, against a high
bank, whence the materials were torn and conveyed by the water
through flumes and pipes to the dam. About 6 cu. ft. per sec. of
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water was thus used, and at one stage of the work the supply
stream was reduced to less than o.1 ft. per sec., the water being
gathered in a pond and pumped over and over again.

The chapter on hydraulic-fill dams in Mr. Schuyler’s book on
“Reservoirs for Irrigation” will be found to contain matter on the
subject interesting to those who desire to pursue it further, and
the reader is again referred to that work.

An Impervious Diaphragm im Earth Dams.

As a result of the recent extended discussion concerning the de-
sign of the New Croton Dam and the Jerome Park Reservoir em-
bankments, the Engineering News of Feb. 20, 1902, contained a
very suggestive editorial entitled, “Concerning the Design of Earth
Dams and Reservoir Embankments.” The opinion is given that
no type of structure that man builds to confine water can compare
in permanence with earth dams, after which the following pertinent
questions are asked:

1. How shall an earth dam be made water-tight?

2. What is the office and purpose of the masonry core wall?

3. Would not a water-proof diaphragm of some kind be better
than a core wall of either masonry or puddle?

The article then suggests a number of designs of diaphragm con-
struction, with a special view of obtaining absolute water-tight-
ness, by use of asphaltum, cement-mortar, steel plates, etc. Special
emphasis was put upon the principle of constructing a waterproof
diaphragm. The matter of relative cost is advanced as an argu-
ment in favor of the diaphragm principle as against the usual ortho-
dox method. The saving in cost is to be accomplished by the use
of inferior materials and less care in the handling of them, or by
both. It is suggested that almost any kind of material available,
rock, sand or gravel, will answer every purpose where good earth
is not to be found. Further, that this material may be dumped from
the carts, cars or cableways, or be placed by the hydraulic-fill
method.

The writer believes the diaphragm method of construction may
have some merits, but that it is attended by the very great risk of
neglecting principles most vitally important to the successful con-
struction of high earth dams, which will now be formulated and
advanced, as follows:



CHAPTER VI.
Conclusions.

The writer in concluding this study wishes to emphasize certain
principles and apparently minor details of construction, which from
observation and personal experience, seem to him of vital import-
ance. '

He believes firmly in the truth contained in the following re-
marks by Mr. Desmond FitzGerald, of Boston, germane to this
subject:

An engineer must be guided by local conditions and the resources at his
command in building reservoir embankments. His design must be largely
affected by the nature of the materials. There are certain general principles,
however, which must be observed and which will be applied by an engineer
of skill, judgment and experience to whatever design he may adopt. It is
in the application of these principles that the services of the professional man
becomes valuable, and it is from a lack of them, that there have been so
many failures. '

The details and principles of construction, relating to high earth
dams, may be summarized or stated in order of their application,
as follows:

(1) Select a firm, dry, impermeable foundation, or make it so by
excavation and drainage. All alluvial soil containing organic mat-
ter and all porous materials should be excavated and removed
from the dam site when practicable; that is, where the depth to a
suitable impermeable foundation is not prohibitive by reason of ex-
cessive cost.

Wherever springs of water appear, they must be carried outside
the lines of the embankment by means of bed rock drains, or a sys-
tem of pipes so laid and embedded as to be permanent and effective.

The drainage system must be so designed as to prevent the in-
filtration of water upward and into the lower half of the embank-
ment, and at the same- time insure free and speedy outlet for any
seepage water passing the upper half. All drains should be placed
upon bed rock or in the natural formation selected for the foun-
dation of the superstructure. They should be constructed in such
a manner as to prevent the flow of water outside the channel pro-
vided for it, and also prevent any enlargement of the channel itself.
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To this end, cement, mortar, broken stone, and good gravel puddle
are the materials best suited for this purpose.

(2) Unite the body of the embankment to the natural foundation
by means of an impervious material, durable and yet sufficiently
elastic to bond the two together. When the depth to a suitable
foundation is great, a central trench excavated with sloping sides,
extending to bed rock or other impervious formation, refilled with
good puddling material, properly compacted, will suffice.

When clayey earth is scarce and expensive to obtain, a small
amount of clay puddle confined between walls of brick, stone or
concrete masonry, and extending well into the body of the embank-
ment and so built as to avoid .settlement, will prevent excessive
seepage. This form of construction is not to be carried much
above the original surface of the ground.

(3) The continuity of surfaces should always be broken, at the
same time avoiding the formation of cavities and lines of cleavage.
No excavation to be refilled should have vertical sides, and long
continuous horizontal planes should be intercepted by. wedge-
shaped offsets, enabling the dovetailing of materials together.

All loose and seamy rock or other porous material should be
removed, and where the refill is not the best for the purpose, mix
the good and bad ingredients thoroughly, after which deposit in
very thin layers.

(4) Make the dimensions and profile of dam with a factor of
safety against sliding of not less than ten. The preliminary cal-
culations for designing such a profile have been given on p. 42.

(5) Aim at as nearly a homogeneous mass in the body of the em-
bankment as possible, thus avoiding unequal settlement and de-
formation. This manner of manipulating materials will eliminate
many uncertain or unknown factors, but it means rigid inspection
of the work and intelligent segregation of materials, no matter what
method of transporting them may be adopted. The smaller the unit
loads may be, the more easily a homogeneous distribution of ma-
terials will be obtained. '

(6) Select earthy materials in preference to organic soils, with a
view of such combination or proportion of different materials as will
readily consolidate. Consolidation ts the most tmportant process
connected with the building of an earth dam. The judicious use of
soil containing a small percentage of organic matter may be per-
mitted, however, when theré is a lack of clayey material for mixing
with sandy and porous earth materials. Suchia mixture, properly
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distributed and wetted, will consolidate well under heavy pressure
and prove quite satisfactory.

