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IUTAODUOTIOB. 

THE lUJ.L~IPLE ABOH DAlle 
on 

=tush Creek,M.ono Co. Cal. 

DurinB the las t fow yoo.rs ooveral multiplo oroh dame 

ha.vo ·boen bl11lt in various porte of tho oount%7. and they have 

oo fo.r been very auooooaful in operation. L!eey more woUld 

undoubtedly have beon conotruoted had n thorough lmowledgo of 

their design nnd construction been more @lmral omong dam 

buildin;: e~mera. ~ere aro plaoeo \Vhere rook or earthfill 

dams. or n combination of the two, ero .now built, \lhoro multiple 

srch do.ms could have bo en oonatruoted oheo.per and more substantial·. 
:1111e a rook or ,enrthfill dsm, oen, 11naor ordina%7 oon-

d1 tio.ns, be constructed Yli th u sttf:f1o1ent, -al-though-unknown factor 

of sa.£ety, such dams uro absolutely uneo.fe under abnormal oondl ti on , 

such as when wnte r e.ca1dental.ly passos over their a rest. It is a 

·hell known :rc.ot that nearly all failures 1n the past have been due 

to thia c,ouse. \\ator l8B91~ ovor the oreot of n multiple arab dom 

;auld not deotroy tbo dam~ and :ror a more or ·lese limitod time 

would not hurt tho foundation 1:t this as otm:rwiae o.t all eafo 

:for such u etruoturo. 1\. malt1plo oroh dam. requlr,os o. good foundation, · 

as tho load 1e oonaontratod on buttresses and oottlemnt of these . . ... 

~oald be linble to aau.so the oollnpao of Bd3o1n1~ orohlls. · When-
• 

evor the founlat1on 1o oolid rook, howovor,, a .mult1p1o oroh dom 

onn bo constmotod as 911bstantinl 80 any wa of dom, and moro' sub-

atunt1o.l than moot tjl)as• 'I'he $treaoos o.na d1meno1ona oo.n be 

ocloulated w1 th n 1 

ot saoh otruoturo 
I 

;/ 

• 

preoedenoo ohould, on tho.t e.ooount, not bo glvon oo muoh oon-

a1deZ'nt1on flB W1 tb rook and oortbfill d8118 • Zbeoe l nt to r cannot 

be eub~eoted to oal.oulo.t1on of otresoes, tllld thorofore lmve to 

be built mostlv along linea diotated by preoodenoe. In general. 

it oan be enid that a mult1plo oroh dam o£ small und medium 

height (lees than 100 feet high) Vlill coat. lese to construct than 
a rookf1l:l dam, and ee_pe o1ally a rookf1ll !~rovided ·~ th something 

better than n wooden upstream f a oe for the wntertight out-off. 

Onl,y perhaps in ro.ro oaeea v.·ould th 1·e be oaoas1on for oompuring 

tho relative cost of n mttltlplo arch dam nnd too cost of o. strictly 

earthflll dam, beoauso if tbare is onough suitable earth to con-

. atruct an earth dom, o. auffiolent good foundntion for a muitiple 

arch dam and euff1o1ont good buildiru material for tho aame ie not 

11koly to bo i"onn' nt tho a~ plnoo, and v1oa versa. 
• For multiple nroh dcma above. OtJ'3 130 foot high, the 

amount of bu1ld1J:B nnterio.l roquir,od, ond therefore tho -oost oi' 

suoh a a truoture, inoronsee qUi to rapidly, duo mainly to tho £not 

that the but,trosaes booom very largo .ond requiro moro brooi~. 

A limit of height,· is thoroforo ovontunlly ronobod vllore it w1ll 

be mo·ro ooonomiool ·to build one ainnlo e.roh ooroae the ounyon, 

unless tho o~on be vory 1d • \' bore thls limit of height fo,r 

G'IJ'3 dam lies oan only bo found by trying all tho types ,pos tbl. of 

opplioat1on, oo tho ahapo ot tho ·dam 1 t ho.s ·nl o ou1 t an influ-

enoa in tho mat r. 
THE DF..SIGll OF THE . DLTIPLE ARCH DAJI. 

. 
~o first thl to bo dotorml d ia tho lo 
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individual span. Unlesa thoro ohould be strong ranson tor 
using different a~an longtha for tho eevoral aroh a making up 

the oomplotc structure, all spons should be modo tho oeme to 
f uo111 to.te the :form work. Theoretical~ tho shorter th spans 

are chosen, the· loos mterinl 1s required for tho nrohea. Tho 

to rial required :ror tho buttrossea rom ins theorotioall.y the 

oamo, no matter what longth of epnn io ohoeen. ~bile n dnm 
cono i ati~ of onnll spnns takos leoa xootorial than one whore 

larger epc.ns aro used, it may not ncoessnr111 bo omaper to oon-

otruot. Z'no form work become more oxtonsivo om it io moro 
di~fiaul t to plaoo tho oo mrot e tllld roinforoing ate el in the 

roault1 narrow opaoo botneon tbo ~o:rm boards than in c. \lider 

sploe. Thin arch wallo are more 11o.ble to oollo.poe than thiokor 
. 

~alls, and thin buttresDeD \70uld requiro olc.bornto brooing to 

lJrevent collapse of some before fm3Wbore near oruohing etroDSth 
hud boon rooohed. It is tho or ch that holds the wo.tor baok, nnd • 

thorefore tho ~atertightness of tho d is to soma oxtont a 
, 

function of thr. thickness of this wall, although to a muob larger 

extent it depends upon the quality of the building mtlterial. 

(co no rete) used. 

