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, Stu.A.BUS 

The p resent report describes t h e McNa.xy Second-S-:;ep Oofferdam 

clo-sur-e --aperation from the time of awarding the contract to the c om­

pletion of the -river diversion. 

The McNary c los ure was a v ery difficult engineering problem which 

was solved by an ingenious method never used before.. The present report 

describes the applicati on of the method, the changes made on the basis 

of model exper iments and the developments which assisted the ultimate 

success of the operation. 

The report concludes that the McNary method can be applied on 

other difficult river d.iversions and suggests possible improvements. 
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CHAPTE I - GENERAL 

1. Purpose. - The purpose of the present report is to descr~.be 

the HcNary Second-Step Cofferdam Closure in su.fficien t deta:il so that 

the experience gained may be used to.best advantage in connection with 

other similar projects of the Corps of Engineers. 

2. Hydrology and Streamflow. - '11he Columbia River at the Mclfary 

damsite has a drainage area of 215,000 square miles, varyi~g in ele­

vation from approximately 250 feet above mean sea level at the site 

to above 10,000 feet at the top of numerous peaks within the area.· 

The mean annual precipitation for the Columrd.a. River :Pa.sin a.bove the 

McNary damsite is 24,2 inches~ The annual precipitation is more than 

50 inches in the mountains; at high elevations a large part of the 

precipitation falls in the form of snow. 

3,, Large floods- are-due to snowmelt_and usually occur in late 

May or early June. The maximum on record in 72 years occurred on 6 

June 1894 and attained 1,200,000 c~f.s. (cubic feet per second)~ Another 

disastrous flood occurred in 1948 and attained a peak of 980,000 cd.s. 

on 31 11.iay. 

4. The low water season extends usually from September to February; 

duri~g this period the average discharge is approximately 90,000 c.f.s. 

However, winter rain storms will occasionally result in abnormally ~1Jgh 

flows of short duration at any time after-about 10 November. One such 

flood occurred in December 1933 at the beginning of construction of 

the 3onneville project and attained 368,000 c.f.s. at The To.lles~ 

5, Summary Hydrograph. - :Plate 1 shows the dBrivod minimum, 
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maximum and average daily discharge at the I.icHa.ry da:msite fo:c the 

months of September, October, nover.i.ber and December for the period 

fron 1894 to 1947 inclusive. In accordance ·rrith this summary hydro­

graph, September and October 1;rould have been the logical months for 

the closure operation, as discharges of approximately 90,000 cofoso 

might have been expected during the more difficult part of the closure; 

however, the fall runs of salr.ton preclude a closure durine; those t,·10 

months. The 10th of October vras therefore established as the earliest 

time at ,:rhich operations could be started, and the time available fo:r:, the 

cor..pletion of the rockfill portion of the closure -rra.s thus limited to 

less than 60 days in order that the fill could be brouc;ht above water 

surface before the possible occurrence of •ninter storms. Such stonns 

could have resulted in flows in excess of 150,000 cof.se vm.ich vro.s the 

upper limit of river flow for vihich closure operations i,·.rere considered 

feasible. 

6. Cofferdam Layout., - Plate 2 shm:rs the e;enero.l layout of the 

Second-Step Cofferdam and the location of the 240-f'oot gap in the 

Oregon channel in which the closure had to be made. The navigation 

lock and the T!ashington portion of the spilhmy 1:rnre built, and the 

first cofferdam had been removed. The ogees in the first 12 bays Yrere 

concreted to elev. 250, or 41 feet belo.-r the ult:i.r.J.ate crest ... Temporary 

fish ladders in bays 1 and 13 left llo7 bays actually available for the 

passage of the river flows. 

7. Plate 3 shows the gap proper, toe;ether ,;r.i.th contours of the 

river bed based on sounding data ta.1:en i:::1 1935, and vrith soundinc:;s 

taken along the upstrear.t and dovmstrean legs of the cofferdam after the 

flood of 194e. The floor of the gap consistr::d of two shelves at 
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approximately elev. 235, with a deep trough in between, in which the 

maximum depth at low yrater \'ro.S approximately 53 feet-. The major flood 

which occurred in 1948 removed the top of Artesian Island and apparently 

deposited some material in the deepest portion of the Oregon channel, 

resulting in some upward changes of the contours in the bottom of the 

channel. 

8. Hagnitude of Closure Problem. - The severe combination of 

great water depth, large river discharges with resulting high vrater 

velocities, and very limited available time, made the LlcNary closure 

one of the most difficult river diversions in construction history. 

The constriction of the river flow· through the ll. 7 lovr spill;·,ra,y bays 

would create pool differentials of 16 to 18 feet for discharges from 

100,000 to 150.000 c.r.s. 
9. Government Responsibility. - In view of the magnitude of the 

problem and the difficulties connected with it, the Corps of B:ngineers 

decided to o.ssume the responsibility fo:r the design of the closure by 

specifying the general method of procedure. The operation was included 
,{' 

in the contract for the Oregon Shore work, for construction of the sub-

structure of the powerhouse uni ts 1 and 2, in order that construction of 

the remainder of the powerhouse could be initiated immediately after the 

flood of 1951 to meet the specified schedules for generation of power. 

10. Various closure methods were considered in the early design 

stage and in successive discussions. Studies on methods of river 

closure were initiated in 1945 and closure by use of floating timber 

cribs was originally contemplated. Extensive model studies i;tero made 

in order to determine the optimum order of work., that is, whether the 

3 



final closure should be in the Oregon or ·,-ra.shini;ton chs.nnels or across 

the relatively high ground at Artesian Island, and also to deterr.tine 

the magnitude of hawser pulls during plo.cing of the cribs. These 

studies indicated that the optimum order of closure ,,rith cribs, 

considering minimum hawser pulls, would consist of initial construction 

of all upstree.m cribs, except for those in the Oregon a..>id Yi"ashington 

channels, then closing the Oregon channel and ma.!:ing final closure .in 

the Hashington channel, Hawser pulls of' almost 1,000,COO pounds for 

the final crib in each channel were indicated. If the Oregon channel 

were closed lant, the hawser pulls for final crib in the Oregon and 

Y!ashington channels v,ere indicated to be approximately 2,500,000 pounds 

and 400,000 pounds, respectively. Further studJr of the hazards and 

time involved in use of the crib method resulted in its abandonment 

and studies rrere made based on use of steel cells. Difficulties inherent 

in holding the template for and driving the final closure cells against 

a differential head of about 20 feet, together ,r.i.th the relatively 

greo.t height of cell of 90 feet, and difficulty of sealing against 
;i,~, 

overhanging sides of the undervra.ter canyon in the Oregon channel, 

raised cons~derable doubt of the dependability of closing the river by 

steel cells. Finally, the design vras adopted rrhich consisted of use 

of steel cells except for the Oregon channel and then closing this 

24<)-foot gap by placing successive lifts of large quarry rock or pre-· 

cast concrete blocks, each lift backed first viith lare;e rock from ex­

cavation and later the ,;rhole backed with finer materials and an inper-

vious layer. 
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CHAPTER II - THE PRE-CONSTRUCTION PHASE 

11. McNary General Model. - Model studies were carried out in 

1949 on the 1: 100 scale general model of the McNary project at the 

Bonneville Hydraulic laboratory at Bonneville, Oregon, to determine 

the hydraulic characteristics of the closure as a whole, particularly 

the flow patterns, water surface elevations and velocities at numerous 

points upstream and downstream from the structures. The closure of the 

240-foot gap was simulated by means of impervious preca.st trapezoidal 

prisms• each simulating a ·successive lift 10 feet high; no attempt was 

made to determine or to simulate the amount of flow which might pass 

through the closure fill proper. River discharges covering the range 

from 75,000 to 250,000 c.f.s. were simulated. 

12. The experiments with a river discharge of 100,000 c.f.s. 

indicated that the maximum velocity through the 240-foot gap at the 

begir.ning; of the closure would be 12 f.pos• (feet per second) and that 

the maximum velocity over the crest at any time during the construction 

of the fill would be 24 f.p.s. In addition, the experi!l'J.ents indicated 

the presence of a submerged plunging jet with velocities up to 35 f.p.s. 

near the toe of the slope.* 

13. Experiments with a river discharge of 150,000 c.f.s showed 

maximum velocities of 15 f.p.s. at the beginning of the closure, 28 

f.p.s. over the crest and 38 f.p.s. near the toe, leading to the 

conclusion that a closure with this discharge might not be feasible.* 

- - - - - - - - - - - - - - -* Twelfth Preliminary Report, McNary General Model, dated 26 May 1949. 
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lL~. Selection of Pre cast Blocks• - The size of the stone or 

concrete blocks was based on data available regarding the weight of 

stones required for stability in Ymtcr flo;-rinc at various velocities, 

The prototype data obtained in 1936 in connection with the Passama­

quoddy project, as shovm in plate 4., ·we:::-e considered especially 

applicable; they shovred that stones weighing 16,000 pounds each 

would be stable in velocit1.es up to 31 i'.p~s. Based on estimated 

costs of quarrying rock of that sizo, the use of concrete blocks 

was selected, and the tetrahedron shape vras decided upon under 

the assumption tlmt thiR would ha.Ye the best shape factor against 

rolling and sliding, both during placing o.nd durine; periods of 

cofferdam subr.i.ergence by the spring floods, 

15. Desic;n Section of Fillo - Bids for the Oregon Shore 

contract were called on 6 June 1949 and included making of the 

closure in accordance vrith plate 5. The procedure specified was to 

construct the first Zone I fill with class A meterial (precast 8-ton 

concrete blocL:s) ·with backing of B-stone (minimum vreii:;ht 1 ton), 

then proceed to the second Zone I fill ·with gJ:milar backfill, and 
. 

continue in this manner to elev. 270. Upon attainment of this elev-

ation the fill was to be backed with C-stone (ungraded rock spoil 

from excavation), then vrith ah-foot layer of spalls., a heavy layer 

of 1rnpervious material, a 2-foot filter blanket, and finally a 

3-foot revetment of dumped C-stone on a 1 on 3 slope. The top of 

the fill ·aas to be raised later from elev. 270 to elev. 302 by means 

of timber cribs filled -rrith bank-run gravel or rockf'ili. on the 

dovmstrea:rn ::;ide and vii th i.r!l.pervious material on the ·upstream side. 

The successful bidder was permitted to submit an alternate plan of 

his own, but did not elect to do so. 

6 
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16. Contract Award. - The contract for the Oregon Shore work 

was awarded on 5 August 19t~9 to McNary ])lm Contractors - a combine 

of.Guy F. Atkinson Co., Ostrander Construction Co., and J. A. Jones 

Construction Co. -- 011 a total bid of $15,835,539.50.. The quantities 

and bid prices for the principal items involved in the closure fill 

were the following: 

4,500 8-ton concrete tetrahedrons, $ 120000 each 
in place 

3,500 Tons of :S-stone from excavation 3.50 per ton 
in place 

15,000 Tons of 13-stone from q_uarry, 5.50 per tqn 
in place 

50,000 Tons of C-stone, in place 2&60 per ton 

17. The contractor proposed to place the closure materials by 

means of a cableway. Field and office studies were therefore initiated 

to determine the location of the dropping poir..ts and the optimum 

sequence. 

1g., McNary Tetrahedron Studies. - Tetrahedron experiments were 

made in the field at McNary in June 1949., A tug was held stationary 

at various points over Artesian Island on the centerline of the UP­

stream leg of the Second-Step Cofferdam; the water was approximately 

20 feet deep and the velocity at 0 . 2 depth was 12.3 f.pos., decreas­

ing slightly towa_rd the bot tom~ FiYe t etrahedrons were dropped in 

all, three weighing 1,000 pounds each, one weighing 2,000 pounds and 
! 

one weighing 3,000 pounds. The drops were w.ade from a launching plat-

form located on the stern of the tug; each tetrahedron had a colored 

double-cone buoy fastened by means of 75 feet of 1/'?;ft airplane 

cable. Figures l and 2 illustrate the launching deYice. The posi'thm 
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of the tur; was sie;hted in from the shore o.nd the launching occurred 

in accordance ,ri th the prearrr.mr;cd sir;nal s • The position of the 

buoys after launching; 1:ms deterr.iined by instruments from the shore. 

The observations indicated little or no movement after the tetra­

hedrons had reached the bottom and ;;rere discontinued after a fe,-r 

days because the buoys had broken loose. Uo observations vrere nade 

at the time of the experiments or after recession of the summei<' 

flood to determine the dovmstream drift below the launching point. 

19. Office Investigations. - The various office studies under­

taken did not give any reliable results as to the dovm.strearr. drift of 

the tetrahedrons. Our present understanding of the many factors in­

volved is altoeether inadequate to solve the problem mathematically. 

In the course of the investigation several factors yrere broue;ht to 

light, e.g. that the unsteady motion of a Sllnple body even in a 

stationary and continuous fluid is not yet clearly understood and 

is therefore fonn.ing the subject of a continuing research program 

at a well-knovm hydraulic research center in the i.Iiddle Trest. The 

introduction of a varying shape factor and the transition from one 

medium to another complicated the problem further, especially as 

even the analysis of the water-entry of a sphere has only recently 

been investigated with some sy~~ern. 

