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& THE MULTIPLE ARGCH DAMg
A _.' \.‘" On
B \k Zush Creek,liono Co. Cal.

INTHRODUCTION.

uring the last fow yoars several multiple aroh dams
have boen built in wvarious parts of tho oonntry. and they hove

90 fer been vory succcssful in operation. Illany more would

" undoubtedly have been constructod had & thorough knowledge of

their design and construction been more gernoral among dam

bullding enzlnoers. There are places where rock or earthfill

dams, or o combination of the two, 2roc now built, vherxre multiple

srch dams could have been constructed cheaper und more substantial,
"hile o rock or earthfill dam, cen, under ordinary con-

ditions, be constructed with a sufficient, clthough-unknown factor

of safety, such dems are sbsolutely unsafe under abnormal conditiond'.

such =8 when water cccidentally passes over their crest. It is a

well known fect thet nearly all f:_nlurea in the past hauve been due

to this couse. Gater passing ovor the orest of a multiple arch dam

. would not deotroy the dam, and for & more or less limited time

would not hurt the foundation 1f this was otherwise at all safo

for such ¢ structure. A multiplo arch dam requires a good foundation,

as tho load is concontrated on buttresses and sottlemont of these
would be lisble to couse the collapso of adjoining arclies. vwhen-
ever the founiation is oolid rock, howover, o multiple arch dam

con bo constructed as substentisl as any type of dsm, and more sub-
otentiol than moot types. The .1Stresses and dimenscions can be

cclculated with a large dogrec of ao ¥. Tho footor qf safety
gl Lo i
of such & structure is theorefore wvn within nerrow limite, and
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precedenco should, on that account, not be given oo much con-
sideration as with rook and earthfill dams. These luttor cennot
be subjected to coloulation of stresses, and thorefore huve to

be built mostly along lines dictated by preqodenoo. In general,
it oan be said that o multiple orch dam of emell und medium
height (less than 100 feet high) will cost less to construct than
a rookfill dam, and especially a rockfill rrovided vith something
better than & wooden upstream face for the watertight cut-off,
Only perhaps in rare cases would there be occesion for compuring
tho relative cost of o multiple arch dem and the cost of a strictly

earthfill dam, because if there is cnough suiteble earth to cone-

‘struct an earth dam, a sufficient good foundation for o multiple

arch dam and suffiociont good bulldine meteriel for tho same is not
likoly to bo found at tho same place, and v.laa' versa.

For multiple arch dams cbove, say 130 foot high, the
amount of building moterial roquired, and therofore the cost of
such a structure, incroases auite rapidly, duc mainly to the fact
that the buttresses become very large and require more brocing.

A limit of height is therefore evontunlly roachod vhere it will

be more cconomical to build one single arch scross the cunyon,
unless the canyon be very wide. U'here this limit of height for
any dam l1lies can only be found by trying sll the types possible of
applioatloh. as tho shape of the dam site has 2ls0 cuite an 1nﬂn4

ence in tho matter.

THE DESIGHN OF THE MULTIPLE ARCH DAM.

The firat thing to be detormined is the longth of each
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individual span. Unless there should be strong reasons for
using different span lengths for the several srohes making up
the complete structure, all spans should be made tho same to
faocilitate the form work. Theoretically the shorter the spens
are chosen, the less mmterial is required for the arches. The
mrterial required for the buttresses roemains theoretically the
oemo, no matter what longth of spen is chosen. While a dam
consisting of smmll spans taskes lesp metorial thoan one whore
larger opcns zro used, 1t may not nccessarily be cheaper to ocon-
struct. The form work becomos more oxtonsive and it ioc more
difficult to place tho conorete and reinforcing steel in the
resulting narrow opace between the form boards than in a wider
space. 7Thin arch walls are more lieble to collapse than thicker
wolls, and thin buttresses would require oleborato bracing to
nprevent collapse of same before anywhore near orushing strength
had been reoched. It i1s the arch that holds the water back, and
thorefore the vatertightness of the dam is to some oxtent a
function of the thickness of this wall, alth'bﬁgh to a much larger
extent it depends upon the quality of the bullding materisal
(conorete) used,