Tnking all those taote into oons1doratlon it onn bo 

said that the raotloal, most eoonom1oal span, 11 s aomo ar 

bo een t ho limit of 30 f ot oncl 60 f t. For high dams the 

eaonom!oal e.tnn io noa.r tho upper limit, and for lo 4oma. near 
tho lo r 11m1 t. /. 40 foot op1n ould bo a good nwrll8o value 

f or ordinary oos, am is ohooen 1n the pr oent iDBtflnoa. 

-3-

Zlext to bo determined 1e tha longth. of the upetr am 
radius. It is known thc.t tho most ooonom1oal arch•* 1a tho one 

thnt eubtenda on &11810 of 133-lP and tlnt for varle.tions of about 

1~ on o1 tbor at do of t hio orJ6le, tho difforenoe in ooono~ is 

vory onnll. For tho dsns 1n bo dcaoribed later the oubtonded 

oentral angle c.t 1ho upstream fooo has be on ohoeen 120°, or to 
be exoot, 1190 67'. The volume of tho orch ha.e thorob~ been 

inaroBSed o.pprox1untely 1% abovo the theorotioal minimum, but 

the thiolmees baa, nt tho aame t'm, be on imreaaod 6%. ~horoby 
deorooaing tho ratio of th1okneoa of nroh to length of arch, 

. 
which is n dosirablo feature ~or structural reasons, ut least 

toward the orest where tho thiolmoas is smell compared .ith the 

length. This also dooreasea tho tendonoy of poroolntion by d -

·oreoe1Dg the area of tho wetted surfaoe, and by increasing th 

thioknosa of' the all. 

~ 1th tho subtond d angl (120°) ond the span (40Ft.) 
decided upon, the length of tho upotream radius 1a onloulatod 

, 
to b 23.1 Ft. To fao111tato £oxmmork tho longth of this r adius 

is kept oonstnnt from orost to foundation, oxoopt as noted l nter. 

Inoidental~ this g1veo also tho ot ooonom1onl nroh o.e the sub-

tended angle io thereby koptAoons ~ arch in givon a lop 
w1 th tho horiuontol of 600, in ordor that tho o.to r pros ro. 

aotlng upon the rt1aal pro~ootion of t.his olop • m tond to 

out down tho oboaring otr oo on h buttr so o to :ro or to oo:no 

1nolgn1f1oo.nt ~ua. 
** For fUrth r lDfOrmntlOD B o PQB GB9 on4 690. ~aot1ona 

.ADJOrloon soo1 v 01v11 no r , Volume va. Po.p 1322. 
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Tho aroh carries too totol wo.to:rload. nnd a lnrgo 

part of tho load due to ita own woight. A prel1m1nar,y aroh 

thiolaloss may be found by meano of tho o1mplo formula 

Px Ru qzt -- ( 1") in Vibioh p eou81a tho ater pressure in pounds 

FOr square foot. Ru equals the longth of the upstream rad~ua 
in feet, q equals the average stroso in pounds por squore foot 

of the area of tho dam soot1on nnrler oonslderat1on, o.nd t equals 

the thioknees of tho dam at uny givon horizontal elevation. ••• 

,fter the thiolrneas t has beon determined, at o.s many 

points os thotJ8ht moesaory, a~ ut ove%7 10 feet apart in olov-

ation, the ,,eight of tho aroh can bo oBloulnted and tho add1 tiona] 

aroh otress due to thia load determ1nod. If tho total otrooa 
• 

io i oULd to be exoosa!vo n nan thiokneao will hnvo to bo doo1de4 

upon. 
J;uo to tho inolinntion. of the oroh, tho wntor proeenre 

is not nn1 forml.y distributed botwoon tho orown ond the o.butmonts . 
on v.rry 1mogin817 arab elioe porpend1oular to the alope. Tho 

. 
or0t1n io looated nt a h16hor elevation, ond therofore oustnins 

los a tor proooure thnn corrosponding points at tho abutments. 
ror the ouoe undor cons1dernt1on, Whore tho longth of 

the upatr om radius 1s 23.1 •• the subtonded nugl 1200 and the 
1no11nat1on of the oroh soo 1th a horizontal plan • 400 with a 

• 

vertioal plan , a })oint o.t th orown · ill alw&iB b JB! x 1D 400. : 
11,65 x 0.64379 • 7.394 foet ebov a oorreapoD41mg poiDt nt th 

•• The thiokmss of flD¥ har1&oDtal 1l sl1ae (o111pt1oia1 lth 
J or a:zla • ~ on4 1 th minor • Ba. J 1a m4e oonat t 

alir"B"OO 
from abutment to ab .at ond ther :to:ra tho olroula:r nnh p r.p • 
dionla~ to too lo must ve ito th1o1moos lOor aae from th ozw 
to arda th nbu nt • •8• 

epr11181Dg lim. Towards tho oreat this differenoe in elevation 

mokee n largo differenoe in the distribution of the load on the 
• 

faoo of tho croh, and thorefm:e also in the location of the line 

of pressure in tho aroh ring. Tcko, for inotonoo, o.n orob alice 

1 foot wide with the middle of tho crown at elevation 5, end ti"i th 

tm m1ddlo of this alioo o.t the apriDgiJ:B lino o.t el.evo.tion 

5 + 7.394 elevation 12.394. With reservoir 11111 to tho crest, 

tho atorload at . tho middlo point of tho crown would corrospond 

to 5 X 62.6 = 312.6 'DOnnde 'J)er eq. ft., nhoroaa the nntcr proosuro 

at tho oorrospondiJJB point a.t tho springing 11no t10uld correopond 

to 12.394 X 62.6 774.6 pounds, or nearly 2.6 times moro than at 

the crown. 
(;,;-~) 