20. The engineering factors i~volved in the closure formed the 

subject of numerous conferences between engineerinc; personnel of the 

Halla Halla District and the Contractor's representatives. Tvro im­

portant changes resulted; the first consisted of accepting the con­

tractor's offer to substitute 12-ton tetrahedrons for the original 

8-ton units and decreasinG the number frou 4,500 to 3,000, ,Tithout 
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changing the contract price or :::;30.00 per cubic yard of concrete in 

place; the second consisted of making the top of each tetrahedron 

fi 11 20 feet ,;r.i_de inntead of sharp-crested ( see plate 5). The 

Contractor's representatives made several other suggestions ,·rhich 

did not meet with approval, e.g. that tetrahedrons Trith higher 

specific gravity (using iron ore as aggregate or with some pig iron 

mixed in and weighing 10 to 16 tons, but having the some volune as 

8-ton tetrahedrons) be substituted for ordinary concrete tetrahedrons, 

also that the num.ber of 12-ton tetrahedrons be substantially increased. 

21. In I.lay 1950 a line 90 feet dovmstream from the centerlin~ of 

the cofferdar:>. and a dropping elevation of 30 feet above the ,mter sur­

face ,:.,rere selected for the construction of the first tetrahedron fill; 

the drops for the successive fills were left open for future deter ... 

minatton in the light of the experience with the first fill. 

22. Seattle Eodel Experiments,, - During the months of July and 

August one of the hydraulic engineers of tho Ualla -::alla District 

Offic~, vmo had made extensive studies of closure operations in 

general and was deeply concerned about the success of the liclfary 

closure, carried out a personal rezearch program at the Un:i.versity 
. . 

of nashincton in Seattle., A special model flume vre.s built, -which 

simulated a. width of 52 feet in the deepest section of the Oregon 

channel and v;hich permitted the construction of the various fills 

on a scale of 1:24 (see fig. 3). The sectional model v,as operated 

in accordance ·with the data contained in the Twelfth Preliminary 

Report, McNary General iiodel, dated 26 I.lay 1949, which gave the con­

trolling 1-ro.ter surface elevations and velocities for the flows under 

considerat:i.onc The experiments indicated that t:!1.e fill in accordance 
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with the proposed plans could not be carried above elev. 240 approxi­

mate ly (see fig,4) and suggested changes, principally the use of blocks 

of greater specific gravity, which would insure its success.* The pre­

sentation of the findings was followed by showings of the moving pictures 

taken in the course of the experimental work and by numerous conferences. 

23. Field Experiments. - Attempts were made to find locations on 

natural streams or existing projects in whi~h to simulate the conditions 

which would exist during the critical construction stage of the closure 

fill. Some field experiments were actually carried out at two natural 

locations on the Clearwater River near Greer and Orofino, Idaho , res­

pectively, but conditions turned out to be so different as to render 

the results inconclusive and of no value. Thereafter, all experimental 

work was limited to locations where fully controllable laboratory condi­

tions would be available at all times. 

240 Bonneville Section~l Models. - In order to check the results 

of the Seattle experiments, additional model tests were carried out at 

the Bonneville Hydraulic laboratory in the McNary spillway flume. The 

central portion 52 feet wide of the Oregon Channel was simulated on a 

1:24 sea.le by construction of a. longitud :i.nal partition. An experiment 

was made based on the data contained in the Twelfth Preliminary Report 

(see par. 12), simulating a river discharge of 100,000 c.f.s. The 

experiment showed that the fi ll could ce raised viith tetrahedrons to 

elev. 230 without diffi culty, but beyond th!l.t stage ga.:i.ns in e l evation 

could be attained only in small lifts, with the critioal stage occurring 

~ - --- - - - - - - - --~ - - - - - - - -
*Second-s'cep Cofferdam Closure - Model Experiments by A. J. Gilardi 
Juiy-September 1950 
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between elev. 240 and 250.* The results obtained at the Bonneville 

Hydraulic l.e.boratory confirmed the ras,4lts of the Seattle experiments 

by showing that the closure as pla.nned would reach a critical point at 

about elev. 240. This appeared to be the point at which the effect of 

submergence on the overflowing sheet of water decreased substantially and 

free overflow began. 

25. The Bonneville experiments were witnessed by numerous repre­

sentatives of the North Pacific Division, Portland District Office, 

Walla Walla District Office~ McNary Project Office and McNary Dam Con-' 

t~actors (see fig. 5 and 6). The opportunity was thus offered to all 

concerned to observe and discuss the behavior of the tetrahedrons and 

the formation cf the various fills; this proved of great value and led to 

the development of several plans to improve .the construction technique 

and better assure succoss. of the closure ·(see fig. 7). 

26. The experiments were expanded later by removing the longi­

tudinal partition and using the full o-foot width of the McNary spill­

way flume. Two experiments were then run, simulating the 100,00 c.f.s. 

flow and the 150
1

00. c.r.s. flow conditions, respectively. 

27. The experiment simulating a river discharge of 100,000 c.f.s. 

(see fig. 8) showed that the construction of the closure fill in the 

5-foot flume was still more difficult than in the 26-inch flume; the 

experiment brought out also the importance of placing the dropping points 

closer together to minimize the gulley action, and the ne~essity of 

frequent soundings as .a guide to subsequent drops.** 

*M;m;r;nd~ Repo;t-1:1: McNa;y-C;ffe;d;m-S;cti;~l-Clo;u~e-M~d;l; 
dated 17 October 1950. 

**Memorandum Report ·l-2; McNary Cofferdam Sectional Closure Model, 
dated 25 October 1950. 
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28. The second experiment made in the 5-foot flume simulated a 

river discharge of 150,000 c.fos. This experiment shov,ed that the com­

pletion of the closure fill with such high flows would be much more diff­

icult than under the 100,0CO c.f.s. condition; in fact, a point was 

reached in which it was impossible to raise the fill any higher by 

dropping tetrahedrons from a skip, unless some means of anchoring them 

was provided.* 

290 Construction Modelo - A 1:24 scale construction model of the 

entire 240-foot closure gap was built at the McNary damsite. This model 

was to serve several purposes, such as to simulate the flow conditions 

in still greater detail, especially those at the ends of the fill, to 

provide for field engineering forces and contractor's personnel infor­

mation and visual, three-dimensional, observations of the flow charac­

teristics at various stages of construction, especially in the under­

water regions, as well as to be fully prepared for any unforeseen 

developments. The approval of the construction model was secured on 6 

October, i.e., only 4 days prior to the scheduled start of the proto­

type closure operation. The design and construction were expedited in 

every possible manner; much credit was earned by the personnel of the 

Bonneville Hydraulic Laboratory, the McNary Project Office and McNary 

Dam Contractors for completing tte construction model and having it 

ready for preliminary runs by 25 October, or only 19 days after appro-

val. 

30. The model was located on the Oregon Shore immediately down­

stream from the Oregon Shore cofferdam, on a compacted fill built to 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
*Memorandum Report 1-3; McNary Cofferdam Sectional Closure Model, 
dated 26 October 1950. 
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elev. 265, i.e., sufficiently high to permit operation at river stages 

up to about 350,000 e.f.s, (see fig. 9). The water supply was obtained 

by means of two 20n - 100 li..p. coi'fercla.m. unwatering pumps with a. capa­

city of approximately 12,300 g.p.m. (27.5 c.f.s.) each under a head of 

30 feet. The pumps were supported on a platform located on top of the 

Oregon shore cofferdam bet'ween cells A28 and A29, the water being con­

veyed to the model by means of tiNo 2011 overhead steel pipelines ea.oh 

about 175 ft. long with suitable valve controls. Bypass conduits and a 

pipeline for filling the model were also provided. 

31. · The model proper simulated approximat·ely 1,200 feet of the· 

Oregon channel and had an overall length of 105 feet, a maximum width of 

55 feet and a width of 24 feet at the downstream end. The bottom of 

the test section in the :model was formed in compacted sand by means of 

sheetmetal templates and was topped with a layer of mortar. The proto­

type roughness was simulated by means of pebbles embedded in small dabs 

of mortar. The entire model was laid out in such a manner that an 

observer could see both the model and the prototype closure gaps simul­

taneously and with the same orientation. The tailwater elevation was 

controlled by a large ti~ber~and-steel tailgate hinged on the· bottom and 

adjustable by means of a 3-ton chain hoist. No provision was made for 

measuring the discharge through the rnodel because no prototype data were 

available for comparison, and also in order to simplify the construc­

tion. The waste water was passed through an underground corrugated pipe 

and was led back to the river. 

32. Opere.tion o.f' Construction Model .. - The general program for the 

operation of the construction model consisted of three general phases, 

as .follows: 

13 



a. Determine the reliability of the model by performing 

a major operation at different times and a.scertaining 

whether the model would duplicate itself. 

bo Check with the prototype, i.e., perform on the model the 

same operations as had already been carried out on the 

prototype, and compare the results of both. 

c. Determine the best method of prototype procedure, 

beginning with known conditions as determined by sound­

ings and leading to a successful closure. 

This comprehensive program wa.s left flexible, eo as to cope with 

day-to-day developments and exigencies,* The operation of the model 

having thus been so closely related to the prototype closure, the 

further description of the experiments will be presented concurrently 

with that of the prototype work and, generally speaking, in chrono­

logical order. 

33. Prototype Experiments. - Two experimental drops were made 

in the field using actual 12-ton tetrahedrons. The first drop was made 

from the trestle between cribs 4 and 5; the height of the drop was 26.5 

feet; the water was 25 feet deep and flowed at velocities of 13.7 

f.p.s., decreasin~ to 12.5 f.p.s. The observed drift was 39 feet. A 

seconddropwas made on 7 Ootober 1950 from the cableway at Station 160 

and Range 830; the depth of the water was 55 feet and the velocity 

approximately 12.5 f.p.s. at 10-foot depth, decreasing to 6.0 f.p.s._. 

at 50-foot depth. The observed drift was 40 feet. 

. - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - -
*First Preliminary Report, McNary Cofferdam Closure Model, 
BonneYille Hydraulic Laboratory, 1 Ma.y 1951 
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CHAPTER III - CONSTRUCTION N!ETHODS AND EQUIPMENT 

34. Tetrahedron Ca.sting. The tetrahedrons were ca.st on the Oregon 

shore just south of the powerhouse assembly bay (see plate 7 and fig. 

11). The col!crete was mixed in the central mixing plant using 4 sacks 

of Portland cement per cubic yard. Bank-run gravel was used originally, 

but did not prove satisfactory on account of poor grading and forma-

tion of gravel pockets, and was replaced by graded and washed aggregates 

with a maximum size of three inches. The water-cement ratio was S 

gallons per sack of cement, and the contractor chose to use an admixture 

of Darex air entraining agent in the proportion of 1,25 ounces per sack 

of cement, although the specifications did not require its use. The 

concrete was hauled 1/8 of a mile from the mixing plant in four cubic 

yard buckets mounted three at a time on a flat railroad car. The buckets 

were lifted by a 50-ton whirley crane used for the powerhouse construction 

and the concrete was poured through a hopper into the forms. The tet­

rahedrons were cast base down on _fixed wooden platforms; heavy ·w-ooden 

forms were used for the sides, an opening being left near the apex for 

pouring and for inserting the lifting eyej 80 forms and 183 bases were 

available. Electric vibrators handled by two men each were used. Plate 

6 shows the principal dimensions and other details of the 12-ton tetra­

hedrons, also a size comparison with a .heavy automobile. 

35. Cas:ting of the tetrahedrons was carried out intermittently 24 

hours a day; the maximum number of tetrahedrons cast in 24 hours was 

approximately 100. ~he forms were generally removed 24 hours after 

casting (see fig. 12). The- tetrahedrons were transferred three or four 

days after ca.sting to the storage yard about 0.4 of a. mile a.way (see 

... 4 • 
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fig. 13). Curing was performed by the Hunts process membrane treatment 

applied by spraying upon the removal of the forms. 

36. Specific Gravity of Tetrahedrons. - The specific gravity of the 

tetrahedrons was determined in the field from about 20 representative 

pieces of approximately one cubic foot each and was found to vary con­

siderably. The average specific gravity was found to be 2.48, corres­

ponding to 155 pounds per cubic foot. Since model tests in progress 

indicated the deoirability of obtaining the maximum practicable specific 

gravity, the use of Darex was discontinued after 2,042 tetrahedrons had 

been cast; the weight of the tetrahedrons was thereby increased by approx­

imately 600 pounds, giving a specific gravity of 2.54 corresponding to 

158.6 pou..~ds per cubic foot. 

37. Main C~bleway. - The construction of the closure fill was 

carried out by means of the main cableway, located as shown in plate 

7. The span was 1,500 feet; the track cable was of the locked-coil 

type and had a diameter of 3 inches. The two towers were 100 feet high; 

the top of the headtower was at elev. 397 and that of the tailtower at 

elev. 379, being 105 feet and 87 feet, respectively, higher than the 

top of the cofferdam cellso 

38. The structural steel portion of each tower above the sockets 

weighed 50 tons; the four base trucks, including the machinery for the 

lateral movement of the towera, weighed together approximately 70 tons, 

The operating machinery in the headtower, including all motors and trans­

formers, we ighed approximately 130 tons; the concrete counterweights, 

including four tetrahedrons, added 485 tons, making a total moving 

weight of 735 tons on the tracks for the headtower. The tailtower had no 

operating machinery, except in the trucks, and had concrete counter-
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weights, including; six tetrahedrons" weighing approximately 650 tons, 

making a total moving weight on the tracks of about 770 tons. 