(7) Consolidation being the most important process and the only
safeguard against permeability and instability of form, use only the
amount of water necessary to attain this. Too much or too little
are equally bad and to be avoided. It is believed that only by ex-
periment and experience is it possible to determine just the proper
quantity of water to use with the different classes of materials and
their varying conditions. In rolling and consolidating the bank, all
portions that have a tendency to quake must be removed at once
and replaced with material that will consolidate; it must not be cov-
ered up, no matter how small the area.

(8) In an artificial embankment for impounding water it is im-
practicable to place reliance upon time for consolidation ; it must be
effected by mechanical means. Again we repeat, that consolida-
~ tion is the most vitally important operation connected with the

;. building of an earth dam. When this is satisfactorily attained it is

proof that the materials are suitable and that the other necessary
.details have been in a large measure complied with. Light rollers
are worse than useless, being a positive harm, resulting in .a
smoothing or “ironing process,” deceptive in appearance and detri-
mental in many ways.

The matter of supreme importance in the construction of earth
dams is that the greatest consolidation possible be specified and
effected. To this end it is necessary that heavy rollers be em-
ployed, and that such materials be selected as respond best to the
treatment. There are certain kinds of earth materials which no
amount of wetting and rolling will compact. These must be re-
jected as unfit for use in any portion of an earth dam. Let the de-
sign of the structure be ever so true to correct engineering prin-
ciples, it is still necesssary to give untiring attention to the work of
consolidation. It is therefore according to the design of a thor-
oughly compacted homogeneous mass, rather than to the suggested
diaphragm type, to which modern practice should conform. This is
in harmony with Nature’s own methods, and in conformity to cor-
rect principles.

(9) Avoid placing pipes or culverts through any portion of the
embankment. The writer considers it bad practice ever to place
the outlet pipes through a high earth dam, and fails to see any nec-
essity for so doing.

(10) The surface of the dam, both front and rear, must be suit-
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ably protected against the deteriorating effects of the elements.
This may include pitching the up-stream face, the riprap work
at the toe of the inner slope, the roadway and covering of the
crown, the sodding or other protection of the rear slope, and the
construction of surface drains for the berms.

(11) Ample provision for automatic wasteways should be made
for every dam, so that the embankment can never under any cir-
cumstances be over-topped by the impounded water. Earthquakes
and seismic disturbances will produce no disastrous effects upon
an earth dam. Its elasticity will resist the shock of water lashing
backwards and forwards in the reservoir.

(12) Finally, provide for intelligent and honest supervision dur-
ing construction, and insist upon proper care and maintenance
ever afterwards.



APPENDIX 1.
High Earth Dams.

N £ D g e
B"lli.(:as(:trvoul.;'l.1 or Location. hel:lxl-t, Widtl;l.
1t. ft.
San Leandro..... California..... 125 28
Tabeaud......... California..... 123 20
Druid Hill,...... Maryland. .... 119 60
Dodder..........Ireland ....... 11§ 22
Titicus Dam..... New York..... 110 30
Mudduk Tank....India......... 108 ..
Cummum Tank...India......... 102 ..
Dale Dike.......England...... 102 12
Marengo......... Algeria ....... 101 .
Torside.......... England....... 100 ..
Yarrow.......... England....... 100 24
Honey Lake......California..... 96 20
Pilarcitos ........ California..... 9§ 25
San Andres....... California..... 95 25
Temescal......... California..... 95 12
Waghad ....... ..India......... 03§ 6
Bradfield..... . 95 12
Oued Meurad.....Algeria....... 95 ..
St. Andrews. .....Ireland ....... 93 25
Edgelaw ......... Scotland...... 93 ..
Woodhead........England...... 90 ..
Tordoff .......... Scotland...... 85 10
Naggar.......... Jndia......... 84 ..
Vahar............ India..... oo 84 24
Rosebery........ .Scotland...... 84 ..
Atlanta.......... .Georgia....... 82 40
Roddlesworth. . ...England ...... 8o 16
Gladhouse ....... Scotland...... 79 12
Rake............ England...... 78 ..
Silsden .......... England....... 78
Glencourse....... Scotland...... 77
Leeshaw,........ England...... 77 ..
Wayoh........... England ..... 76 22
Ekruk Tank...... India......... 76 29
Nehr............ India......... 74 8
Middle Branch...New York..... 73 ..
Leeming.......... Ireland....... 73 10
South Fork....... Penha........ 72 20
Anasagur......... India......... 70 20
Pangran ......... India......... 68 8
Harlaw.......... Scotland...... 67 ..
Lough Vartry..... Ireland....... 66 28
La Mesa......... California .... 66 20
Amsterdam....... New York..... 65 ..
Mukti ..... eeeas India......... 65 10
Snake River...... California..... 64 12
Stubken.......... Ireland....... 63 24
Den of Ogil ..... .Scotland...... 60 ..
Loganlea......... Scotland..... . 59 10
Ashti............ India......... 58 6
Cedar Grove..... New Jersey... 5§ 18
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