At lowor elevntions this l arge differenoo.J.s fast d1s-

sppenr11J8 and booomes unimportant v•i th crown elevations belo 

elevation 16. In the upper portion of the dam tho radial component 

of tho oroh weight born directly by the sroh 1 tself tonds to ards 

noutrallz1ng tho largo differ no o in ate r pro a Blir bot oen th 

orown o.nd tho oorrespond1 obuttmnt po1n , o.s th1e ei ht oompon-

ont has ita lnrgoat volu at 1he ororm, ~ d ita amalloat valuo nt 

tho o.butmonta. · This oan moat olonrly bo shown gro.phionl.ly, and 

1n Fis. l.and Fig. 2, t nroh dlioos oro 

ono foot .' 14 • on ( ~·1s. 1) 1 th 1ho oro 
, nesumod to bo 

mlddl of tls orom1 nt ole t1on 6, ond thon oiX .inohas on e1 t r 

aid ), oDd tho other (Fig. 2) th it oro nt el t1on 10. T.b 
• uob. 1 . d1v1de4 up into 20 wuesou•o md tho foro a ooting on 

these vouesol a olouln tod. Tha oro a, h11 • 
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distributed, nre of course qwmetr1aal on both halv of 1h e aroh 
w1 th respeot to the centerline bot oen t o buttresses. 

. 
on tho ri gh t lltllf of tho d1ogroua are ahcnn1 . tho weights 

of tm different vouaao1ra dleaolved into their oomponenta. The 

weight of n vouasolz- is part~ transmitted to tho base throush 
t ho lo r portion of tm nroh. md plrt~ oupportod by tho orah. 
Tho last component io equal to the total eight of the vousso1r 
X Cos. 60°, ond 1o set off vortioal~ in tho diagram, aotitl8 

&' 

through t he oontor of: gravity of esoh ·vouesoir. ~a vort1oal. 

load 1a dissolved in one radial oomponont and one perpend1oulo.r 
the:reto. Tho radial aomponent oon no b d1reot17 •••• added to 

the atorload on the same vousoo1r, Whioh 1e of oourse olao radial. . . 
Al l tho last named (perpendicular) component added together 

geometrical~ give tho incross d axial stress towarda the abut-

m nts. . . 
On tbe 1e ft hol f of t he d1ogr8l11J, the t o tal radial 

f oroos aoting on tho different vousso1ra a~e 1n~toate4. A polygon 

of foroos is drawn, and by mMs of tb1a po~gon tho 11no of proaeura 

of tho ·h ann be determined by drawil8 lines pamllel to the 

propo r~s in tbe polygon o:f :foro • It is pln1~ oeon .thnt the 
. 

lim of p . omre 11 s doo1de~ outside tbe oentorlino of tho o.roh, . . 
espeo1all.y is th1o true of tho m:oh with ita orown at elevntion s· 
(Fig. 1.). 

By zm o.na of tho a diogr tbo oorroot shape of tho wooden 
. 

oh tJUBa a aupporti~ th :to~wwoz-:t ~OZ' th • uppe~ eloTntlou 
•• 1• Fo h~Qater aoourao7 tbio foroe should maltiplte4 b;r th 

t1 · or an nd11UI · • It baa b en ne81eote4 1n tba 
0 m :rll'fto sllf 'q 0108 to unity. 

----~--- -'------~~----~.~--~--~~~~~---

oan bet aa~rte.1ne4. fbe outa14e mellbors of these tra.ssea or 
mad e111pt1aal above elevation 16 I ao shown in de tan on Fig • 

8 in auoh a wq as to br1~ abo~ oo1no1denoe bet een the line 
of pressur and. the oenter line of the SZ'oh. At elevation 15 

the aonter line of the a:rah and the line of presSD.re do not exactly 
. 

oo1na1de, but they are a lose enough together to a.llo the c1roular 

shape of the aroh to be used w1 th entire aafet7. Below elevation 
15 the aroh is made cironlar in a plane perpendicnJar to ita alop-
1Dg ana, BJJd abovo 1 vation 16 1 t is DBd lliptioal ·in e.ocord-

anoo with the diagrams Fig. 1 nnd Fig. 2, or a alight modification 

thereof, depend1~ upon ho far below the crest the maximum weter 

level ia to b • It might not be out of place to state her that 

Mr. J. s. Eo.stwoo4, Member Amerioan soo1et7. Civil Engineers. \'rho 

has be on very prominent in brillgiiJB into aotunl use the mnl tiple . . 
aroh tn»e of dam, builds the top portion of the arches vertical, 

whereb7 tho o1roular shape oan be used for the entire o.roh. 

STRESSES DUE TO TEMPlmATDRE CHABGES. 

As dans aro generally built during the summer oo680n, 

it 1o oD17 log1oal to o.ssume that e.ft or tb 1r oompl tion the 

1D41v14u81 arohae o.re under t nsile stress moat of t ho tim h n 

t h e reservoir io empt;r 1 ond d o14edl.7 o if i t 1o empty duri th 

oold a 011. The r inforooment in th o.roh has ref or 

plao 4 th t aol purpo of t 1 up thea t 11 tr • 
Wh1oh r aoh the 1r nazimum Talue near tb do tr 

oroWA, and near t b upstream oo a th 

stat 4 oon41t1on • l'rom Fig. 4 it ~ . 

• -a-
11 be 

t ao a th 

bo 

1 foro .. 