Taking s11 these fecte into consideration it oann be
said that the practical, most economical span, lies somewhere
between the limits of 30 feot and 650 feet. For high dams tﬁo
economicel spon 1o near the upper limi¢, and for low dams, near
tho lower limit. A 40 foot opan would be a good average value
for ordinery cases, and io chosen in the present instance.
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llext to bo detormined is tho longth of the upstream
radius, It is known thet the most oconomicsl arch** is tho one
thet subtends an angle of 133%4° and that for varictions of czbout
10% on either oide of this angle, tho difference in cconomy is
vory small. For the dams to bo desoribed leter the subtonded
central angle ot the upstream foco has been chosen 120°, or to
be exact, 119° 67's The volume of the crch has thereby been
increased approximetely 1% above the theorotiocal .minim, but
the thickness has, ot tho samo time, been inoreased 6%, thoreby
deorcasing the ratio of thickmess of arch to length of arch,
which is o desirable feature Yor structural reasoms, ot leest
towards the orest where the thicknoss is smsll compared with the
length. This elso deorecases the tendonoy of percolution by de-
oreasing the area of the wetted surface, and by increasing the
thickness of the wall. |

#%ith the subtended angle (120°) and the span (40 Ft.)
decided upon, the length of tho upstream radius is caloulated
to be 23,1 Ft. To faoilitato formwork tho longth of this radius
is kept constant from orost to foundation, except as noted later.
Incidentelly thie gives also the moot oconomicol arch os the sub-
tended angle io thereby kogaﬂﬁ;ﬁt. The arch is given 2 slope
with the horizontal of 609, in order that the wator presscure,
aoting upon the vertical projootion of this slope, may tend to
out down the shoaring stress on the buttresses to zero or to somo
inoignifiocant valueo.

. *% For further information seo Poge 689 and 690, Transactions
Ameorican Sooiety Civil Enginoors, Volume 78, Paper #1322,
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The arch ccrries the total watorload., and a largo
part of the load due to its own weight. A preliminaxry arch
thickness may be found by means of thoe simple formula
Px Fu = gxt -~ (1) in vhich P equals the water pressure in pounds
per square foot. Ru equcls the length of the upstream radius
in feet, q equels the sverage stress in pounds per square foot
of the area of tho dam seotion under consideration, and ¢t equesls
the thickness of the dam at any given horizontasl elevation. ***
After the thickness ¢ hus beon determined, at as many
points as thought mecessary, say at every 10 feet apert in elov-
ation, the weight of the arch can be calculated and tho additional
arch stress due to this load determined. 'If'tho totel stross
is founl to be excessive a new thickmess will have to be decided
upon.
oue to the inolination of the orch, the water pressure
is not uniformly distributed bdtwoon tho crown and the cbutmonts
on any imoginary arch slice perpendiocular to tha slope. The
orovn ioc looated at o higher elevation, and therofore dﬁétaina
loss water prososure than corresponding points at the abutments.
For the osge under considerantion, whore the longth of
the upstrecm rodius ie 23.1 Ft., the subtended angle 120° and the
inolination of the arch 50° with & horizoantal plane, 40° with a

vertioasl plane, 2 point at the orown will always be -’} X 8in 40° =
11,66 x 0,64379 = 7.394 foet above & corresponding point at the

*#% The thiockness of any horizontal arsh slice (olliptical with
major axis = be and with minor exis = Eu ) is made constant
8in
from cbutment to sbutment and therefore the circular axoch perpen=-

dioular to the slope must have its thicknoss inorease from the orgwn

towards the sbutments. wb=

epringing line. 7Towerds the orest this difference in elevation
mokes a larpge difference in the diatribution.of the lozd on the
face of the arch, and therefare also in the location of the line
of pressure in the a&roh ring. Toko, for instance, an arch slice
1 foot wide with the middle of tho crowvn at clevation 6, acnd with
the middle of this slice ot the springinz line ct elevotion
b+7.394 = elovation 12,394, Vith resorvoir Mll to the crest,
the watorload at tho middle point of the orown would correspond
to b6 X 62,0 = 312.0 vounds per 8q. f£t., whoreas the wotéf pressuro
at the correspondinz point at the springing linc would correspond
to 12,394 X 62,6 = 774,6 pounds, or nearly 2,6 times more than at
the orown. ('2’ ;ZLM)