39. Both cableway towers were movable iaterally on heavy tracks 

permitting a maximum travel of 260 feet. 1he front tracks of each 

tower were supported on an inclined and continuous concrete slab for 

better distribution of the thrust. The . rate of travel of the towers was 

100 feet per minute and that of the skip with full load was 1,200 feet 

per minute. The cableway was operated entirely from a control booth 

located in the headtower; however, a tender was stationed in the tail­

tower to check its proper functioning ·at all times. 

40. The payload was carried in a skip 12 feet by 12 feet in plan, 

which was suspended with 7 /s1
i diameter hoist cables running in two 

double sheaves; each of these sheaves was operated by a separate hoi st 

cable, in such a manner that either end ,of the skip could be 16,,ered 

independently from the other. The skip was open in front; the sloping 

b~ck was 6 feet high and the sides varied from 6 feet in the rear to 2 

feet in front. The skip was of steel construction and weighed approxi,- · 

mately seven tons when empty. A steel liner 1/21
' thick was fastened on 

corrugated transversal supports; the liner was further reinforced by 

means of wearing strips which were intended to facilitate sliding of the 

load. This type of construction did not prove very satisfactory under 

the impact of B-stone dumped from trucks; 411 . planks were substituted 

later and proved more satisfactory, although their useful life when hand­

ling B-stone was only about 48 hours. 

41. The· cableway had originally been used Tor construction work 

at Terminal Island ,with a span C?f 800 feet; . the same main cable was r.e- · 

used. At McNary the rated capacity was 16 tons of · payload, which 
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corresponded to two of the originally planned 8-ton tetrahedrons dropped 

simultaneously. Hcwever, payloads up to 30 tons were hauled occasionally 

by suspending directly from the hoist cable, 1. eo without use of the 

skip. 

42. Loading of Tetrahedrons. - The tetrahedrons were hauled from 

the storage yard to the loading skip by means of two 12-ton capacity 

Tournacranes in which the boom had been shortened to 4 feet; each Tour­

nacrane was pulled by aDW -10 tractor. For loading at the storage yard 

the hook was lowered and inserted manually into the lifting eye of the 

tetrahedron; the tetrahedron was then lifted so that the base was approxi­

mately 3 feet above the ground, and the leg was tilted forward to make 

one edge of the tetrahedron bear against the rear timber facing, which in 

turn prevented the tetrahedron from swinging laterally during the trip. 

Loading of the skip occurred near the water's edge on the Oregon shore; 

the cableway operator lowered the skip to the ground and the Tourna-

orane operator backed the tetrahedron and lowered it approximately on 

the center of the platform, whereupon the hook was disengaged manually 

(see fig. 14). The complete round trip of a Tournacrane required approxi­

mately four minutes, exclusive of waiting time. Two Tournacranes were 

generally used; in this manner the second Tournacrane would usually 

arrive at the skip while the first tetrahedron was being placed. 

43. Grid System. - A grid system was used in accordance with the 

layout sh~~n in plate 7. The positions on lines parallel to the tower 

tracks were designated as stations, and the positions on lines at right 

angle thereto were designated as ranges. The combination of tower move­

ment and skip travel permitted accurate placement of a load in any 

position of the closure fill. 
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44. Spotting of Payloads. - The stationing of the towers was 

determined visually by the intersecti_on of sight lines on each tower with 

graduated baselines located near the. sloping front tracks. 

45. The r.ange of the skip was determined by means of a tra ve 1 

indicator placed next to the headtower opera.tor and showing the travel 

distance by means of an inner dial re11ding in hundreds_ of feet and an 

outer dial reading in feet (see fig,. 15 and 16). The travel indicator 

was actuated from a sprocket mounted concentrically on the 4-f oot sheave 

of the 1-1/811 diameter continuous haul cable and placed on top of the 

headtower,; the sprocket drove a selsyn generator through a roller chain 

and a 30:l reduction gear. The selsyn generator was in turn coupled 

to a selsy:n motor which operated the hand of the foot dial directly and 

the hand of the hundred-foot dial by me.ans cf a clock mechanism. This 

travel indicator operated very satisfactorily, and provided·accuracy 

within about two feet from the desired point for all positions of the 

load. The sprocket drive was designed and installed a f ter the original 

friction drive between the revolving dru."ll of the haul cable and a 

rubber roller had proved unsatisfactory; the slip of the cable on the 

drum ca.used unreliable readings, even with zeroing prior to each haul. 

46. Field Control of Drops. - A central control station located 

in a small portable building on cell A21 of the Oregon Shore cofferdam 

was used for directing the operation and for recording its progres s. 

The location of the bui ldi ng and the adjacent 30-foot observation towor 
( 

on top of cell A22 permitted a sweeping view of the closure gap and 

of the area downstream from it,. 

47. The central control stat ion was staffed by a dispatcher act­

ing directly under the authority of the Resident Engineer or his 
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assistant. An inspector was stationed in the control booth of the 

hea.dtower and two transitmen were stationed on the Oregon shore coffer­

dam and Artesian Island, respectively$ 

48. Direct conversation ~mong the ~our stations was carried out at 

first through portable radios (walkie-talkies) and later through field 

telephones; the latter proved much mor,3 reliable and satisfactory. The 

dispatcher ordered each successive tetrahedron drop, in accordance with 

the schedule or modifications thereo£, and the inspector relayed the 

instructions to the headtower operator who then spotted the tetra­

hedron over the desired point. The original friction drive was used for 

the travel indicator during the construction of the first fill and some 

difficulty was experienced i.n spotting the tetrahedrons; this, in addi­

tion to other initial difficulties with the checking technique, resulted 

in some uncertainty as to the exact position of the actual dropping 

points of the first tetrahedron filla 

49. Observations of Downstream Drifto - Observations of the down­

stream drift on some of the tetrahedrons were made at typical stages of 

the closure operation. The method of observation was the following: 

A double-cone buoy was fastened with an l/811 diame ter airplane cable 

200 feet long to the eye of a tetrahedron while the skip was stationed 

on the Oregon shore; the tetra hedron was then hauled out to its drop­

ping point, with the cable and buoy trailing behind. The current swiftly 

carried the buoy downstream and tightened the cable. The tetrahedron was 

held stationary for a minute or two, giving to transitmen an oppor­

turnity to cut in the position of the buoy by instrument. After drop­

ping of the tetrahedron, the new position of the buoy was cut in. 

Displacement downstream was designated as the downstream drift. The 

20 



-

-

procedure was not exact, but was probably the only practical one to use 

and gave an indication of sufficient accuracy for construction purposes. 

50. Hauling of B-stoneo - The B~stone was stockpiled on the Oregon 

shore in a locality adjacent to the tetrahedron storage, as shown in 
--

plate 7. The B-stone was loaded by means of a power shovel on Euclid 

dump trucks weighing approximately 23 tons empty and handling payloads 

of approximately 18 tons each~ Eac_h truckload was weighed on platform 

scales on it_s way to the loading skip and a tab showing the total 

weight and the tare was given to the driver, who in turn gave it to an 

inspector at the skip. The inspector observed the loa.d during the 

dumping and noted the estimated weight, if any, of the material which 

was below the permissible minimum of 2,000 pounds for each stone and for 

v,hich no payment was allowed (see fig. 25). Fo1.,r or five Euclids were 

sufficient at a.11 times to keep the cableway well supplied with B-stone. 
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CHAPTER IV - TH31 CLOSURE OFF.RATION 

51. FIRST TETRAHEDRON FILL. - The closure operation proper started 

on 10 October 1950 at approximately l+ pomo The river discharge was 

96,000 c.f.so and the water surface elevation at gate 7 (see plate 7) 

was 255.3. The spillway was passing a substantial proportion, perhaps 

20 to 25 percent, of the total :flow. No measurements were made due to 

the high velocities and turbulence. 

52. A dropping schedule had been prepared in accordance with the 

indications of the sectional model experiments made up to that date. 

This schedule called for the dropping of 628 tetrahedrons based on 

the volume of the theoretical cross-section with allowance of 10% 

for loss outside of the section and assuming bulking of the tetrahedrons 

at 33 1/3 percent, as a factor of safety. In this connection tests with 

small scale models indicated. actual bulking of the tetrahedrons would be 

almost 50% when dropped in a container. Shaking of the cont ainer 

resulted in redu.ction of the bulking to about 1+0% of the net volume. 

The purpose of the dropping schedtle was b form a flat-crested fill to 

elev. 230, with slopes of 1 on 2 upstrna ,;1 and downstream, and with a 

centerline at 103 feet downstream from the centerline of the cofferdam, 

as shown in plate 5. The drop line 1;1as located 60 feet downstream froo 

the centerlj_ne of the cofferdam, and the di stance between drop points 

was 14 to 15 feet. The tota l number of t etrahedrons to be dropped at 

each point is given in par en theses in pla "te g; however, the drops were 

made in several pass es, for the pll!'pose of obtaining the most uniform 

crest elevation possibJ. e (see figo 17 and 18) . 

53. Due to the paucity of data rega rding the possible r ebound of 
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the ma.in oable ~nd second~ry_ str~saes ·.caused th~_rein by the sudden 

release of such heavy loads, the Contractor preferred to operate the 

cablewa.y with minimum stresses; therefore, the tetrahedrons were hauled 

about 12 feet above the water surface, giving a sag ratio of about 12:l. 

This procedure had the disadvantage that the lowering of the front hoist 

cable to release the tetrahedrons caused the front of the skip to dip 

considerably and occasionally plunge several feet into the fa.st moving 

water; when this occurred, the skip and tetrahedron were displaced down­

stream, sometimes perhaps as much as 10 feet. 

54. The fill construction was carried out continuously and on a 

24-hour basis; the average time interval between successive tetrahedron 

drops was about 5 minutes. A buoy fastened to one of the last tetrahe­

drons and dropped at point C (see plate 8) drifted approximately 10 

feet. 

55. Effect of First Tetrahedron Fill. - During the construction of 

the first fill, the water surface upstream rose faster than expected; a.t 

3:30 p.m. on 12 October 439 tetrahedrons had been dropped and the water 

surface at gage 7 had risen to elev. 25$.6, or 3.3 feet, of which about 

0.3 of a foot was due to the increase in the discharge of the river from 

98,000 to 102,000 c.f.s. A spectacular standing wave about 6 feet high 

and approximately 100 feet long had formed almost parallel to the center­

line of the cofferdam and 80 feet downstream from it, with two long 

tongues of fast water issuing diagonally around the end cells (see 

fig. 19 and 20). In view of the circumstance that the contractor had a 

considerable amount of work to_ perform: before the upper pool could be 

raised any further, the decision was reached to consider the first 

tetrahedron fill as completed. 



560 Bulking Experiment. - The greater-than-expected rise in the 

water surface led to the conclusion that the tetrahedrons must have 

formed a ridge higher than anticipated and that this was due to the fact 

that the slopes of the fill were much steeper than the theoretical cross-

section, that loss of tetrahedrons from the section during this phase was -

negligible. and tha~ allowance for bulking had been very conservative. 

A rough test was made at the McNary site to check the bulking allowance. 

This test consisted of dropping model tetrahedrons (1:24 scale) in a 

55-gallon barrel full··of water and containing 7.342 cu. fto of water at 

the start. It was found that 245 tetrehedrons were required to fill the 

barrel and that they had displaced 3.095 cu. ft. of water. The re-

maining 40247 cu. fta of water represented the volume of the voids 

between the tetrahedrons and corresponded to 57.8% of the fill volume, 

or vastly more than assumedo 

570 Start of First Sounding Survey. - Preliminary soundings to 

determine the position and shape of the first tetrahedron fill began on 

12 October, immediately upon completion of the tetrahedron drops. The 

cableway skip was used for the soundings and carried a crew of about 10 

men. A small hoist was tack-welded to the side for handling·the sound­

ing weights, and a meter derrick was fastened to the bott om of the skip 

for operating the current meter (see fig. 21 and 22). Spotting cf the 

skip over any desired point was attained by means of a portable radio 

and by flagging. The position of each sounding and velocity measurement 

was determined by instrument from the two shores. 

58. Considerable difficulty was experienced at the beginning, 

because the sounding weights became wedged among the tetrahedrons, 

resulting in breakages of the 1/sn airplane cables used. Streamlined and 
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triangular-shaped lead~filled pipe· weights were used; the heaviest .of the 

latter, weighing 400 pounds ea.oh and provided with fins, resulted in 

lea.st losses and peri'ormed more St.'.tisfactorily than the other types. 

59. The. preliminary soundings and velocity measurements were con­

tinued. in the swing shift of · 12 October and the. da.yshift of -13 October, ·· 

and were completed in the middle of the afternoon of 13 October. The 

tetr.ahedron· fill ;,as found to be a high and sharp ridge a.cross the . 

deepest portion of the channel, with a few pinnacles extending to ~lev. 

247 or 248. The position of the crest was , practically parallel to the 

centerline'of the first fill as planned~ but nearly 30 feet upstream 

from it. The center of gravity of the section was 80 feet downstream 

from the centerline of the coff erdam, whereas the drop-point had been 

60 feet downstream, indicating an average drift of 20 feet. The slopes 

of the fill were found to be very steep; in particular, the upstream 

slope was steeper than 1 ori 1 in places. 