• 

steel 1e loaated at a distrmoe qual, to one fourth the total 

aroh depth from the respeotive faooa aub~eat to tona1le atreaaaa 

e.t the orown and at the tl'butmente. The SDount of sto el put 1n 

the &roh (See Fig. 4 nnd F1g.'Ai.) 1a perhaps not nt1rely suffi-

cient to take care of the nflximum condition of temperatur drop, 

but it is believed that if tansion orsoka do develop, the preaenoe . 

of the reinforcement will oauee theoe to be minute and .11 dis-

tributed, end that ~hen the structure beoomes loaded tho oraoka 

will oloso tight. It was not deemed advisable to put more steel 

in the nrc he a than shom, for t be reason t~at it is of oomparat1ve~ 

11 ttle use when the reservoir is fall. It was nlso kept in mind 

that a lFU.·ge dlmge in temp)rature is not llo.blo to ooour suddenly, 

~u t e. tim elermn t of pormps 'mARks or months is general4r 1ntor-

poe ad be'bveon tm ooouranoe of nn:x1mnm ond minimnm temperature 1n 

a. dam bo~. Thia tim fnotor oan to aom extent bo depended upon 

to prevent or m!n1m1zo tempcro.turo oraoka. It g1ws tho modulus of 

elast1c1 ty tine to 64.1us t 1 tsel~ to the m oo ~3 t1on C colder or 

'l1l1'llXJ r concrete) • ••••• 

THE STABILITY. 
• • 

Aftor tho buttresses ve bean g1ven some pre11m,nar.r 

4 siom the tab111ty of the whole stmoture oan mo t ooJZYeD-

1ant17 be 1nvest1ga ted sraph1o8l]Jr aa shown on l1g. 6 repreaeutillg 
• 

a seot1on through the crown of the ah. To taallltate the 1DYeat-

1gat1on the ·dam 1 d1vl4 4 up 1Gto horlsont aeotloua 10 feet apart 

•• *"nat t he deformation of aomrete under a1leta1m4 loa4 !nor uea 
h . boen shown b7 tea and ln praotioe. Two J1&pera on the aub~eot 
er rea4 at the Tw lfth Annual OoJ1'Yent1on of the .AIII8rioaa Oo.nor te 

Inst1 tut in Chioaso. one b7 ProteaaOI' A.JI.J'IIllel' aliA Pftff eor 
c.o. r , ent1tle4 "~e howlng o011tlma 4 4efo1Mtloa vn4u ooll-

-9-

• 

atant load", ond om rea4 b7 ur. Oorl B. Smith a1t1 tle4 "The 
Flow ot conorete Under neetroimd Load". This was abatro.oted 
in the EBGilfEERIDG RECORD for J!oroh 4th, 1916, Poge 329. 
Bee Blao "The University of !Unneaota" "Stu41es in Engineering 
#3" by F. ;.. loM1llSD." 

in elevation, and tm foroea aotlllg on end above eaoh aeotion 

are shown to scale in the location md direction in · m1oh they 

aot. 

~e most important foro not1Dg on the etnoture 1e 

the water presara. This foroe is. as usual, assumed ooncentrat d 

in a horizonto.l. plane, looated two thirds of the total depth 

belo the water ~f_aoo~ 

The horizontal plane in \\h 1oh the water pressure is 

. assumed oonoentro.ted 1nterseots the upstream fsoe along on 

ell1pt1oa1 ourva. ~e po1nt of npplioo.tion of a single foroe 

repreamti the water prosB1lre on om total spo.n of 40 feet 

oo1no1des ·with the aanter of gravity o~ this ellipse, at least • 

aa long 88 the wator p:reaeur doeo not penetrate the upotream 

faoe akin, auah as plnaterlng, eto. 

Duo to 1he feat that tho nr..: MD hnvo an 61VOn S. 

slop ot 50° lth the horisontal, the · Bter pressure 11 h~ 

:r~1 a1 00 on t • Horlsontal Component 
ave " o mp u ts . 500 • 

. 
of the dam depend to a very g at extent upon th 

aot1on· of th1e oomponent, aa it t n4a to hold th 

11r.mlf down upon ita ~oun4at1on. 

':'h~ a bi11ty 

pr oeno sn4 

etruotur 

~h point of npp11oation of th at r pr a 

already atnt 4, ta n at tho o n r of gre.Tlt~ o t 

r 1 • 

From the oro this 1a looat 4 11 t1 o- r o th1 

·10-



diatanas (1/3+ &,C for present oon11 tiona) between tho orown 
• 

and springing lim • 

considering first 1ba uppor 10 ~eet of tho dam, the 
horizontal plo.n in vhioh the wator pressnra oe.n bo ossumod 
oonoontrntod ia at n diat&nae of 2/8 x 10 f!'om elevation 0 down-

ward with the ator surface at olovat1on o, tmd 1ho point of 
application "e.•• .>f tho eiDgle forae ia (1/3-r 5/100) !~6=0o : 
6. 'IB Ft. from the oro\111 measured horizontal~. 

The horizontal water pressure due to the 10 feet of 

water on the 40 foot apan is 0 - 626 X 10 X 40 : 125,000 Lba. 

or 62.6 tons. 
62.5 - 52 c. tg SOU' - • 61 

ThG vert1oaJ. ater pressure is equal to 

Tom. This latter foroe ie now oombined with 
tho portion o'! tl"..e weight of the aroh aot1Zlg vertical]¥. The 

\";eight of tha a:- oh above elevation 10 is equal to ita volume 

in cubio :feet times the weight of one oub1o foot. '!he canter 
of gravity of the aeotion - a trapezoid - 1s found, and the 
oente r o:t sre.vitJ' ~" of ~he whole oroh is then taken to oo1nolde 

th the oenter o~ gravity of an ell1ps thl'ouah the oenter of 
gravity of the socrt1on in the tume manmr as explained above r 
the ater pr ssur • ~ walght of the e.roh 1B no oomb1ne4 with 
the -vertical component of tho water pressure md tho looe.tion of 
their resultant ia fotm'l by to.ki%28 moment uouD4 1th r point 