At lower elevations this large difference . is fast dis-
appearing and bocomes unimportant with crown clevations below
elevation 16. In the upper portion of the daﬁ the radisl component
of the sroh weight borne directly by the srech itself tends towsrds
neutrelizing the large difference in water pressure between the
crown and tho porroaponditg abutment points, ns this veight compon-
ont has its largost value at the orown, =and its smellest valus at
tho sbutmonte. ' This can most cleorly be shown graphiocally, and
in Fig. 1 and Fié. 2, two asroh cdlioces oro drawn, assumed to bo
ono foot wide. One (I'ig. 1) vith tho orown at clevation 6 ( Tho
middle of tl» orown at olevation 6, and thon six inches on either
side), amd the other (Fig. 2) with its orown at elovation 10. Theo
arch 48 divided up into 20 voussoir's and the foroces ooting on

these voussoirs ore caloulated. These forces, whilo not uniformly
i



distributed, are of course symmetrioal on both halves of the arch
vith respect to the centerline botween two buttresses.

On the right half of the diagrams are shown the weights
of the different wvoussoirs dissolved into their components. The
weight of a voussoir is partly transmitted to the base throush
the lower portion of the arch, snd partly supported by the arch,
The last component is equal to the total weight of the voussoir
X Cos. 50°, and is set off vertically in the diagrem, aotieg
through the contor of gravity of each voussoir. This vertical
load is dissolved in one radisl component and one perpendicularx
thereto. Tho radiel component can now be directly **** added to
the waterload on the same voussoir, which is of course slso radial.
All the last nsmed (perpendicular) components added together
geometrically give tho increased axial stress towards the abnt-
ments, | _ | -

On the left half of the diagrame, the total radial
forcos aoting on the different voussoirs are 1nﬂ1oatod. A polygon
of forces is drawn, and by means of this polygon the lino of prossure
of the arch can be determined by drawing lines parallel to the
p:fopor rays in the polygon of force. It is plainly seen that the
1im of preseure lies doocidedly outside the oonto_rnno of the arch,
especially is this true of the aroh with its orown at oiemtion b
(Figs 1¢)e

By moaens of those diagrams tho ocorroct shape of tho wooden
erch trusses supporting the formwork for these upper olevotions
ot LRTIEESHE e S UL LN
presen 8¢ as mn Teat10 18 vory oclose to unity. |
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can be ascortained. The outside mgnbers of these trusses are
made elliptical ebove elevation 16, as shown in detail on Fig.

3 in such a way as to bring about ocoinocidence between the line

of pressure and the center line of the arsh. At olevation 156

the conter line of the arch and the line of pressure do not exactly
coinoide, but they are close emough together to sllow the ecirculer
Qhape of the arch to be used with entire safety. Below elevation
16 the arch is mede circular in a plane perpendicular to its slop-
ing axis, and above elevation 16 it is made ellipticel in eccord-
ance with the diasgrams Fig. 1 and Fig. 2, or a slight modification
thereof, depending upon how far below the crest the maximum weter
level is to be. It might not be out of place to state here that
Mr., J. S. Eastwood, Member American Society Civil Engineers, who
has been very prominent in bringing into actusl use the mumltiple
arch type of dam, builds the top portion of the arches vertical,
whoreﬁy the cirounlar shape can be used for the entire axrch.

STRESSES DUE TO TEMPERATURE CHANGES.

As dams are gemerally buiit during the Summer seoason,
it is only logical to assume that aftor their completion the
individual arches are under tensile stress most of the time when

the reservoir io empty, and decidedly mo if it is empty during the

cold season. The reinforcement in the arch has thgraforo been

placed with the sole purpose of taking up these tensile stresses,
whioch reaoh their maximum value near the downstream face at the