'oo. The result·s disclosed by the pre limina.ry soundings generated 

co·nsiderable over-optimism and even scatte'red suggesti'ons that a few. 

hundred tetrahedrons should be dropped at once to bring the fill above 

the water surface. However, the decision was taken in .the end to place 

/ ' ' 

B-stone before proceeding with · further tetrahedron drops; ·the stone 

fill was ordered to be placed well upstream from the first tetrahedron 

fill, to prevent any material reduction of its great permeability. A 

total of 2,200 tons of·B-stone was placed on 13 and 14 October, the 

average rate being approximately 200 tons per hour. 

61. Contractor 1 s Difficulties. - Due to the very tight closure 

schedule, the contractor had planned to ·carry out the completion of the 

north portion of the second-step cofferdam concurrently with the con-
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struction of the closure fill. This plan did not work out as expected, 

for several reasonso Difficulty was experienced in closing off the 

flow through the 30-foot openings between the timber cribs; the round, 

reinforced concrete stoplogs 38 feet long and 3 feet in diameter tended 

to roll to the bottom because the water pressure was insu~ficient to 

hold .them against the cribs, and because no other provision had been 

made to hold them in place. T-sha.ped steel guides were added, but the 

leakage between the individt'Al stoplogs was still excessive; this, 

together with the rise in the water surface due to the construction of 

the first fill and the subsequent sharp rise in the river discharge, 

made very difficult the construction of the cells upstream from the 

cribs and necessitated complete stoppage of construction work on the 

closure fill for 16 days, i.e. to 1 November. Some very anxious moments 

were experienced during that period, for instance, when crib 4 was 

partially undermined and settled over l foot, and when cells 45 and 47, 

although heavily braced, nearly collapsed during construction of the 

sheetpiling inolosure and prior to backfilling. Grand Coulee Dam gave 

some assistance during this critical period, by holding back some 

of the strea.mflow in Lake Roosevelt. 

62. Setback of Closure Operation. - During this 16-day setback 

only four tetrahedrons were dropped, bringing the total placed to 

443; two of the tetrahedrons were dropped on 27 October on the occasion 

of the visit of personnel from the Chief of Engineers' Office, and the 

other two on 28 October during an inspection trip of the American 

Society of Civil Engineers. 

63. The forced delay in the construction of the closure fill 

occurred during a period of rising river stages, when the discharge at 
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the Umatilla gage increased from 93,000 c.f.s. on 17 October to 

141,600 c.f.s. on 1 Nov,:,mber; furthermore, t>the delay yielded some 

offsetting and important beneficial results, by permitting the comple­

tion of the construction model and performance of the initial experi­

mental work before the second tetrahedron fill could be started. 

64. Completion of First Sounding Survey. - The soundings of the 

first fill were continued on Sunday, 15 October and completed on Sunday, 

22 October. This procedure was in accordance with the prior arrange­

ments made with the Contraot?r• to the effect that the cableway be used 

during the week for construction work and on Sundays for sou...ndings and 

velocity measurements. The results confirmed the findings of the pre-
. , 

liminary soundings. Plate 8 shows the average shape and position of 

the first fi 11. 

65. Shape of First Tetrahedron Fill. - The peculiar and unex~ 

pected formation of the first tetrahedron fill was probably due to 

· the following circumstances 1 (a). The closure fill had to be built 

across a pronounced local depression or pothole in the Oregon channel, 

which was followed immediately downstream by a sudden rise of nearly 

. 15 feet in the river bed. This circumstance probably caused the bot• 

tom velocities in the closure section to be considerably lower than in 

a. normal river section, and reduced the downstream drift of the tet~il;&­

. drQ?l.~ accordingly. In the absence of data regarding the vertical velo­

city distribution, the sectional model studies up to that time had been 

based on normal channel conditions, and had not made any allowance for 

the abnormality of the closure site. (b) The fill 'formed approxi­

mately 80_feet downstream from the centerline of the cofferdam; the 

crest length along an alinement connecting this till with the end cells 
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was therefore approximately 320 feet, as compared with the 240-foot 

width of the closure gap. Tb:i.s lateral spreading decreased the veloci­

ties of the water materially and reduced the downstream drift accordingly. 

The lateral spreading could not, of course, have been reproduced satis-

factorily in a sectional model of uniform wiath. 

660 First Experiment on Construction Model. - Operation of the 

construction model began on 26 October; the operating personnel con­

sisted of a supervisor from the Bonneville Hydraulic Laboratory, 

four men from the engineering staff of the Vfalla Walla District Office, 

and several laborers from McNary Dam Contractors. 

67. The first experiment consisted in reproducing the first fill 

using the same procedure and the same river discharges of 96,000 

c.f.s. at the beginning and 101,000 c.f,s. at the end, under which the 

prototype fill had been constructed. The procedure wa.s necessarily 

slow, because it was necessary to shut down the model from time to 

time to determine the average height of the fill for the purpose of 

establishing a new rating curve corresponding with the observations 

made on the prototype during the construction of the fill. After 

placement of 439 tetrahedrons and B-stone as in the prototype, the flow 

conditions were simulated very satisfactorily in the model as to pattern, 

water surface elevations and velocities. The shape of the fill and the 

average elevation of the crest (see fig. 23) were also in satisfactory 

agreement with the sounding data obtained on the prototype. Figure 24 

is a photograph taken in the model to show the depression in which the 

first fill was constructed, in relation to the much higher sill in the 

river bed further downstream. 

68. Second Experiment on Construction Model. - A second experi-
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ment was then performed to simulate the dropping of abou_t 425 tetra­

hedrons in accordance with a schedule which was intended to raise the 

crest elevation from an ,average of 245 (as obtained for the central 

portion by means of the first fill) to an average of 255 uniformly 

acros:~ the entire gap. This experiment yras run with varying discharge; 

at the _beginning 117,000 c.f.s. was simulated in accordance with the 

then occurring river discharge; this was increased later to 150,000 

c.r.s. to simulate a sudden rise in the river, and finally the _ 

expe_riment was completed with the discharge of 117 ,ooo c .f .s. This 

dropping schedule did not give satisfactory results and was therefore 

abandoned; in particular, the schedule tend~d to bring up the ~entr~l 

portion of the fill too fast, and to intensify the already severe gulley 

action at both ends of the .fill. However• the results of this schedule 

would probably not have been quite so unsatisfactory, if the entire ex­

periment had been run with the uniform discharge of 117,000 c.f.s. 

69. The 425-odd tetrahedrons which had been placed were then 

removed without disturbing the original 443 of the first fill; th~s -

was done without difficulty, because all model tetrahedrons were num­

bered and were always dropped . in numerical sequence. A new schedule 

for the second fill was then set up; _this schedule was . intended basi­

cally to first fill in the depressions in the first fill, especially 

near the end cells, the_n to raise the crest as uniformly as possible 

from elev. 245 to 255; however, the schedule was intended to be flexi­

ble and subject to such changes as might be indicated by visual observa­

tions on the model. 

70 • Third Experiment on Construction Model. - The second sched­

ule was run in the model on 31 October for a discharge of 117,000 
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c.f.s. and proved more satisfactory than the previous schedule. Thia 

third experiment showed that any local depression in the crest of the 

fill caused a concentration of flow through it, which in turn appeared 

distinctly at the water surface as a long tongue of smooth and fast 

flowing water. It was further found by experience that whenever such 

a 11 slick" developed., it was necessary to concentrate the tetrahedron 

drops at its root until the "s.lickn had disappeared (see fig. 26). 

Two or more "slicks" appeared at times; in this case the larger "slick" 

would be stopped first, then the others- The technici.ue of "watching 

the slicks" was developed in this experiment as the most effective 

procedure for the construction of the second fill. 

7J.. Af·ter, dropping 4116 tetrahedrons ( bringing the total to 

889), the crest had attained an average elevation of 247.2; however• 

much difficulty was experienced beyond that point. For instance, the 

next 103 tetrahedrons dropped (bringing the total to 992) were mostly 

carried away into deep water, especially those placed in the vicinity 

of cell 17, and raised the average crest elevation only 0.3 of. a foot. 

This led to the conclusion that the closure could not be carried to 

completion by simply dropping additional tetrahedrons. :B-stone was 

then added on the upstream side to form a berm 40 feet wide at elev. 

235, or approximately 12 feet below the average crest of the second 

tetrahedron fill; the purpose of this ste:p-down was to provide a founds- -

tion for the third tetrahedron fill and to reduce the velocity for its 

cons true ticn. 

72. SECOND TETRAHEDRON FILL. - The construction of the second 

tetrahedron fill in the prototype began at 3:20 p.m. on 1 November, 

without additional E-stone beyond that described in paragraph 60. 
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The river discharge was 141,600 c.f.s. and still rising slowly; the 

readings of ga~e 20 and the Ferry gage were 263.0 and 254.9, respec­

tively, giving a head differential oi' 8.1 feet. The tetrahedrons dropped 

for the second fi 11 had short yellow stripes en all three sides• 

73. The dropping schedule wa.s essentially the. one which had 

just been tested in the model, and consisted of first filling in the 

depl<}ssions near the end cells, then others which might become appar­

ent. The schedule was to serve merely for general guidance and was 

to be modified, if necessary, by ttwatohing the slicks1t as they deve­

loped on the prototype. The longest tongue occurred near ce 11 17 e.nd 

had shovm the highest veJ.ocities in the surveys; it was fou::1d necessary 

to maintain the crest in that locality rather high, to offset the natu­

ral tenden~y of the ove'.".'flowing sheet t o break out over and over again in 

that vicinity. 

74. The construction of the second tetrahedron fill continued on 

a 24-hour basis en 2 Nove::nber and 3 November. During this period the 

difficultie s increased conside rably, because the rising river dis­

charge atta ined 149 ,650 c.f.r,. on 3 Novemter at 4 p.m.; although 

the operat,)rs had been able to maint:ein a :fairly regular and smooth 

crescent-shaped ove rflow· cre st most of the time, a long 11 slick11 

persisted in the center f or rr~ny hours during t hG night of 2 November 

and morning of 3. No·7ember, before it finally coul d be stopped o The 

closur e vims obviously pa ssing t hrough a cri t ica l stage, as evidenced 

by the fa.ct t l1e.t a. tetre.hedron dropped at point N (see plate 9) with an 

attache d b-:.1oy showed a downstream drift of 85 feet. Grand Coulee Dam 

was u.'18.bJ.e to assist the closur e operation at the.t time, because Lake 

Roosevelt was completely full. 
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75. The second tetrahedron fill wa.s pronounced complete at 2:45 

p.m. on 3 November; by that time 544 tetrahedrons had been dropped, 

bringing the cumulative total to 987 (see fig. 27 and 28). The cumula­

tive distribution of the drops at each point is shown on plate 9. 

Gages 7 and 20 read 26406 and the Ferry gage 255.4, corresponding to a 

head differential of 9.2 feet. The increa.se of 1 ol feet from the start 

of the second fill was due partially (0.5 ft.) to the increase in 

discharge, leaving a net gain of only 0.6 of a foot for the entir~ 

second fill. 

76. Dropping of B-stone was started at 4 p.m. on 3 November and 

carried on continuously until midnight of the 4th, for the purpose of 

constructing a foundation to elev. 235 on which to place the successive 

fills. A total of 5~746 tons was placed, making a cumulative total of 

7,962 tons. On 4 November the river discharge attained a peak for the 

closure period of 157,000 c.f.s. at 10:15 a.m •• which was close to the 

record flow for that dateo 

77. Second Sounding Surveyo - The following day, Sunday. 5 

November, was spent in taking soundings and determini~g the contours 

of the water surface in the vital area. Plate 9 shows the average 

cross section of the fill and its position; a comparison of this with the 

cross section shown in plate 8 indicates that the average crest eleva­

tio"n obtained with the second fill was no greater, and possibly some­

what lower than after completion of the first fill. 

78. Fourth Experiment on Construction Model. - Operation of the 

construction model had continued in the meantime. A fourth experi­

ment was run to determine whether t 'he closure fill could be completed 

with a river discharge of 117,000 c.f.s. by successive drops of 
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tetrahedrons and B-stone, _holding the latter fill about 10 feet lower 

than the crest of the tetrahedron fill. On 1 November a schedule wa s 

tested, which consisted of placing 342 tetrahedrons · from a line 35 

feet downstream from the centerline of the c offerdam, and which was 

expected to bring the average crest of the tetrahedron fill to elev. 

255. The distribution of the dropping points below the centerline 

was varied when tetrahedrons were carried away; usually, better. results 

were obtained by moving the d~opping point further upstream. Afte r 

placement of 418 tetrahedrons (~aking a . t otal of 1,410) the aver~ge 

elevation of the· crest was 253~1• · Increasing difficulties were being 

experienced, especially in the vicinity of cell 17 ( ~Go fig; L"9); after 

placement of a berm 40 feet wide .of B-stone to elev. 245, it was possib~ 

t ·o carry the fi 11 to emergen c e on 2 !fovember, wit h a t otal of 1,846 

tetrahedrons (see figo 30). 