" '' or "• ~a m:rmerioal valua of the aultant ia equal to the 
um of the two :toroea 52+ 52.·8 = 104.6 Tona. 'raldng mo nta 
oand point " " end eoaliug the <U:stonoea. pre~ rabl7 on the 

lop1Dg lin bet aen "a" and "b" for gr ater aoouracJ7. w have 
-11-

the equation 581~~6'1~ • X = 1.867 Ft., 6'1v1ll8 th~ looat1on 
of the resultant at a point 1.36'1 ft. from "a" along tho line 
bet een "a" and "b". The eight of the buttresses (above elevation . 
10) assume 4 oonoentrate4 in the oente r of gravity "4'' is oa1oulate4 • 

to be 14.6 !rOJlS; it is oomb1De4 with the vertioal load on the aroh 
of 104.6 Tons in the sane manner as ohcmn above by taking moments 

• 

around aey point, sq "o". TbD location of tbe resultant is found 
to be at " ", end tho value of the sane is 104.6-r 14.6 119 Tons. 
This represents the total vertiool 1b:roe both aa to sise end 
looatlon. · 

This foroe is n~ oomb1ned w1 th the horizontal water 
preaauro o·f 62.5 Tons ond tm roBtlltant drawn. It is tho purpose 
of tb1a cUagram Fig. G to give tho voJ.ue of tho rooultant of a.J.l 

foroea o.nd to eetnblieh tm point of 1nterseot1on "8" between this 
resultant and the bf48e, in this oose at elevation 10. For oonven-
1onoe the d1stanoe from e to f roprosanting the total vert1osl 

. 
foroa of 119 Tona mny be maaar 4, o.nd tho d1 te.noe f ~ 8 ropre-

t\ 

aantins the 62.6 Tom horizontal water pressure set off on the base 

to the same soal • 
Oone14 ring next the portion or the dam abo elevation 

20 aa a whol • ~o plno of sppl1oe.t1on of the oono ntrat 4 ater 
preaaure ia looated at a distano of 2/8 20 • belo 1 vation 
0, end tho point of oppl1oatlon of a1JJBle :foro r pr a nt1 

:tar preaeure on 1ha 40 Ft. BJ:&D ie looat d th s for • 
e. '18 n. from the orown to ard the apr1Dglng lln • m ur 4 ho -. 
110Dta117• Tho rtioal oomponont of the wat rpr --
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bor1sontal oom~nent ts &co · aoting on tho arah between elevation o 
and elevation 20 is nm1 oombined ·1 th the . eight of the orah 

lyillg bet an El.ovut ion 0 un d elevation 20 and their reaul tant 
drawn in the oorrea t location. found bJ taking moments es shown 
above. This resultant is ~ain oomb1ned \Tith the weisht of ' the · 
portion o:C the butt:reas ~illS between elevation 0 am elov:ntion 
20. Tho ahepe of tho bu.ttreas is taken sa that of an obelisk, 
and its volume wlii the location o:r tho center of gro.vity is found 
:from ordinary rulos npplying to enah bodies. ~e wo1ght oi' tha 

st.ra.ts and oounterforts o.ro to be ndclud to the weight of the but-
tress, whereby th'l locution o:r the oentor of gre.v1ty might be . . 
slightly Ohan5ed. 

~a resul:~ant of all vert1os.l foroes oot1ng on tho dtJm 
above elevation EO aan no be found. both as to elza and loos.t1on, 
and combined ith the horizontal wator pr~ssure, whereby the point 

. 
of intereeot!on ~f tho ree~ltant ith the base at $lavation 20 is 
determinad. 

The some ~thod of prooedue le followed out for the re-
m .1ning portion of the dam, teld ~ eaoh time the baae 10 feet lower 

than in the preoeeding oaloulstiona, e.nd tho hole 41agre.m Fig. 6 
ia oomplete d. If ncrn the oentorline of th buttreae • and fllao the 
t o lines repr sent illS the middle th11'4B, are dl'awn, this d1ogr811 

111 point out vory olesrl.J tm.ether the load is 41atr1bu.te4 ooonom-
1oolly on the buttress or not. For maximum eoODOIIJ3 BD! ae:fe~ the 
r sul tant of o.ll foross ehould inters ot tho base 1n the oe:ntorl1n 
of th buttres , thon tho land ill bs uu1farml7 <11 
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the whole baae. Towardo the top this is not quite poa~1ble, and 
is not 1mportax2t, as tm UBter18l beZ'e oannot be stressed vor:~ 

. hig~ at 8Jll rate, but to ords lower elevations the downatreem 
slope of the but1me should be ohapad sucil aa to oonforzn with 
this a·ondi tion, vis: The resultant 1nteraeot1ng the base 1n the 
oenterl1ZJ&, or approx1matoly in the centerline of the buttroaa. 
The total vert1ool load on the section shoWn in Fig. G is seen 
to be 6332 tons, ond the horizontal nator pressure 6062 tons, 
both on a 40 foot span. If tho ooeff1o1ent of friction is taken 
at 0.76 it is seen tho.t the aotual shaar along the base amounts 

to onlr 6062 - 6332 X 0.75 • 313 tons. There is considerable 
. 

steel 1n tho aeot1on to help take up this shear, and therefore it 
waa not deemed neoessar.r to eliminate the shear entirelJ. There 
is no ~drostat1o uplift to amount to an.vth1ng not1DS _on this type 
of dam, end water ooulcl hQ-dly find. its q to lubricate the aur-
:t:e.oaa of possible oraoks 111 tr..o buttrasaa • r.berever it would be 
desirable to oliminata the dlea.Jt entire].y, the face elope should 
be an de more flat, sq. 450 • instoad of 60°. This. of course. dde 
to tho mntor1a1 requ1rod for oonstrnotion, b\lt 1a the ohoapest end 

beat ~ of nooompl1sb1D$ tho r slt. 
some dS.f:terenoe of opinion ~ U exist BB to nt 1B 

the o.otunl stress por aqunm unit of are of tho bu:ttre nt MY 
horl•ontol elnntion. loads por buttraoa nre given ~n diogrnm 