‘orown, and near the upstream face at the abutments, under the above

stated conditions. From Fig. 4,1t will be seen that the reinforcing
8-
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ateel is looated at a distance equal to one fourth the total

groh depth_ from the respeotive faces subjeot to tensile stresses
et the orown and af the cbutments. The smount of steel put in

the arch (See Fig. 4 and Fig.4a) is perhaps not entirely suffi-
oiex;t to take care of the maximum condition of temperature drop,
dbut it is believed that if tension crscks do develop, the presence
of the reinforcement will osuse these to be minute and well dié-
tributed, and that when the structure becomes loaded the oracks
will oloso tight. It was not deemed a2dvisable to put more steel

in the arches than shown, for the reason that it is of comparatively
1ittle use when the reservoir is full. It was also kept in mind
thet a lsrge chmpge in temperatwre is not lisble to ocour sudienly,
but & time elemont of'porlnpa wee ks or months is generally inteor-
posed between tho ocourance of maximum snd minimum temperature in
a dam body. This time faotor can to some extent be depended upon
to prevent or minimize temperature ocracks. It gives the modulus of
elasticity time to adjust itself to the new condition (colder or
waIrmor conorete),***** |

THE STABILITY.

Lfter tho bnttreaa'es have been given éomo preliminaxry
dimensions the stability of the whole atmocture ozn most conven-
fently be investigated graphioelly as shown on Fig. 6 representing
8 gection through the orown of the arch. To facilitate the invest-
igation the dam is divided up into horisontal seotions 10 feet apart
*»#¥3nThat the deformation of conorete under sustained load inoresses
has boen shown by tests and in practice. Two papers on the subject
were reed at the Twelfth Annusl Convention of the American Conorete

Institute in Chioago, one by Professor A.H.Fullex and Professor
C.C.More, entitled "Tests showing continued deformation under oon-

stant load", and ons read by Lr. Corl B, Smith entitled "The
Flow of Concrete Under Lestrainsd Load", This was abstracted
in the ENGINEERING RECORD for Maroch 4th, 1916, Page 329.

See also "The University of linnesota" "Studies in Engineering
#8" by F. .. MoMillen,"

in elevation, and the forces acting on and sbove each section

 are shown to scale in the location =md direction in which they

aot.

The most important force acting on the striacture is
the water pressure. This force is, as usunal, assumed concentrated
in & horizontal plane, located two thirds of the total depth
below the water surface.

The horizontal plsne in vhich the water pressure is

.agsume d concentrated intersects the upstream face along an

elliptical ocurve. The roint of application of a single force
representinz the water pressure on ono total span of 40 feet

coinocides with the center of grovity of this ellipse, at leacst
es long as the water pressure does not ponetrate the upstream

faoe skin, such as plastering, etc.
Tue to the feot that the archas have teen given &

slope of 50° with the horisontal, the water pressure will hove
a vertical component = &%UM « The stablility
of tho dam depends to & very great extent upon the presence and
aotion of this ocomponent, ss it tends to hold the struocture

firmly down upon its foundation.
The point of appliocation of the water pressure is, as

already stated, taken at the center of gravity of the ellipse.

"From the orown this is located & little over one third the total
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distenss (1/3+ 6% for present conditions) between the orown
and springing lime, |

Considering first the upper 10 feet of the dam, the
horigontal plane in vhich the water pressure osn bb assumed
concentrated is at a distsnce of 2/3 x 10 from elevation 0 down-
vard with the water surface at olovation 0, and the point of |
appliocation "a" of the single force is (1/3+ 5/100) ']é'-i—'ﬁig-oo $
5.78 Pt. from the orown measured horizontally,

The horizontal water pressure due to the 10 feet of

05%28 1 10 x 40 = 125,000 Lbs.
or 62,6 tons. The vertiosl water pressure is equal to

Toog0 = 52.5 Toms. This latter foroe is now combined with
the portion of the weight of the arch acting vertically. The

welight of the axrch sbove elevation 10 is equal to its volume

- water on the 40 foot span is

in cublo feet times the weight of one cubic foot. The center

oi gravity of the seotion - a trapezoid -~ is found, and the
cenfer of gravity "d" of the whole arch is then taken to coincide
with the center of gravity of an ellipse through the center of
gravity of the seotion in the sane manmer &8 explained above for
the water pressure. The welght of the erch is now combined with
the vertical component of the water mwressure amd the location of
their resultant i3 found by taking moments around either point