79. Fifth Ex;_:;ertTY:'3r..t on Con::: t i'n,cticn Model. - A fifth experi­

ment was run on the model to determine whether the closure could be 

eff ected by using the same prccedure 8.s in t he f ourt h experiment , i.e. 

of ke eping the B-stone about 10 f ee·: h3'J.utr the . crest of the tetrahedron 

fill, but 5imulating the then exr::,et s a cF r. ~l1arg3 of 150,000 c . f.s. 

at the start and decreasing to 140 , 000 n ,f.s. '.!:his e:r:periment was 

started on 3 November and completed on 7 Kcvemte r. 

80. Difficulties __ in S~.;·,:u1a t 3. o:: on_ ;..kcl::, l., - Some difficulty wa.s 

experienced in simulating t ho fir s t two fi lls i n the model; · although 

the headwater and tailwater checked quite accu~ately, there was a ten­

dency for the tetrahedrons t o form. e. h~-gL1. point in the middle with two 

small depressions on the sides . Th0 difficulty might have been due to 

one or more of the following cause s; (t\) uncerta.int y as to the exact 
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position and the sequence of the prototype drops, (b) the already 

mentioned occasional downstream drift of the prototype skip, (c) the 

lower prototype plunging velocity, (d) the probably slightly greater 

specific gravity of the model tetrahedrons which were used over and over 

again and soaked for a few minutes prior to dropping, and (e) differ­

ences in topography and in surface roughnesse 

Blo Completion of Fifth Experiment on Construction Model. - The 

crest obtained in the model after dropping 987 tetrahedrons wad adjusted 

to conform to the prototype soundin~s and the experiment was continued. 

Many of the following 225 tetrahedrons were carried away; after the tot­

al number of tetrahedrons had attained 1,366 and an average crest eleva­

tion of 250.7 had been reached, a critical stage was noticeable, in 

which the dropping of a tetrahedron in one place would dislodge another 

elsewhere. More B-stone was added at that stage, to form a berm 40 

feet wide at elev. 241. The experiment was completed on 7 November, 

when it was found that no further difficulty would be experienced in 

completing the closure; a total of 2,275 tetrahedrons had been required 

to attain a crest elevation of:267.4 and a water surface elevation of 

274 at gage 200 

82. THIRD TETRAHEDRON FILL. - In view of the observations ma.de 

during the construction of the second prototype fill and those made 

on the model for the successive fills, it was decided to widen consider­

ably the prototype B-stone fo\llldation at elev. 235 before beginning with 

the third tetrahedron fill. A total of 4,562 tons of B-stone was placed 

on 6 November and during the night shift of 7 November. The widening 

of this foundation caused a slight rise in the water surface at gage 

7, with an accompanying drawdown and acceleration before reaching the 
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crest of the tetrahedron :fill { see :fig. 31). At the same time the pipe 

sleeves · for threading the two-inch holding cables be-tween cells 15 and 

16 on the Oregon side, and between cells·17 and 18 on the Washington 

side were rushed to completion, as they were expected to be needed sooner 

or later. The tentative method of anchoring the tetrahedrons is shown on 

plate 10. The contractor received order to proceed with the casting of 

an additional 500 12~ton tetrahedrons, bringing the total to 3t500• 

83. Prior to beginning the third tetrahedron fill,'the main cable 

was tightened in order to compensate for the rise in the upper pool and 

also to place the tetrahedrons without dipping the skip into the stream. 

The third prototype tetrahedron fill was started on 7 November upon co~ 

pletion of the B-stone fill. The schedule for the third tetrahedron fill 

called for the placement of 392 tetrahedrona from a line parallel to the 

centerline of the cofferdam and 25 feet downstream from it; the cumula­

tive number of tetrahedrons scheduled to be placed at each point is shown 

in parenthesis on plate 11. The goal of the third tetrahedron fill was 

to raise the average crest to elev. 255. The tetrahedrons dropped for 

the third fill had short white strirJes on all three sides. 

84. Progress on 7 N0 vember was li~ited to the placement of six 

tetrahedrons, due to difficulties· with the skip and main cable. ' 

Elccellent progress was made on 8 November, when 320 tetrahedrons were 

dropped in· 21 hours, corresponding to an overall rate of one tetrahedron 

in slightly less than four minutes. At some of the points in the 

center which required less ma.n1.pulation of the controls, drops were made 

at the rate cf almost one every two minutes. In the middle cf the 
. . 

afternoon the former 1,,;ater surface drop and standing wave below had 
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changed to a smooth long slope, indicating a correspondingly flat 

tetrahedron slope below. The third tetrahedron fill was completed in 

the morning of the 9th, a total of 403 tetrahedrons raving been dropped 

(see fig. 32)o The river discharge had dropped by that time to 138,800 

c.f.s. and the head differential between gage 20 and the Ferry gage was 

10.8 feeto Dropping of B-stone started immediately upon completion of 

the tetrahedron fill. A total of 4,050 tons was scheduled to be placed 

for the purpose of attaining an average elevation of 242. The drops 

were continued until 2.p.m. on 10 November, an actual total of about 

4,250 tons having been placed. The head differential was increased 

thereby from 10.9 feet to 11.1 feet. 

85. Sixth Experiment on Construction Model. - The sixth experi­

ment was started on 7 November, to determine whether the number of 

tetrahedrons required for the closure could be reduced by placing the 

B-stone in successive lifts level with the corresponding average 

crest of the tetrahedron fill., After removal of all tetrahedrons 

with the exception of 987 corresponding to the first and second 

fills, B-stone was added to elev. 240 to simulate a trapezoidal sec­

tion as shown on the contract drawings (see plate 5). 

86. The experiment was run simulating a river discharge of 

150,000 c.fes. at the beginning and decreasing to 140,000 c.f.s. at 

the end. Considerable difficulty was experienced several times in 

raising the crest of the tetrahedron fill, especially in the vicinity 

of cell 17; at times this experimer:t indicated that a larger number 

of tetrahedrons would be required for the clo~ure, but finally a 

crest elevation of 264.7 was attained on 8 November with 1,879 tetra­

hedrons. At that point it became apparent that no further difficulty 
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would be experienced in making the closure by this method; h®vever, the 

average crest was nearly three feet lower than in the fifth experiment, 

using a setback of about 10 feet. In view of this circumstance, it 

would appear that the total number of tetrahedrons required for making 

a completeclosure would have been substantially the same with either 

method. 

87. Seventh Experiment on Construction Model.- On 10 and 11 

November all tetrahedrons above number 987 were removed and a seventh 

experiment was run which consisted of a repetition of the fifth 

experiment. The purpose of this re-run was to determine whether the 

· model would duplicate itself. The experime~t was continued until the 

same number of 2,275 tetrahedrons had been placed; the duplication 

turned out very satisfactory over the entire range of the operation and 

from every standpoint. 

88. The river bed in the model in the vicinity of the closure gap 

was later modified in accordance with the probings· obtained in Novem­

ber 1948. The change was mostly on · the shelf on the Oregon side; the 

average raise over the area affected was about 2 l/2 feet and the 

maximum about 5 1/2 feet. 

89. Final Experiment on Construction Model. - Beginning on 13 

November, the final model experiment was made which consisted of simula­

ting the river discharges and dropping schedules actually used for the 

prototype closure until the prototype stage was attained; from that 

point on the model was kept current with the prototype progress until 

the final closure was attained. i)ifficulties were again experienced in 

simulating the second fill, because in the model the crest of the tetra­

hedrons had · a tendency to build up considerably more than in the 

37 



prototype. No adjustment was made in the model at the end of the 

second tetrahedron fill; as a result the construction of the third tetra­

hedron fill brought the crest well above the water surface at one point. 

Adjustment was made at that stage to make the model conform with the 

prototype soundings; the model closure operation was then continued to 

completion without too much difficultyo 

90 0 FOURTH TETRAHEDRON FILL.- The fourth tetrahedron fill was start­

ed on the prototype on 10 November, immediately upon completion of the 

third B-stone fill, The river discharge was 131,400 c.f.s. Gage 20 

and the Ferry gage read 265.4 and 254.3, respectively, giving a head 

differential of 11.1 ft. The schedule called for the placement of 256 

tetrahedrons from a drop line 5 feet downstream from the centerline of the 

cofferdam and was intended to raise the average crest elevation from 

248 to 255. The scheduled cumulative drops at each point are shown in 

parenthesis on plate 12. The tetrahedrons used for this drop had short 

b.la.ck stripes painted on the three sides. 

91. Within a few hours the progress of the operation became distinct­

ly noticeable, as a. few dimples appeared in the water surface at 

several points and some tetrahedrons became visible be lov, the water sur­

face in the vicinity of the end cells (see fig, 34). The fourth tetra­

hedron fill was completed at 8:45 a.m. on 11 November; 278 tetrahedrons 

had been dropped, bringing the total to 1,664; the distribution of the 

actual drops at each point is sh~Nn on plate 120 The river discharge was 

practically unchanged at 131,800 c.f.s. Gage 7 and the Ferry gage read 

266.7 and 254~35, corresponding to a differential of 12.35 feet and a 

gain of 1.25 feet for the fourth tetrahedron fill. 

92. The Turning Point. - The fou~th tetrahedron fill had thus 



marked a definite turning point in the closure operation. Although 

the experience with the Rhone River closure at Genissiat had shown that 

in the construction of a submerged fill a stage is reached in which the 

slope steepens rapidly, the pronounced improvement due to the fourth fill 

- had come so suddenly as to be difficult of satisfactory explanation at 

the time. The decrease in discharge and the extreme p·ermeability of the 

fill were generally credited wii:;h the hr..prcved outlook. At any rate, the 

conclusion was reached that no more tetrahedrons were to be cast; the 

stop order to the contractor became effective when 280 tetrahedrons had 

been cast on the supplementary order,· ma.king a total of 3,280. 

-

93. The fourth B-stone fill began at 8:65 a.m. on Saturday, 11 

November; the schedule called for a drop of 9,600 tons distributed in 

such a manner as to bring the fill to elev. 247 extending to a line paral­

lel to the centerline of the cofferdam and 40 feet upstream from it. 

The placement of the B-stone proceeded very rapidly for the remainder of 

the day; due largely to the min;imum of maneuvering required for the skipt 

the hourly rate attained 300 tons pa.rt of the time. 

94. Third Sounding Survey. - The following day, Sunday, 12 

November 1950, was spent in taking soundings, ma.king velocity measure­

ments and determining water surface elevations in the clos·ure gap. 

Observations ma.de from the skip indicated that the general action of 

the overflowing sheet of water was considerably less violent than on 

preceding similar occasions and that the roar of the .water had decreased 

materially. So~e of these changes were due to the decrease of the ·river 

discharge to 126,200 c.f.s.; however, the points of numerous tetra-he-­

dron.S were visible through the water and a pronounced breaking up of the 

overfl01ving sheet was noticeable at several pointso Velocity observe.-
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tions in general were also lower than on the preceding sounding surveys. 

95. Computations of the Permeability. - Computations were ma.de 

at the time to check the assumption that the decided improvement in 

outlook was due largely to the extreme perneability of the fill. The 

computations were based on the observations me.de on the 1:100 general 

model; a rating curve for the spillwe.y was prepared accordingly, which 

showed that for a. river discharge of 128,300 c.f.s. and the observed 

prototype headwater at gage 22 the spillway discharge wa.s 62,300 c.f.s., 

which in turn showed that the total flow through the closure gap was 

66,000 c.f.s. Since correlation curves obtained from the 1:100 general 

model for the flow distribution indicated that the discharge through the 

gap for an impervious closure fill was 38,000 cof.s., the leakage was 

considered to be equal to the difference between this figure and the 

total flow of 66,000 c,f.s. through the gap, i.eo 28,000 c,f.s. The 

basic assumption was therefore considered o.t the time as being fully 

confirmed. 

96e Completion of B-stone Fill. - Placement of B-stone continued 

on Monday, 13 November and Tuesday, 14 November and was completed during 

the night shift of 15 November. A total of about 9 , 600 tons was placed, 

bringing the total to about 26,350 tons. Four tetrahedrons were dropped 

in the morning of 13 November nea r cell 16 on the occasion of the visit of 

Col. William E. Potter, Acting Assistant Chief of Engineers for Civil 

Works, o.c.E., and other dignitaries. Upon completion of the placement 

of B-stone the readings of gage 7 and the Ferry gage were 266,3 and 

253.6, giving a head differential of 12.7 feet; a small portion of this 

head differential was due to the decrease of the river discharge to 

116,300 C .f oS • 
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97. FIFTH TETRAHEDRON FILL- - The fifth tetrahedron fill was 

started on Wednesday, 15 November at the beginning of the night shift. 

The schedule called for the placement of 195 tetrahedrons to be dropped 

from a line 15 feet upstream from the centerline of the cofferdam and 

parallel to it 1 and to ba distributed as shown in parenthesis on plate 

13. · The purpose of this schedule was to raise the average fill eleva­

tion from 257 to 270. The tetrahedrons used for this drop were marked 

with short red stripe13 on all three faces. 

98. After dropping e.pproxima.tely 100 tetrahedrons, it became 

apparent that the central portion of the tetrahedron fill was being 

raised excessively and the flow was being concentrated too much near the 

end cells, resulting in loss of tetrahedrons when dropped near the ends. 