Fls. a • !rake, for inatoao t nt at1on eo, tho vert1oal load is 

aeen to 49'1' tom, md the borS.10ntnl load 4000 tone. A th 

borllontal area la 360 square f 

-l-



be 4977 • 1~.88 tom per tu]nare foot, or 192 ponnda p~ square 
360 

imh. ThP ~Jlear \'rould bo n l1tt3.e moro 'than fr1ot1on alone would 

toke oare o~, but ateol io provided tor tho rem1n1ng~ The rooult-

~~ of the two (hori~ontnl a.ntl vartioal.) forooa interaeots tho boae 

2 fe~t do'M'lmtraa.zn :!'olntivo to t.'lo centoJ'line, but on e.ooount of 

hm-1: <~ the coun~:rl'ort ( 20 no. ft.) on this aide the oonterl1no ... 

also. the stz-.3as ia a.o~1~ly nnif'ormly distributed.. Now if instead 

o£ ta~ tm> p:!:inoipl.]. foroee, thotr resultunt is used, aseu.ming it 

acting on n nu~ber of eteps perpendioular to the. d1reot1on of this 

fo~oo {the reaulte~)? tho apparent unit stress 111 bo muoh higher. 

Tbna th~ rnaal tant ! 6386 tollS} ~oting on an area equal the sum o:f 

all th·· steps (!360 X a1n 61°- 13' = 280 Sq.) will produoa a oompreas-

6385 - fo 31'1 d ion equa1 to ~ZJo - 22.e tons per sq~re ot or poun s per 
equa.r9 in\)h. • 

T~tero is a llll' ge di i'ferenae between 192 pounds per aqusre 

inch ru:u1 317 pounds r 9<1\lOre 1noh. ~~ eotual unit compression 

ill be ljillg £~oe mre in betnaon .• do}leDM%l8 undoubte~ upon the 

relnt1-vo value of tl:e modulus of elasticity of the oonorete for com-

pression end for shear. It 1s soon thet thn 'fb'et motho4, ueiiJg the 

pr1no1pnl :fbrce , give o tho maximum pos B1. blo shoor tha.t oould ooour, 

. a. th~t the lest oethod g!voa ~~x1m1ll!l pooaible unit ~ompresa1on 

that could ooaur. llonr'J of thoaoAue vory ont1sfootorr co thoy dO 

not fix too nbsolute v lu of stress within mn:ow DOugh 11m1ta, 

but the ur t l' kno'm of 110 botter at pr sent. . 

~10 ~e1nforo1nr. stoel emb d4ed !n the buttreaa 1o put the~• 

fo:- di:f'~orent pu.r oa s. Along tho upstream lope the tr18,D8U].ar 
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steel oonatruotion ·shown 1n Flg. 4 Bn4 Fig. 5 ties the o43a.oent 

arohes into the buttress. This 1a desirable on eooount of the 

faot that in orde~ to foo111tste oonstruotion, the buttresses 

are built first, end later the arobaa. The hoop tho.t inter-

oonneota the different bars 1s simply left protruding through 

tlie oono:rete of tho buttesss at the time this is built. Should 

one oroh fail this triangular girder would immediately t ake up 

th unbBl.anoed thrust and prevont e.d~aoent arahoe from ooll~ps~Dg, 

and thia 1a its pr1no1pal duty. Besides this, ho ver, the steel 
. 

is o.otive in preventing oraoks in the butteea md in t aking up 

aorm shear. To erda the downstream edge of the butmss :tour vert-

1oal rods are embedded 1n tho OOJlOret for the purpose of stiffen-

ins tho same, preventing oraol!a and tDk1ng oo.re of ·wind proesure. 

Towards the middle portion reinforced oounterforta e.re oonatmcted 

for the amne purpose. These m'e still moro. effoct ive in s.oo lish-

ing this, dna to tho sreator diatan bet eon tho pairs of stoel 

rods. All material 1n the oounterforta supports lofl4 tho some ns 

the butt•eaa ita lt, -but they nro at tho sane ti most effective 

1n stiffen!~ the larse f'lo.t slab (butt:r as) eo thnt fe r struts 

are requir a. 
Towards tb top of the buttr a (at elevation 16) 

hor1sonta1 atnt ere tied to the vertloal ra1nfbro ment. ( 1 • 

4 and F1g. 6) Th a tmts er oo design 4 that esld a h 1r 

main purpo • of holdl h up :r por ion of the buttr in pl , 

they oro onpo.ble of aupportl a light road abo • 
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elevation 46 anotha~ strut is located near the upstream faa , 

mai~ in order to support the tr18118Qlar g1rder, should this 
• 

latter ever be oalled upon to support 8X\V unbolanoed aroh pressure. 

All struts D:ro able to w1 thstal'l4 tension as well as oompress1on, 

as onn be 3udgod from on 1nspeot1on of tho deto1la show on F~B· 4 

and Fig. 5. 

The design shown in the fo:regoillg 1llustrnt1on8 was 

mado by the writer for the Pnoifio Power Corporation, of Bodie, 

California, to be used for the oonstruation of their Gem and Agnew 

Lake daas. ai tun tad on Rush Creek, I!ono County, Col.ifornia. Fig. 
. . 

7 is a plan view of the Gem Lake dam flnd dam s1 te, and Fig. 8 

eho tho Agnew Lake dam site. on Fig. 7 is also 1nd1oated the 

outlet works. oone1st1ng of a o~DOrete ohnmber provided with a row 

of iron bars in front, and a 48'' diameter steel pipe laid through · 

a tunnel :ror a distance of appro:z1m~e17 300 feat. This p1po line 
. 

termimtes 1n a power house looated 1808 feet below (in elevation) 
• 

the top contour of the loke. The mz1mum he1 ght . of $'fJ'3' 1Dd1vldun1 . .. . 
' ' aroh ~ this dcm 1s 84 feet, nnd tho vertical dletanoe from the 

deepest point in tho foundation to tho oroat 1s 112 .feet. 

longth noroaa the dam e1 te nt orest elel'Bt1on 9053 1a '100 feet. 