"a" or "d", The numericsl velue of the resultant is equal to the

sum of the two foroes 5Z+ 62,6 = 104,6 Tona. Taking moments

around point "a" and soallng the distances, preferably on the

sloping line Yetween "a" snd "b" for grester mcouracy, we have
«1le

.-\.1'“”

the equation gaTg_‘_f_g_'I_g = X = 1,867 Ft., giving the location

of the resultant at a point 1.367 Ft. from "a" elong the line
between "a" and "b". The weight of the buttresses {above elevation
10) sssumed concentrated in the center of gravity "d" is calculated
to be 14,5 Tons; it is combined with the vertical load on the arch
of 104,56 Tons in the same manner as shown above by taking. moments
around any point, say "¢". The location of the resultant is found
to be at "e", and the valus of the same 18 104.,6+ 14,6 = 119 Tons.
This represents the total vertical froe both as to size and 4
looatién. |

This force is now combined with the honaonm wator
pressure of 62.6 Tones and the resultant drawn. It is the purpose
of this diagram Fig. 6 to give the value of the resultant of all
foroes and to establish the point of intersection "g" between this
resultant and the base, in this cese at elevation 10. For conven-
fonce the distancs from e to £ representing the total vertioal
force of 119 Tons may be mossured, and the dlstemce £ ~ g repre-
senting the 62.6 Tons horizontal w;atar pressure set off on the base
to the same scale. |

Considering next the portion of the dam above elevation
20 as a whole. The plboe of spplication of the concentrated water
pressure is loocated at a distance of 2/8 X 20 Ft. below elevation
0, and the point of spplication of a single force roprqaonting the
weter pressure on the 40 Pt. span is loosted the ssme as before,
6.768 Ft. from the orown towards the springing line, measured hor-
1mntai1y. The vertical component of the water pmressure =

wlf -



——{—W———L—h"“;"“"‘l Qomponent .,ting on the erch botween slevation O

and elevation 20 is now combined with the weight of the arch
lying between Klevution O and elevation 20 and their resultant
drawn in the correct location, found by taking moments 88 shown
above. This resultant is egain combined with the weight of the:
poriion of the butiress lying between elevation 0 and elovation
20. The shepe of tho buttress is taken ss that of an obelisli,
and its volume and the location of the center of grevity is found
from ordinory rules applying to such bodles., The weight of the
struts and counterforts are to be added to the weight of the but-
tress, whereby the location of the centor of grevity might de
s1izhtly cheanged.

The resultant of ull vertical foroces soting on the dam
gbove elevation Z0 oan now be found, both as to size =nd loocation,
and combined with the horizontsl water pressure, whereby the point
ot intersection of the resaltent with tha base at elevation 20 s
determinod.

The same method of procedure is followed out for the re-
m~ining portion of the dam, takinz eaoch time the tase 10 feet lower
than in the precezding caloulations, and the whole diagrem Fig. 6
is completed. If now the centerline of the buttreas, and also the
two lines reprosenting the middle thirds, axe drawn, ‘his dilagram
will point out very clearly whether the load is distributed cconom-
ically on the buitress or not. ZFor maximum economy -end—sefedyy the
resultant of cll forcss should interseot tho base in the centerline
of the duttiress, thon tho lond will be nniformly distriduted over

“w]lS=

the whole base. Towards the top this is not quite possible, and
is not dmportant, as the meterial here cannot be stressed very

‘highly at any rate, but towerds lower elevations the downstream

slope of the buttmes should be shaped such as to conform with
this condition, vis: The resultant intersecting the base in the
centerline, or approximately in the centerline of the buttress.
The total vertical load on the section shown in Fig., 6 is seen

to be 6332 tons, and the horizontsl water pressure 5062 tons, |
both on = 40 foot span. If the coefficient of friction is takeh
at 0.7 it is seen thut the motusl shear along the base smounts

to only 5062 - 6332 X 0.76 = 313 tons. There is considerable
steel in the section to help take up this shear, and therefore it
was not deemed nocessary to eliminate the shear entirely. There
is no hydrostatic uplift to amount to anything ascting on this type
of dam, and water could hardly find its way to lubricate the sur-
faces of possidle oracks in thoe buttresses. Therever it would be
desirsble to oliminate the shear entirely, the face slope should
Ye mnde more f£lat, say 46°, instesd of 50°. This, of course, addse
to tho materisl required for construction, but is the choapest and
best way of accomplishing the result .