The schedule was therefore discontinued and a plan was substituted which 

consisted in taking full advantage of the favorable turn of events and 

making the closure with utmost rapidity before the river discharge could 

increase materially. The remainder of the fifth drop was placed in 

accordance with the instructions given by the central control station 

which had been transferred to the top of cell- 16. The general procedure 

was to drop tetrahedrons at each point where tongues of fast water were 

visible; the drops were usually ma.de as .fRr upstream as possible in order 

to minimize the tetrahedron loss, and were continued till the tongue had 

pre.itically disappeared (see fig. 35) • 

99. Drops near cell 17 were directed on one occasion by observ­

ers stationed there and communicating through a portable radio with the 

central control station, which in turn relayed the instructions to the 

inspector in the headtower. For placement of tetrahedrons and B-stone 

in the immediate v-icinity of cell 17 the skip was turned a.round so as to 
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discharge facing north (see fig. 36). 

lOOo Emergence and Closure. - The construction of the fifth 

tetrahedron fill was continued during the night shift of Thursday, 16 

November. At 8 a.m. on that day the prototype closure was declared 

successful; a total of 2,088 tetrahedrons had been placed by that time, 

and completion could have been e.ccomplished with :B- and 0-stone. 

Gage 7 and the Ferry gage read 268~10 and 253.05, respectively, giving a 

head differential of 15.05 feet. The river discharge had dropped to 

111,000 c.f.so 

101. The appearance of the crest at the time of the official 

closure is shown in fig. 37 and 38. The stage might have been designated 

more appropriately as the "Emergence Stage", because the surface flow 

was not actually cut off in its entirety at the time; in addition, the 

upper pool was still nearly 3 feet below the desired elevation of 271. 

Ro1:1ever, taking into consideration the difficulties encountered and the 

vicissitudes overcome, the designation of the emargence stage as the 

point of closure is easily understood and uppears justifiable. 

102. SIXTH TETRAHEDRON FILL. - The sixth tetrahedron fill began 

immediately thereafter; the purpose of this sixth fill was to place 

sufficient tetrahedrons to construct ultimately a berm to elev. 270 and 

about 40 feet wide downstream from the centerline of the cofferdamo 

The project was inspected by General Lewis A. Pick, Chief of Engineers, 

in the early afternoon of that day (see fig. 39); approximately 2,150 

tetrahedrons were then in place, both on the prototype and in the 

construction model. The sixth prototype tetrahedron fill was continued 

without interruptions until 5 p.m. of the following day, Friday, 17 

November, when it was stopped temporarily; by that time 4127 tetrahedrons 
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had been dropped, making an 'over-all total of 2,515 tetrahedrons ( see 

fig.40 and 41). 

103. Placement of' C-stone (ungraded rock spoil from excavation) 

began at 6:30 p.m. on Friday, 17 lfovember, and continued until midnight 

of the following day, when it was stopped temporarily; by that time a 

total of about 7,840 tons had been placed. 

104. First Permeab~.!t~..Y Measl;rement. - A permeability measure­

ment was made on the prototype in the early afternnon of Saturday, 

18 November. The river dischar~e was approximately na,ooo c.f .s .• ; 

the readings of g;age 20 and thE! Ferry gage were 2 69 ,.,35 a:p.d 2 53 .so, 

respectively , giving a head differential cf 15.55 feet. The measur·e- . 
. . . 

ment section was l ocated aoross the Oregon channe 1 bet-.,reen cell ·A26 

. . ' . . 

of the Oregon shore ·coff erdam and ~ ·jutti ng point .on Artesian :Island. 
' . . 

A temporary cableway wi trLa s pan of approximately 600 feet and a. Price 
. ~. ) 

. 

ourre~t meter were used:~ \ '.'the leakage was determined to be approximately 
·' ~ 

lO .,600 c .f .s., or about 9% o:t":\ he t !1en occurring fl~; prior to pla~e-

ment of the C:..stone the l eakate f s' estimated to have been approximately 

12,500 C .f • S • 

105. A permeability nieasurem~~t was made on the construction _mode l 
.:; ·,., . 

on 18 November. The mode l we.s set up ,exaotly as the prototype, i.e •. 

with 2,515 tetrahedrons and 26>300 tons of B-stone, but no C-stone had 

been placed. The average headwater elevation was 269.5 and the average 

tailwater was 253.55, giving a head differential of 15 .95 feet. The 

measurement was made with a midget current meter in the section corres­

ponding to the -prototype. The . leakage was found tobe 4.09 c.f.s, corres­

ponding to ll.,500 c-.f·.s • . on the prototype; this value may be considered 

as a reasonably good approximation of the estimated prototype leakage of 
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12,~00 o.f.s. prior to the plaoement of C•stone. 

106. Actual vs. Computed Spillway Flow .... The great discrepancy 

between the measured leakage and the computed value showed that the 

improved outlook observed during the placement of the fourth fill 

was due only partially to the permeability of the fill. Further analy­

sis of the problem led to the discovery that the rating curve for the 

spillway as computed on the basis of observations made on the lilOO gen­

eral model was approximately 25,000 c.f.s. too low. The oause of the 

wide discrepancy lay in the fact that the approach channel to the spill­

way bays was approximately at the same elevation of 250 as the temporary 

crest, and the extremely high velocity of approach brought about flow 

at oritical depth over the crest, instead of turbulent flow. 

107. Actual Flow Distribution.• Mr. F. B. Campbell, Hydraulio 

Engineer, of the Omaha Office, Corps of Engineers, who was stationed at 

McNary during the entire closure operation and had followed develop­

ments very closely, prepared a revised rating curve for the spillway 

under the assumption of critical depth control over the spillway, and 

oonsidered the 3 bays on the left end to be dependent on the reading of 

gage 23, and that gage 22 affected the remaining 8.7 bays. On the basis 

of this revised rating ourve and other data available, Mr. Campbell 

prepared the very interesting set of curves reproduced in plate 15, 

showing the distribution of the river flow during the closure operation, 

as follows• 

l. Flow through the spillway. 

2. Flow over the top of the closure fill. 

3. Leakage through the closure fill. 

108. Completion of Zone III. - Placement of C•stone continued on 
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20 and 21 November (see fig. 42), followed by continuation of the sixth 

tetrahedron fill from 21 November to 27 November, when the last tetra­

hedron was dropped, bringing the total to 3,271 for the entire closure 

operation (see fig. 43). Placement of C-stone was continued on 27 and 

28 November. An access road to Artesian Island was built toward the 

end of November across the top of the tetrahedron fill, just downstream 

from the looe, tion of the timber cribs. 

109. A second permeability measurement was made on 29 November, 

after placement of approximately 25,000 tons of C-stone. The leakage 

was found to be 2,529 c.f.s., or approximately 10,000 c.f.s. less than 

before placement of the C-stone. 

110. The placement of C-stone was carried out cnntinuously and 

was completed on 2 December. The placement of the 4-foot layer of 

spalls started on 2 December and continued intermittently until com­

pletion on 7 December, when a total of approximately 9,900 tons had 

been placed. 

111. Sealing of Closure Fillo - The original plan, as shown in 

plate 5, specified a thick layer of impervious material over the 

spalls, with a filter zone placed between the spalls and impervious 

:material if deemed necessary. A 2~.foot filter blanket and a J-foot 

revetment of C-stcne was specified over the impervious fill to finish 

the embankment. 

112. S'1noe the gradation of the spa.lls ma.de placing of impervious 

material in immediate contact with the layer of spalls undesirable, a 

filter zone consisting of a 6-foot layer of bank-run sand and gravel 

was placed over the spalls by dumping between 5 December and 8 December; 

a total of about 11,570 cubic yards was placed. The grading of this 

45 



material was very poor; in accordance with analysis, 68% of it was 

larger than #4 mesh and 31% passed through #30 mesh. As a result of 

the deficiency of intermediate grain sizes, the fines were washed through 

the coarser material during placement, resulting in a pervious layer 

of gravel ranging in sizes from /4 mesh to almost 6 inches. 

113, A 4-foot layer of graded-and washed concrete gravel ranging 

from 3/411 to #4 mesh was placed by lowering the skip through the water; 

the operation started 8 December and ended on 18 December; a total of 

about 7,100 cubic yards was placed. Upon completion of the placement, 

the entire surface of the gravel blanket was smoothed out with a 3,000-

lb. steel drag 16 feet wide, which was lowered to the bottom of the 

slope by means of the cableway, and pulled up the slope by a drag line 

stationed on the benn. 

114. A permeability measurement was ma.de on 19 December in a 

restricted section of the Oregon Channel in the vicinity of cell 72. 

The leakage through the closure fill was found to be approximately 

850 c.f.s. or 0.7 percent of the then prevailing discharge of 118,950 

c.f.s. 

115. A 4-foot layer of washed concrete sand ranging from #4 mesh 

to #200 mesh was- then placed over the gravel by lowering the loaded skip 

slowly through the water and dumping after lifting the lip a few feet 

above the bottom. Upon completion, the sand blanket was smoothed out 

with the steel drag. Soundings indicated that this careful procedure of 

placing and dragging had resulted in a very unifO:t'lll and smooth blanket; 

the leakage had been reduced to the extant that it was no longer mea­

sureable. 

116. At this juncture instructions were received to attempt 

-



-

-

placing the impervious layer of silt over the entire upstream face of the 

fill, by dumping this material on top of the embanlanent and bulldozing 

i t over the edge. The material was expected to reach its angle of re­

pose, which was estimated to be l on 3 or flatter. The procedure was 

applied at the _south end of the fill, where approximately 4,000 

oubj.o yards of material were placed on 22 December. The result was very 

unsatisfactory, beoause the material first p:i.led up with an upstream_ 

vertical faoe more than 25 feet high, then sloughed suddenly; this was 

acoompanied by the appe~~nce of n:uddy water on the ·downstream side of 
•-·\ 

the fill. Later inspections by a diver showed that a. substantial 

portion of the 4-foot layer of sand had been gouged out and that the 

material of the slide had settled near the bottom, where it had formed e: 

very flat and somewhat beneficial blanket sloping ·upstream • .About 860 

cubic yards of the sand blanket was replaced. 

117. The use of silt for the impervious layer was then abandoned 

and bank-run sand and gravel with the deficiency in grain sizes between 

the 4/:4 and =#=3G meshes eliminated by addition of 11rifle-range 11 sand was 

placed in a layer ranging from 8 feet at the top to 12 feet at t he bottom, 

by very careful lowering of the loaded skip through t~e water and releas-. 

ing it as close to the bottom a s practicable . The upstr eam slope of this 

layer was l on 2½. 

118~ The closure embanlanent was completed with a 3-foot layer 

of dumped stone extending from the top down to elevo 250; this revet­

ment was placed during the early part of January 1951. A stationary 

barge was used as a platform to enable trucks to dump some of the stone 

in places inacces s ible with the oableway. 

119. Crib Construction. - The cribs were constructed during the 
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second half of January 1951. The oribs are of heavy timber construction 

and set on top of the closure fill (see fig, 45), The location of the 

cribs and the type of fill material are shown on plate 16. The top of the 

timber cribs is at elev. 302, or 10 feet highe; than the remainder of the 

Second-Step Cofferdam; the purpose of this extension is to protect the 

closure fill from scour during the summer floods (see fig, 46). 

120. Unwatering of Cofferdam Area. - The unwatering of the coffer­

dam area. started on 19 January 1951 with one 2011 
- 100 h.p. propeller 

pump, The number of pumps was gradually inorea4i·ed to 5 and the water 

level was lowered by 12.5 feet 5 days later. , -sixth pump was installed 

on 5 February and the water surface in the Oregon Channel was lowered to 

elev. 232, or approximately 26 feet below the initial level, A consider­

able amount of leakage water entered the cofferdam area through the 

downstream leg of the second-step cofferdam, apparently due to poor con­

tact of the sheetpiling with the rocky bottom, together with inadequate 

grading or placement of the fill material in the steel cells; many of the 

leaks were distinctly visible in the form of jets and boils. 

121. A plan was developed for sealing the large leaks in the down­

stream leg of the cofferdam by constructing steel sheetpiling pockets on 

the water side of cells 52 to 56, and filling them with bank-run sand 

and gravel. This plan was abandoned later, and an attempt was made 

instead to place bank-run sand and gravel, blended with 11rifle-ra.nge 11 

sand, with an 8-inch tremie along the rock contact on the outside of the 

steel cells, The experiment did not succeed, because the tremie clogged 

continually; the material was finally placed by using a clamshell bucket 

lowered slowly to the bottom, then opened graduallyJ this procedure re­

sulted in a satisfactory r eduction of the leaks, 
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122. The large leaks through cells 74 to 77 were sealed satis­

factorily by constructing steel sheetpiling pockets or 11blisters" on 

the dry side of the cells and placing about 4 feet of· concrete in the 

bottom through a tremie, 

123, The upper pool level attained elev. 283,6 on 13 February, 

when the discharge had increased unseasonably to 274,200 c.f.s,; the 

water surf~oe elevation in the Oregon Channel inside the cofferdam 

attained 235,4, corresponding to a maximum head differential on the clo­

sure fill of 48.2 feet, On that date the amount of water pumped out of 

the cofferdam area in 24 hours was approximately 284 acre-feet, corres­

ponding to an average pump discharge of 143,7 c.f.s, 

124. During the latter part of February 1951 a small temporary 

dam was constructed in the Oregon Channel to form a separate. pool 

downstream from tbe closure f~_ll. ':1:'b.ree 20-inch 200 h.ps propeller 

pumps were installed to lower the water 1u.rfe.ce in the pool as much as 

possible, for. the purpose of ir.spectinr; -the lower part of the tetra­

hedron fill, a.nd to determine the a:no.,;:0 ." ; of leakage through the closure 

fillo Pumping began on 21 Fe·orua.ry. e.nJ. continued until 25 February; the 

lowest level attained was -elev. 217.4 on 2L~ February; the wa'ter could 

not be lowered further, because the leakage through the small temporary 

dam was excessive. The upper pool was at elev, 276.2 and the head 

difference on the closure fill was 58,8 feet. The leakage through the 

closure fill proper was estimated at 54 c.Ls. (see fig. 47)~ 

125. The cofferdam is constructed to protect against a flood of 

approximetel.y ~.00,000 c.f.s. and is therefore expected to be overtopped 

in May 1951. Complete unwatering of the cofferdam area will form part of 

the completion contract and is expected to take place shortly after the 
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1951 summer floods (see fig. 50). 