The reoer;oir oroated is of 17,000 o.ore feet oopnoit7, oapable ot 
regulating 1\ush creek to ;yield an estimated average flo of 45 

aeoom :t et. Tho dro1na area o.bov tho dam la 2&t quare miles, 

end is looated on tho Eastern slope of tho Sierra Bavnda mountaiDa, 

b t en elevnt1om 9,00~ feet ebow sea level a1the dam, au4 12,000 

1 t alo~ tho orest of tbe mount&ina. !I.'he preo1p1 tatlon at thea 

-1'1-

elevntiom la still h18h, but deoreasoe very ·re.p1~ from the 

foot of tho steep mo1Ulto.1DS out over 1ha deoort situated immed-

iate~ East o.t elew.t1om r&Dging bet een 6,000 and 7 ,ooo feot 

above oea leVel. 

The rook at the dam a1 te was, for the mo t part, ex-

posed bedrook worn oleBil by glao1al eo t1on. some exoavstion was, 

however, nooese817 1n the stream bed nnd through a rook slid at 

tho northerly abutment. The building mater1o.l for the dam aa 

found near by; the sand along the shor of the natural lake. hile 

the rook hod to be hauled a short distance on a trwnwq, :first 

from the outlet tunnel dump ( limes tom), and later from a large 

:rook slide (granite) about 2,500 feet awq. ~11 available msterivl ... in tiio neighborhood, eepoo1ally the different aBDd dopoB1ta, ere 
' .. · 

t ested before any po:rtioulnr ma:ter1D.l was deoided upon for oon-

atrnot1on. It was found that tho aand depoo1 t olo~ tho ohore of 

Gem Laka wao @)04, md therefore used. This san' as first pumpod, 

ond 1n ter shoveled :trom the lake and transport 4 to a storoge pile 

near the mlxing plant. This loke sand, whioh oontninod ~ of olo.y 

and 1~ of dirt, wos mixed with the eon4 from the rook crusher (all 

partlole b low t" sis ) in tbe proportion of about threo fourths 

of lake aan4 to one fourth of crushed rook sond. Th1s gnve a vor.y 

soo4 oomb1DBt1on both as to atr ngth and aterti~tnes • 

Oompr ss i on test on 6" 01llnd ra r d a oonat~uotioD 

. work progressed. ua1 B D:ran4 of Portlo.JXI a nt. La 4, 

~d onahe4 rook in tho proportion 118:4, and ave 4 al:lout 00 

pou!l4 per aquo.re 1noh far oro.ahiJlg at the ng of 14 4~. 
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A 1:2:4 mS.z was adopted for tm nrobsa ond strAta, om 
a 1: 2t:5 mJx 1br tho 'buttresses. Tho aotual proportion, ho ever, 

as sometimes ohanged, but lt barrel of oement for the arohe • 
and 1-i' barrels for the buttresses wa uae4 olw~ • The rook as 

crushed 1n a. gyratory orusher, and separated into three alsea 

through a revolving aareen hav1Dg li", f" end i" meahea. The 

reJeots from tbe soreen went into a ~aw orusher, the Jaws of v.·hioh 
ere set to give n 2" maximum sise rook. · 

Tho distribution of the oomrate to the dif:fe:ren t e.rohes 
Dlld buttres sea wa.s dona by me . s of t o wheeled push oarta end 

short ahutaa. 

Dur1Dg the oonstruotion por1o4 in the summr of 1916 and 
191.6, tons! on teat a \;ere mde of oetmnt briquettes 1n a smell field 

laboratory. Uuob attention was also paid to the sand used, end 

1:2 md 1:3 mortar briquettes re toStod frequent]Jr. and silt 
ano.l1s1a were mde as the w ark progressed. 

~e rein:foroillg plnoed 1n the dam oons1ata of high oarbon 
steel bars, a1 ther oonagnted or twisted. The pes 1t1on end details 

of these bars is fully shown in the c11 fferent vi • and no :fUrtheZ' 

zpl8Zlat1on need be given. 

or form lumbo:r the t:re a atsnd1JJB on the reaexvott s1 te 

ere out do and sa d 1nt o lumber in a mill ereote4 on the ground 

by the oontra.otor • Large cone be arlng tr ea oan be found in thi 

n 1ghborhood up to elovat1on 11,000 1Ji fairlJ large quant~tiea, but 

not of the best qun11t7• The lurQb r pl'Oved to be good .eDOugh tor 

form ork, as ua d gr en, end on that aooount 3/'" x 4" batteu 
• 
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ere plooed on tho under side of the eloping nroh to avoid leske.ge 

of grout between boerda men shr1nlrage took plaoe. Those battens 

also helped to give an even oiroulsr shape to the outer f " x 12" 
boards, oonat1tut1Dg the form fo r tba downstresm faoe. Th1e 
sheeting as supported -on 2" x 6" studs spa.oed 2 1 6" apart toe-
nailed on to the wooden aroh trusses Shown 1n Fig. 3 and 21g. 9. 

These . trusses were s);8oe d 6 feet apart in eleva tlon, e.nd a. 11 ttle 

over &t feet apart measured al.or(; the nroh elope. The i'orm?JOrk 
for the upstream :f}loo oonsista 4 also of i" x 12" boards nailed to 
2" ·:x 6" atuda, Wh1oh 1n turn wore milod to c1roula:r boards o.t 
epaoed 1ntorvnla. This outa:l4e form wss held aw~ fl:om tho inside 

ibm (downstream e1de} by means of woodon diatDDoe pioooa o:t the 
proper length, \'ih1oh p1eoes were :removed just beibro the oomrote 
reaohe d them. 