Jome difference of opinion may woll oxist eas to what is
the notual stress per squoxe unit of area of tho buttress at any
horigsontal elevantion. The loads por buttress are given on diogram
Fig. 6. Teke, for instonce, at elevation 80, the vertical losad is
aooxi to be 4977 tons, and the horiszontal load 4000 tonms. As the
horizontal area is 360 square rut.. the unit vertical siress should

ld=



4977
M ey el D
360
inch. The thear wonld be 2 little moro than friotion alone would

take care of, but nteol is provided for tho remmining. The result-
anl »f the two (horizontsl and vertical) forces interseots the bose

« 15,82 tons psr nauare foot, or 192 pounds per square

2 feet downstream reclative to the centexline, but on account of
heaving the counterfort (20 sg. £%.) on this side the conterline
also, the stress is actuelly uniformly distributed. How if instead
of ilx Two principal forces, their resultant is used, assuming it
acting on a2 nunber of steps perpendicular to the. direction of this
foroe ( the resultent ), the aprarent unit stress will be much higher.
Thua tha rasultant (6385 tona) =oting on an area equal the sum of
ell th. steps (360 X sin 61°- 13' = 280 Sq.) will produce a compress-
ion equal to 2%%% = 22.8 tons per squere foot or 317 pounds ver
gouara inch.

Thers 1s a laorgzs di fference 'be'tween' 192 pounds per square
inch and 317 powmis par acuare inch, The esgotusl unit compreasion
will be 1lying ronmewhore in betwaen, depending undoubtedly upon the
relative value of tre modizlua of olssticity of the conorete for ocom-
pression and for shear. . It is secen that the first method, using the
principal forces, gives tho maximum possiblec shear that ocould ococur,
ané that the Jest method glves ths :zimum roseible unit oompxoaa:lon
thct could ocour. lons of these,ere vory satisfactory co thoy do
not fix the nbsolute viluse of stresa within narrow enough limits,
but the writer knows of no dbotter at preasent.

The zeinforains steel embedded in the buttrese is put there
for difZfaxent purposes, Alonz the upstreem slope the triangular

1=

steel construction shown in Fig. 4 and Fig. 6 ties the adjacent
arches into the buttress. This is desireble on eccount of the
faoct that in oxrder to feoilitste construction, the buttresses

are built first, end later the arches. The hooping that inter-
connects the different bars is simply left protruding through

the conorete of the buttesss at the time this is built. Chould
one arch fail this triasnguler girder would immedieately tske up

th: unbalanced thrust and prevent adjacent srches from collapsing,

and this is its prinoipal duty. Besides this, however, the steel
is sotive in preventing oracks in the buttess and in taking up
goms shear. Towards the downstream edge of the buttess four vert-
ical rods are embedded in the conorete for the purpose of stiffen-
ing the same, preventing oracks and toking care of wind pressure.
Towerds the middle portion reinforced counterforts axe constiucted
for the same purpose. These are 8till more effoective in accomplish-
ing thia, due to the greater distanoce botween the psirs of stoel
rods. All material in the counterforts supports loaod the same as
the dbuttwess itself, dut they ore at the same time most effective
in stiffening the large flat sled (buttress) so that fewer struts

are required.
Towards the top of the buttress (at elevation 15) two

horigontal struts ore tied to the verticsl reinforoement. (Fig.
4 snd Fig. B) These two struts ere so designed that besides their
main purpose of holding the upper portion of the buttress in plaoce,

they aro onpa‘ble of supporting a light roadway above them. At
| =16 =



elevation 46 another strut is located near the upstream face,
mainly in order to support the triangulaxr girder, should this
1a tter ever be oalled upon to support any ﬁnbnlanood aroch pressure.
All struts ore able to withstand temsion as well as compression,
o8 can be Jjudged from an inspection of tho details shown on Fig. 4
and Fige. b.