126. Characteristics of Tetrahedron Fill. - Observations made on 

the prototype tetrahedron fill after unwatering and up to the present 

time show similar characteristics as the model, i.e. the steep downstream 

slope of approximately 1 on l, the sharp break at approxinately elev. -

240 about 115 feet downstream from the centerline of the cofferdam, a 

flat slope averaging approximately 1 on 9 for about 90 feet, and a 

steeper slope averaging l on 1.5 extending to elevo 270. 

127. Figure ~8 shows the appearance of the toe of the tetrahedron 

fill when the water surface in the Oregon Channel had been lowered to 

elev. 218.4, corresponding to a head of approximately 57.5 feet on the 

closure fill. Figure 49 shows the general appearance of the Oregon 

Channel under the same conditions. 

1260 :£>late 18 shows the results of a partial planetable survey 

of the exposed face of the tetrahedron fill, indicating the ultimate 

position of the high points of a limited number of tetrahedrons. A total 

of 139 tetrahedrons were spotted below the downstr.eam edge of the road­

way fill; out of this total, 44 tetrahedrons or nearly 1/3 originated 

from the second fill and showed an average drift of about 36 ft. The 

first fill contributed 25 tetrahedrons (16%), the third fill 29 (21%), 

the fourth fill 37 (26.6%), and the fifth fill only 4, or 2.7%. The 

survey could not be completed, at first because snow and ice conditions 

made movements on the sloping surfaces too dangerous, and later because 

the Contractor covered a large area of the tetrahedron fill to construct 

the lower access road shown in fig. 47. 

129. Construction Report. - A separate report has been prepared 
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by the McNary Project Of~io.e_ to c9,:vr,e~ in greater details a+_l_ co11struc-
. · ·. . .. .' · i~ ;. ;_;_ -_. j '.·-'- J;~:-:.u::..u~) 

tion pba~--~s. <Yf the closure opera:l!lcin";.i;·--

130•: : .COST ·OF CLOSURE. - A preliminary and partially estimated 

compilation of the cost of the McNary Second-Step Cofferdam closure 

- is given in the tabulation following: 

a.. PB.OTOTY.eE COST 

-

Bid Actual Unit 
Cost Description ~uantity · ~uantity Total 

12-ton concrete 3,000 
tetrahedrons, in place 

12-ton concrete tetra-
hedrons, in ·place 500 

:B-stone from excavation, 
in place 3,500 

:B-stone from quarry, in 
place 15,000 

C-stone, in place 50,000 

Spalls, in place 7,500 

Impervious material, in 
place 30,000 . 

:90% Pit run Gravel with 
105b tlB.ifle Range-1 
Sand, in place 

Sand from ~fle :Range" 

Filter Blanket,• in place 

Concrete Gravel (#4-3/u") 
in place 

Concrete Sand, in place 

- - - - - - - - - - - - - - -

3,000 ea. $180tOO $~40,000.00 

2so ea.. 135.00 J7, goo.co 

15,975 ton 

11,578 ton 

46,177 ton 

9.923_ ton 

32,712 c.y. 
' 

3,900 c.y. 

7,846 c.y. 

5.50 

2 .. 60 

. 3;50 

lolO 

1.10 

1.10 

7,121 c.y. 

9,619 c.y. 

Carried Forward 

55,9+2;.50 

63.679 .. 00 

120,060020 

34,730.50 

4,290.00 

19 t615.oo 

40,447.28 

54,635.92 

1,021,095.00 

•Report on Construction of the Second-Step Cofferdam Closure Fill at 
McNary Dam - 2 April 1951. 
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Description 
.... ... 

:Bid Actual 
Quantity Quantity 

Unit 
Cost 

\ . Brought Forward 

Concrete Sand and Gravel, 
(50% sand, 50% gravel), 
in 1Jlace 

Dumped Stone Revetment, 
in piace 

Timber Crib 

Use of Cableway for 
Soundings (Con­
tractor's Cost) 

Engineering, supervision 
inspection & overhead 

Total Prototype Cost 

b. MODEL COST 

7,000 

1,042 c.y. $ 5.68 

lS,283 ton ·.,. 2.00 

Job 

Job 

18 Precast blocks for Clearwater 
River experiments (Contractor's Cost) 

Coste for Sectional l'bdel Studies 
(Bonneville Hydr. Laboratory) 

Construction Model at McNary 
(Contractor's Cost) 

McNary Project Office charges 
for labor and material 

Portland District Coste 

Walla Walla District Costs 
including overhead 

Total Cost of Model Studies 

52 

21,394.94 

7,235.54 

10,314.50 

6,814.20 

Total 

5,918.56 

36,566.00 

86,200.00 

12,527.00 

$1,162,306.56 

. 104,607.59 

$1,266,914.15 

334.13 

5,868.0S 

!6,759.18 

-
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. \ ' 
' '.. }~ 

; 

c • . s~ 
Total Prototype Cost 

Total Cost of Model Stu.dies 

, . 

$1,266,914.15 

51,961.39 

Total Cost of Second-Step Cofferdam Closure $1,318,875.54 
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CHAPTER V - DISCUSSION 

BASIC FACTORS OF McNARY CLOSURE 

1310 Generally speaking, the McNary Second-Step Cofferdam closure 

was a complete success. The problem presented unusual difficulties, yet -

it was solved by a combination of skillful planning, an ingenious method, 

proper selection of equipment and aggressive resourcefulness. 

132. Plannins• The skillful planning was evidenced by the selec­

tion of the Oregon Cha.nnel for the site of the closure. Generally 

speaking, there were three principal locations for the closure site. 

The first was the Vijashington side, the second was across Artesian 

Island, while the third.was across the Oregon Channel. The selection 

of the first or the second site would have had the advantage of permitt­

ing final closure in water of lesser depth but with velocities sub­

stantially the same as if final closure were made in the Oregon Channel 

and without material benefit in conditions during diversion of the main 

flow of the river from the Oregon Channel. Furthermore, navigation 

and passage of fish would have been interfered with for a considerably 

longer period of time. By selecting the site across the Oregon Channel 

just upstream from the centerline of the dam, it was possible to concen­

trate the closure operation to a relatively narrcn.v and deep gap; this 

provided sufficient cross-sectional area to eliminate the danger of 

excessive velocities, and pennitted the solution of the two very diffi­

cult problems of diverting the main flow of the river and closure with 

one single operation. 

133. Novel Method. The ingenious method of making the closure by 

successive drops of precast concrete blocks and backfilling with 
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material of various sizes, had the advantage of gradual effectiveness and 

flexibility. The graiiual effectiveness was attained by 'first filling 

the bottom of the channel until a submerged ··sill of uniform elevation · 

was attained across the entire cl.osure gap, then raising this sill in 

several low horizontal layers until emergence was attained. By using 

this procedure the water flowing; through the gap wa.s·a.lways forced to 

spread· in a gradually thinning sheet over the entire width of the gap 

and ~s never concentrated at one or more points, as would have occurred 

by end dumping, by construction of steel pile cells, or by using 

cribs floa:·ted into ·place and sunk. The f'lexibili ty consisted in being 

able to shift the dropping points to any location where the overflowing 

sheet of water showed signs of undesirable local convergence. 

134. Selection of Equipment. The proper· selection of the equip­

ment wai clearly evidenced, espe~ially by the ma.in ca.bleway and appurten­

ant devi.ces for foe.ding and imloading of the precast · concrete blocks 

and other materials required for the closure fill. The ca'bleway layout 

was such as to permit placement of the tetrahedrons, B-stone and other . 

types of material at any point of the closure fill and in any desired 

sequence or elevation, including deep submergence. · No other piece of' 
. . 

construction equipment would have been capable of such flexibility of 

operation and such "pin-point11 a.ccura.oy of placement; however, the pro­

vision of longer tracks for the cableway would have been desirable for 

handling possible unforeseen work. 

135. Resourcefulness. · The aggressive resourcefulness was demon­

strated on numerous occasions during the 'last four months 'of 1950, f'or 

instance when e_xtens i ve experimental work· was rushed through:, when 

unforeseen difficulties causea:· a serious delay in the closure operation, 
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when the river flaw attained a near-record stage, and when all prepara­

tions were made for anchoring the tetrahedrons as the success of the 

operation appeared. endangered. 

POSSIBLE IMPROVEMENTS 

136. In oonnnon with any other major construction operation per­

formed without the benefit of precedents, the McNary cofferdam closure 

could have been improved quite materially, in the light of later exper-

ience. 

137. A report covering such a major construction operation would 

be incomplete if it omitted a discussion of the ways and means whereby 

the same problem might have been solved better. easier, or more econom­

ically. Suoh a discussion should not be interpreted as a criticism of 

the manner in which the problem was solved, but as a constructive effort 

to point the way in which similar problems of the Corps of Engineers 

might be expedited or in other manner benefited through the experience 

gained at McNary, 

138. For the purpose of facilitating the presentation of this 

discussion, the various items will be classed into four groups, namely: 

(1) Engineering Analysis, (2) Model Studies, (3) Field Preparations, 

(4) Field Observations. 

139. Engineering Analysis, The method selected for the McNary 

closure had never been used before and no data were available on which•· 

to base the design of the fill or the procedure for constructing it. 

In the absence of such data, the design was based on three assumptions, 

namely, that the Passamaquoddy data were applicable, that tetrahedrons 

would not tend to roll or slide as re~4ily as other shapes, and that . 
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slopes of 1 on 2 could be attained. None of the three assumptions was 

verified; in particular, no account was taken of the fundamental and 

far-reaching difference between the Passamaquoddy data. e.nd the McNary 

conditions, i.e., the.t the Passamaquoddy data applied to the simple 

resistance to movement or inertia of stationary bodies when exposed to 

a stream of water, whereas the McNary· problem was just the reverse and 

much more complicated, because it involved two-dimensional accelera­

tion of·a falling body, followed by three-dimensional retardation. 

In addition, the Passama.quoddy data had·been determined with stones 

weighing 165 lbs./ cu. ft., whereas the weight of ordinary concrete is 

about 150 lbs./ cu. ft.; the buoyant weight of the latter is therefore 

15% less than for dense stone. 

140. Doubts were expressed occasionally as to the feasibility of 

the proposed design under the admittedly difficult conditions to be 

expected; however, these expressions of doubt were insufficient to 

cause any material changes. 

141. Model Studies. Model experiments of the river di version 

a.s a whole had been made in the l~:lOQ McNary General Model, but the 

de.ta obtained were only general in character. No experiments were made 

to analyze in detail the construction of the closure fill, since it was 

considered that such experiments would need to be made on such an_ elaborate. 

and expensive scale to assure the dependability of results that the cost 

thereof was not warranted. 

142. Concern regarding the feasi'bility of the proposed design 

began to be felt when the results of some personal experiments made 

in Seattle with a sectional model were reported. Several experiments 

in a. stream and with secti·onal model were then carried out in hurried 
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sequence. A construction model was decided upon a few days before begin­

ning of the actual closure operation. 

143. Sectional model studies would have indicated the advantage 

of the highest practicable specific gravity, the best shape and size of 

the precast concrete blocks, the most desirable cross section of the fill -

and the best procedure for its construction. 

144. A complete and detailed model of the entire construction 

area, including low spillway bays, on a sufficiently large scale, 

say 1 : 24 or l : 30, utiliz5_ng the data. obtained from the sectional 

model studies, would have shown that the closure could have been made 

without undue difficulty with the equivalent of about 1,800 12-ton 

tetrahedrons, Additional advantages of such a model would have 

been to furnish reliable data regarding the permeability of the fill 

and the distribution of flow between the closure gap and the low spill­

way bays channel, thus eliminating some of the uncertainties and incor­

rect assumptions which prevailed until after the closure was actually 

completed and a prototype permeability m9asurement was made. 

145. Field Preparations. The necessity of adequate preparation 

for the actual construction work is too obvious and well understood to 

require emphasis at this point. However, tight construction schedules 

can at times cause considerable difficulty, even to highly experienced 

contractors. At McNary the planned simultaneous construction of the 

closure fill and completion of the upstream leg of the cofferdam had 

to be discarded a few days after the beginning of the closure. 