A 1:2 plater ooat of cement mortar wna put on the upstroam 
fnoe by mee.ns of a oement gun, t'' thiok at the orest, o.nd 1noreas1 

to i" thlok •\'t lavation eo feot belo • 

·At h southorly abutmsnt the t o last orohea are pro ded 
with sp111wq open1D8a. 'l'hcs spill ::1 op l11nge oan b oloaed th 

loose flaahboar4a. This it is proposed to do to ardo t ond of th 
. 

wet eeoaon so na to fill the rea rvo1r to 1th1D, e~ one foot fl'Om 

the or at of th dam, thor by gn1n1 t o f et of water ov r an ar 

ot DeBrll' 800 aora • Tho spill ' is shown in d t a il on 1 • 10. 
ooswa 

The Gem L dam oonta1 

88 tona Of re1 Dfb tv1n te ~. 

8657 oub1o ynr 

Tm oon rnot p.r1 

-so-

0 OODO 



• 
~ upstream 

per ouu1o yard 1nolud1%J8 oement, forma, plo.tenng tb.s/:faoe, 

all tools and teriala e:zoept the reinforcing steel, whioh waa 

paid for e:ztra at the rete of ,.110.00 per ton in p~soe. The 

e:xoe.vo.t1on, of which there was only a 11m1 ted emount was also . ' 
paid for extra. The high cost is explalned bJ the faot tha.t 

freight rates were high, and ftlrtbar thnt the distance f:rom tlB 

railroad to the power house s1 te at Silver Lake, at . the foot of 

the steep mountains, sa no arly 60 miles o:vo r desert roads w1 th 
heavy grades. From th-· powor house site, a trSDlWfq approz1ma.te~ 
4,600 ~eet lons took all supplies up the m~unta1n side u, e. lab 

(Agnew Lake) a1 tUD. ted 1250 feet nbow. .At tm outlot of this lake 

the Agnew dam, a ~allsr stmoture 30 :foet high, and 280 feet long. 

s imilar in design to the Gam Lake dam, \\1 th the exoept1on of having 

ollly om strut, was built at the sane time and at the same unit 

pr1oe , in order to 1noreo.ae tho oapaoity of tho natural lake. 

Aoroea th~a lake all material for use 1n the Gem Lake c1ND oonstruat1on 

was_ brought on a barge for a d1stanoe o:r about 2 ,000 feet to the 

~oot of another tramwq terminating at Gem Ltlke dam sit 650 feet 

higher in elevation. Th oost of these trSDm"~ were not 1nolud 4 

in the "'22.00 per cubio Jard of oonorete , but re paid for extra. 

~hay ere also neoeasary for the oozurtruation of tho proseura pipe , 

one from Gem Lake, and ono from Agnew Lake to the power houae, end 

ould hn.vo bad to be built independent of the due. 
.For tho lo~ hanl aoroes tho desert from the southo:m 

aalfio ro.ilroad station at llenton, Ool.lforni , to th powe:r house 

at 511 r L • au '1& BP o. L. B t Traokl~er , burnt21g 41 t111ate, 
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were us 4, eaoh hauling three trailers. The net lo·o.cl v.aa as olose 

to 20 tom as praotioal, and the t1mo neoeesa17 to mke one xound 

trip BB about six dfJ¥8 of tv.- el w hours, including load1ll8, unload-

iDS, und ordinary dela7B• The speed of these treokla~rs we.s 21r 

~1los nn hour on high sanr, and 11r miles per hour on low gear. 

Tho oont:raotors f18tlred tm coat to them ibr hauling thia dietnnoe 

waa e.t 'tho rate of ~13.60 par ton. The bD.u11ng of 'tho cement nnd 

materiols for the dens were not roid for extra, but ere 1nolitded 
. 

in the 22.00 per oubio iflrd of cnnorete 1n plBoo. 

A rook fill dam on tm same aite would hove to be built 

for 2.15 per oubio ~1\\ ( oonatruotion oost) , · including the wSter-

t!ght foa e and hand laid rook, in order to be on equal terue os to 

ooat, with the multiple aroh dam built. In tm writer's opinion 

this would not have been possible i n this plaoe. In any locality 

hera oement oan be l nid down cheaper than in the above oaa , the 

relative ooat of a multiple aroh dam and a rook fill dam 111 be 
. 

still more in favor of tho mult1pl b dam. 
Besides fum1Bh1ng the doe1gna. the triter nlso enpervi ed 

the oonskuot1on of tho dems. 

Mr. c. o. Pool ns Ohlef EnSinoor ibr th hol do 

mont, Jlr. E. J. Wnush, A.u.A.s.o •• , 
L. B • . curt1a, U.A.s.o.E., F1814 
SUJOr1Dton4 t of Oonet:mot1on • 

' • • • 
• and jr. F. o • .1. lBon. 

M sera. Dunoonaon Har~ on co. of Son Frnno18oo, r 

tha oon.tznotor on th 4 • 

lop_. 



Ed Fletcher Papers

1870-1955

MSS.81

Box: 47 Folder: 10

Business Records - Water Companies - Volcan
Land and Water Company - San Dieguito System
- San Dieguito Mutual Water Company - Carroll

Dam (Lake Hodges) - Typed copy of article
re. Multiple Arch Dam at Mono, California

Copyright: UC Regents

Use: This work is available from the UC San Diego Libraries. This digital copy of
the work is intended to support research, teaching, and private study.

Constraints: This work is protected by the U.S. Copyright Law (Title 17, U.S.C.).
Use of this work beyond that allowed by "fair use" requires written permission of
the UC Regents. Permission may be obtained from the UC SanDiego Libraries
department having custody of the work (http://libraries.ucsd.edu/collections/mscl/).
Responsibility for obtaining permissions and any use and distribution of this work
rests exclusively with the user and not the UC San Diego Libraries.