The design shown in the foregoing illustrations was
made by the writer for the Pacific Power Corporation, of Bodie,

California, to be used for the construction of th_e!.r Gem and Agnew

Leke dams, situated on Kush Creek, Ifono County, California. Fig.
7 is & plen view of the Gem Loke dem and dem site, snd Fig. 8
shows the Agnew Lake dam site. On Fig. 7 is slso indicated the
outlet works, consisting Aof 8 concrete chamber provided with & row
of iron bars in front, and a 48" dismeter steel pipe laid through
a tunnel for a distance o0f approximately 300 feet. This pipe line
termimtes in a power house located 1808 feet below (in elevation)
the top contour of the leke. The maximum height of aw'indivigual
arch of this dem is 84 feet, and the verticel distance from the"
deepest point in the foundation to tho orost is 112 feet. Tho
longth aoross the dam site nt orest elevation 9063 1s 700 feet.
The reservoir oreated is of 17,000 sore feet copacity, ocapable of
regulating LKush Creek to yield an estimated average flow of 46
second feet. The drainage aren sbove tho dam is 22% square miles,
end is locsted on the Eastern slope of the Sierra Nevada mountains,
between elevations 9,000 feet sbove sea level afthe dam, emnd 12,000
feet along the orest of the mountains. The preocipitation at these
«l7=

elevations is still high, but decreeses very rap:l.d;y from the
foot of tho stesp mounteins out ovor the desert situsted immed-
iately Fast ot elevations ranging between 6,000 end 7,000 feot
above sea level.

The rock at the dem site was, for the most part, ex-
posed bedrock worn clean by gleocisl sction. Some excavation was,
however, nccessaYry in the stream bed and through & rock slide at
the northerly sbutment. The build ing material for the dam was
found near by; the sand along the shore of the natursal 1ake.' ;ahile
the rock had to be hauled a2 short distance on a tramway, first
from the outlet tunnel dump (limestoms), and later from a large
rook slide (granite) sbout 2,600 feet away. 4ill availsble meterisl
in ﬂfe n’o\ighborhood. especially the different samd depoaits, were
tested ‘bef;;re any poxrticular materinl was deoided upon for con-
atruction. It was found that the sand deposit a‘.lofg the shore of
Gem Lekes was good, md therefore used. This samd was first pumped,
end later shoveled from the leke mmd transported to o storage pile
near tho mixing plsnt. This lake sand, vhich contoined 3§% of cloy
and 1% of diﬁ, m mixed with the sand from the rook crusher (all
particles below 4" sise) in the proportion of sbout three fourths
of lake sand to one fburth of orusched rook sand. This gave 8 very
good combination both as to strength and watertightness.

Compression teste on 6" oylinders were made as consiruction

. work progressed, using Bear Brand of Portland cement, Gem Lake sand,

and crushed rook in the proportions 1l:8:4, and sversged sbout 900
pounds per squore inch for crushing at the age of 14 days.
.m-



A 1:2:4 mix was adopted for the arches and struts, amd
& 1:2%:5 mix for the buttresses. The aotual proportion, however,
vas sometimes changed, but 1% barrels of cement for the arches,
and 1} barrels for the buttresses was used slways. The rock was
crushed in & gyratory crusher, and separated into three siges
through a revolving screen having 13", 4" and 3" meshes. The
rejeots from the soreen went into & jaw orusher, the jaws of vhioch
were set to give a 2" maximum sige rock.

The distribution of the concrete to the different srches
and buttresses was done by means of two wheeled push carts and
short shutes.

During the construction period in the Summer of 1915 and
1916, tonsion tests were mande of cement briguettes in a2 small fisld
laboratory. luch attention was slso paid to the sand used, and
1:2 md 1:3 mortar briquettes were tested frequently, and silt
analysis were made as the work progressed. ,

The reinforoing pleced in the dam consists of high carbon
gteel bars, elther corrugnted or twisted. The position and deteils
of those bars is fully shown in the di fferent views, and no further
explanation need de gliven.

For form lumber the trees standing on the reservoir site
were cut down and sewed into lumber in & mill erected on the ground
by the contractors. Large ocone bearing trees can be found in this
neighborhood up to elevation 11,000 in fairly large qngntitiu, but
not of the best quality. The lumber proved to be good enough for
form work, was used green, and on that account 3/4" x 4" battens

«l9-

were plsced on tho under side of the sloping arch to ovoid leakege
of grout between boards when shrinkage took plage. These battens
also helped to give an even circular shepe to the outer 2" x 12"
boards, constituting the form for the downstream face. This
sheeting wes supported on 2" x 6" studs spaced 2' 6" apert toe-
nailed on to the wooden arch trueses shown in Fig. 3 and Fig. 9.
These trusses were spaced b6 feet spart in elevation, end & little
over 64 feet spart measured slong the srch slope. The formwork
for the upstream face consisted also of 2" x 12" boards nailed to
2" % 6" studs, vhich in turn were miled to ciroulsr boanis ot
spaced intervals. This outside form was held eway from the inside
form (downstream side) by means of wooden distonce pieces of the
proper length, vhich picoes were removed Just baféro the comorete

reached them,
A 1:2 plater coat of cement mortar was put on the upstroam

face by means of a cement gun, 3" thick at the crest, and increasing
to 2" thiok t elevation 80 feot below.

‘At the Southerly abutment the two last erches are provided
with spillway openings. These spillway openings can be closed with
loose flashboards. This it is proposed to do towards the end of the
wet season 80 ns to £1l11 the reservoir to within, say one foot from
the orest of the dam, therebdy gaining two feet of water over an area.
of nearly 300 acres., The spillway is shown in detail on Fig. 10.
0037:

The Gem Lske dam oontains 8637 oudbic ynrds of concrete

and 88 tons of reind roing steel. The contraot price was $22,00
«20=



upntroan.
per cubic yards inoluding cement, forms, platering the/fage,

were used, eaoh hauling three trailers. The net load wes 88 close
all tools and moterials except the reinforoing steel, which was

to 20 tons as praotical, and the time necessary to make one round
trip was about six days of tvelve hours, incluiing loading, unlozd-

peid for extra at the rate of £110.,00 per ton in plage. The

excavation, of which there was only a limited emount, was also
: ing, ond ordinnry delays. The speed of these trackleyers was 2%

paid for extra. The high cost is explained by the fact that

miles an hour on high gear, and 1% miles per hour on low gear.
freight rates were high, and further thet the distance from the | |

The contreotors figured the cost to them for hauling this distance
was at the rate of $13.60 por ton. The houling of the cement and
matericls for the dems were not pnid for extra, but were included

railroed to the power house site at Silver Lake, at the foot of
the steep mountains, was noarly 60 miles ovor desert roads with
heevy grades. From th- power house site, a tramway approximately

| 4,500 feot long took all supplies up the mountain side to a lake
(Agnew Leke) situcted 1260 feet above. At tho outlet of this lake
the ignew dam, a smaller straoture 30 foet high, and 280 feet long,
similer in design to the Gem Loke dam, vith the exception of heving
only onc strut, was built at the same time and at the same unit

in the $22.,00 per cubic yard of conorete in plzce.

A rock £111 dam on the sasme site would have to be built
for $2.16 por cubic yaxd (construction cost), inoluding the weter-
tight fooe and hsnd laid rock, in order to be on equal terms acs to
goat, with the multiple arch dam built. In the ﬁriter'a opinion

this wonld not have been possible in this place. In any locality
prices, in order to increase the capaocity of the naotural lake.

Across this lske all materisl for use in the Gem Lake dam construction
was brought on a barge for a distance of sbout 2,000 feet to the
foot of snother tramwey terminating at Gem Lake dam site 550 feet

where oement oan be 1lcid down cheaper than in the asbove ocase, the
relative cost of a multiple arch dam and & rock fill dam will be
s8till more in favor of the multiple arch dam.

Besides furnishing the designs, the writer slso supervised
higher in elevation. The cost of these tramways were not incluvded
' the construotion of the dams.

in the $22,00 per cubic yard of conorete, but were paid for extra.
Mre Co O. Poole was Chief Engineor fdr the whole develop-

They were also necessary for the construotion of the pressure pipes,
' ment, Mrxr. E. Jo Wam. AMeAsSeCeE., was Kesidant Engineer, lr.

L. B. Curtis, Y.A¢S«CeE., Field Engineer, and iy, F. 0. Dolson,
Suporintondent of Construotion. '

Messrs. Duncanson Haryelson Co. of San Fronoisco, were

the ocontrnoctors on the dams.

one from Gem Leke, and onec from Agnew Lake to the power house, and
would heve had to be bdbuilt independent of the dams,

For the long haul across the desert from the Southorn
Fucific rsilroad station at Benton, California, to the power house
at Silver Leke, 8ix 76 HP C. L. Best Tracklayers, burning distillate,

“2)e
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