146. Field Observations o One phase of the observations which 

caused difficulty was the determination of the controlling water surface 

elevations. The location of the principal gages is shown in plate 7. 
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Staff gages were used throughout, reading directly in feet above mean 

sea level. Several of these gages were affected By impingement of the 

water or by wave action. Gage 8 could only be estimated roug_hly, as 

the wave action was excessive; gage 9 was practically worthless, as the 

wave a ction exceeded 2 feet a t times. The Ferry gage had therefore to 

be used in determining the head diff~rential between the upstream and 

downstream sides of the closure fill; this reduced the accuracy of the 

data still further, because the Ferry gage is located 0.9 mile down­

stream from the closure fill. Difficulty was also experienced with the 

accurate detennination of the river discharge; the official Umatilla 

gage, located 2.8 miles downstream frqm the closure fill, is a staff 

gage in several sections; the s~ction which had to be used at the time 

of the closure was heavily coated with mud and had to be read at a 

considerable distance, thus resuiting in low accuracy. 

147. The importance of accurate gage . readings, preferably by 

means of recording gages at the strategic points, cannot be over­

emphasized. 

APPLICATION TO OTHER PROJECTS 

148. The McNary method of cofferdam closure is applicable to the 

construction of other similar projects. !n view of the fact that every 

project has different characteristics, the method would probably have 

to be modified to attain best results. 

149. Foundation Problems. At McNary the olosure fill rested 

entirely on solid basalt; this had the_ advantage of grea. t resistance to 

erosion, but probably permitted some. of the tetrahedrons in the bottom 

layer to ·slide more than they would on erodible material. 
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150. The ¥~Nary method appears applicable to any type of founda­

tion material which has sufficient bearing capacity for the submerged 

fill; the danger of scour in erodible material is reduced to a mini­

mum by the circumstance that a large and slow roller develops which, 

together with the leakage stream, forms a protective cushion at the toe 

of the fill. 

151. Shapes and Specific Gravity of Precast Blocks, Shapes of 

precast blocks other than the tetrahedron, such as slabs or prisms, 

could offer some advantages, particularly in their resistance to 

11 sailing" in very fast water; however. the advantages of the tetrahedron 

shape were aptly demonstrated, e.g. its resistance to dislodgement by 

overflow after placement, its large bulking factor (50%-,-60%) with re­

sultant decrease in cost of fill in place, and its ease of handling. 

In view of the demonstrated desira0ility of making the precast blocks 

as heavy as possible, consideration should be given subject to cost 

limitations, to the use ofth"9 heaviest available aggregates, possibly 

ore or smelter slag, and densest possible tdxtures. The use of ad.mix.­

tures, such as air entraining agents, which reduce the specific gravity 

of the concrete, should be a.vo•ided. 

152. Where very fast velocities are to be encountered, considera­

tion might be given to the use of Tl self-anchoring units 11 , each con­

sisting of a concrete block of very high specific gravity cabled to an 

ordinary concrete block; by a suitable design and placement procedure 

such units would provide a r elatively steep and very stable ttback-bone" 

for the fill and might permit substantial savings of cost for the 

closure fill as a whole, by reducing the quantity of high-specific-gravity 

blocks which would otherwise be required. 
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153. Procedure for Placing Rock Fill. Experience gained in the 

McNary closure has indicated th.e.t such an operation can be performed 

without use of large blocks in as great a portion of the section as 

was done in that case. Depending on availability, it is indicated that 

an appreciable amount of the initial fill could be made with quarry-run 

stone or rock fro~ required excavation. Since it is practically 

impossible to accurately determine the location or shape of' the fill 

actually in place by either soundings or visual means, it is necessary 

to depend on gage readings and the surface appearance of the flow over 

the closure for interpretation of results. With that in mind, the most. 

economical rock available should be placed first until the velocity of 

the water increases to the extent that the additional rock being placed 

is being carried over the crest of the fill without increase in height 

of cr.esto This point ce.n be det.er:,1ined by pra.ctice.l cessation in rise 

of the upstream water surface. A'~ this point an adeqi.::s.te shelf of rock, 

for support of the heavy blocks, should be constructed. Quantities and 

· point of placing must be estimated from soundings, both before and after 

placing the rock fill. The la~ge blocksj ·or the size, specific gravity, 

and shape previously determined should then be ple.oed so as to drop near 

the indicated edge of the fill. The success cf this operation again 

should be closely checked by gage readin~s. Vfhen rate of rise of water 

surface again declines or if the predetermined volume of blocks have been 

placed, the rock shelf should again be extended to form a support for 
. .. ···- ,. ... ~ ...... ' . 

additional plocks in order to keep their number to a minimum. Results 

at MoNary have indicated that this shelf should be carried practically 

to the top of the layer of blocks in place for optimum: retention of the 

next layer of blocks. Dropping of blocks should be carefully controlled 
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to eliminate formation of 11 slicks11 which indicate fast moving water 

through a depression in the fill and which can be very difficult of 

closing if permitted to become pronounced. This procedure can be 

repeated until the fill emerges above the water surface, . provided the 

blocks are of sufficient size and specific gravityo 

154. Value of a Construction Medel. The provision of a construc­

tion model at the site proper is advisable for most closure operations 

of a difficult ~~tur~4 Among the advantages of such a construction 

model can be cited the visualization of the problem and improved under­

standing on the part of the local engineering force and contracting 

personnel of the problems involved, and the availability for developing 

solutions if emergencies arise. At McNary the construction model proved 

of inestimable value and was a major contribution to the ultimate 

success of the prototype closure operationo 

1550 Importance of Sealing. The sealing of the interstices in 

the closure fill is a difficult operation requiring great care in 

design and construction. The design should be governed by considerations 

of soil mechanics, including stability analyses and protection against 

wave action or other erosion. Because of. the existence of flowing water 

inherent in this type of closure, and the tendency of material being 

deposited through such flowing water to become separated into relatively 

uniform size bands, it is necessary to avoid a large range in particle 

size for any one layer in order to prevent practically total loss of 

the finer material in the layer being placed. For this reason, it ·was 

found necessary to place the seal blanket, after the spall layer was in 

place, in four separate layers; the first layer consisti11g of bank-run 

sand and gravel of which only the particles above the #4 mesh were 
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retained; the second layer consisting of well-graded ag~regate from,3/4 

inch to 1,-4 mesh; the third ayer c:onsisting of graded sand; and the 

fourth layer containing fine sand and silt. This procedure, coupled with 

careful dragging of each separate layer, will compensate for any pro­

babl~ segregation and formation of' pervious pockets. The use of fine 

silt and clay should be discouraged, because their inherent charac­

teristics in the presence of v-rater make their behavior too unpredictable. 

CHAPTER VI - CONCLUSIONS 

156. The successful completion of the McNary Second-Step Coffer­

dam closure solved one of the most difficult engineering problems in 

construction history. 

157. It is believed that the McNary method, consisting of succes­

sive drops of preca.st concrete blocks and backfilling wj.th rocks, will 

permit successful and economical closure e~en under the most difficult 

conditions likely .to be encountered in practice, provided, however, that 

such changes and adaptations are ma.de as may be required to fit specific 

conditions. 

158. Each major river diversion presents different features and 

different engineering problems, which require individual analysis and 

adequate preparation for emergencies. 

159. The engineering analysis should be verified with such model 

studies which may be warranted, in order to reduce to the minimum the 

uncertainties and the cost of the field operation. 
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PHOTOGRAPHS 
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-

Fig. l - Tetrahedron Studies on Columbia River at McNary 
Shows 1000-lb. tetr. on launching platform 12 June 1949 

-
Fig. 2 - Tetrahedron Studies on Columbia River at McNary 

Shows tetrahedron being launched 12 June 1949 



-

Fig. 3 - Seattle Model Experiments 
General View, looking upstream 31 Aug. 1950 

-
1.:-,:·<· ..... 

Fig. 4 - Seattle Model Experiments 
Top View of Fill, Crest El. 24o± 

1 Sept. 1950 



-

Fig. 5 - :Bonneville Sectional Model (26" width) 
General View of Apparatus 5 Oct. 1950 

-
Fig. 6 - Bonneville Sectional Model (26 11 width) 

Discussion of observations 5 Oct. 1950 



-

Fig. 7 - :Bonneville Sectional Model (26 11 width) 
Raising fill by e:xperimental procedure 5 Oct. 1950 

Fig. 8 - Bonneville Sectional Model (60" width) 
Unwatered tetrahedron fill, looking upstream 10 Oct. 1950 



-

Yig. 9 - Construction Model at McNary 
Aerial view 9 Nov. 1950 

Fig. 10 - Construction Model at McNary - Operation in 
presence of Officers and Civilian Engineers 30 Oct. 1950 



Ii tut 

-

Fig. 11 - View from top of cableway head tower 
Shows tetrahedron casting ya.rd 25 July 1950 

-
Fig. 12 - Tetrahedron Casting Yard 

Removal of a wooden form 25 July 1950 



-

Jig. 13 - General Aerial View. Shows tetrahedron casting, 
storage yard, cableway and closure gap 9 Nov. 1950 

-
Fig. 14 - Tetrahedron Handling. Tournacrane with tetrahedron 

waits as skip is lowered by cablewa.y 11 Oct. 1950 



-

Fig. 15 - Interior of Cableway Control Eooth 
Cableway operator at right; inspector at left g Nov. 1950 

-
Jig. 16 - Interior of Cableway Control Eooth 

Details of skip-travel indicator Oct. 1950 



-

Fig. 17 - First Tetrahedron Fill 
12-ton Tetrahedron sliding into water 11 Oct. 1950 

Fig. 18 - Firs t -Tetrahedron Fill 
Ce.bleway rebound and spl a sh 11 Oct. 1950 



-

Fig. 19 - First Tetrahedron Fill 
View of Wa.t er Surface after completion 31 Oct. 1950 

-
Fi g. 20 - Firs t Tetrahedron Fill 

Detail of wave action 15 Oct. 1950 



-

Fig. 21 - Skip converted for sounding work 
Shows equipment used 12 Nov. 1950 

Fig. 22 - Sounding party at work after completion 
of First Tetrahedron Fill 15 Oct. 1950 



-

Fig. 23 - First Tetrahedron Fill in Construction Model 
View after unwatering 28 Oct. 1950 

Fig. 24 - Similar to Fig. 21 above 
Shows rise in river bed downstream 28 Oct. 1950 



-

Fig. 25 - Typical Samples of B-stone 
assembled at the platform scales 28 Feb. 51 

-
Fig. 26 - Construction Model - Third Ex-periment 

TyPical 11 slick 11 formation . 4 Nov. 1950 



-

Fig. 27 - Second Tetrahedron Fill nearing completion 
View of Water Surface 3 Nov. 1950 

Fig. 28 - Second Tetrahedron Fill nearing completion 
Aerial view of Water Surface 3 Nov. 1950 



-

Fig. 29 - Construction Model - Fourth Experiment 
Water Surface with 1722 tetrahedrons 2 Nov. 1950 

-
Fig. 30 - Construction Model - Fourth Experiment 

View of Fill with 1846 tetrahedrons 2 Nov. 1950 



,., ----

"• .~~;,,...- ~-

Fig. 31 - Second Tetrahedron Fill. Upstream drawdown caused 
by placement of B-stone (Compare with Fig. 27) 7 Nov. 1950 

-
Fig. 32 - Third Tetrahedron Fill 

Aerial View of Water Surface upon completion 9 Nov. 1950 



-

Fig. 33 - Fourth Tetrahedron Fill 
Close-up of tY.Pical water-entry cavity 11 Nov. 1950 

-
Fig. 34 - Fourth Tetrahedron Fill 

:Breaking up of overflowing sheet 13 Nov. 1950 



-

Fig. 35 - Fifth Tetrahedron Fill in progress. Shows several 
:points, also drop to stops 11 slick 11 near Cell 17 15 Nov. 1950 

-
Fig. 36 - Fifth Tetrahedron Fill in prog.rees. 

Drops to stop II slick 11 near Ce11 17 15 1'Tov. 1950 



-

Fig. 37 - Fifth Tetrahedron Fill completed (2,083 tetrs. in place) 
Closure officially declared successful 16 Nov. 1950 

-
Fig. 38 - Similar to Fig. 37 above 16 Nov. 1950 



-

Fig. 39 - General Pick, Chief of Engineers, and other dignitaries 
inspect c1osure operation 16 Nov. 1950 

Fig. 4o - Sixth Tetrahedron Fill under construction {2,515 tets.) on 
both Prototype and Construction Model 17 Nov. 1950 



-

Fig. 41 - Sixth Tetrahedron Fill under construction 
Looking upstream 17 Nov. 1950 

-
Fig. 42 - Sixth Tetrahedron Fill under construction 

with some C-stone in place 21 Nov. 1950 



-

Fig. 43 - Closure Fill nearing completion 
Aerial view looking upstream 22 Nov. 1950 

-
Fig. 44 - Columbia River flow diverted 

through low spillway bays 22 Nov. 1950 



-

Jig. 45 - Timber Crib under construction 
10 Jan. 1951 

11g. 46 - Closure 1111 and Timber Crib completed 
27 Feb. 1951 



-

Fig. 47 - Downstream View of Closure Fill 
after u.nwatering (W.S. El. 218.4) 25 Feb. 1951 

-
Jig. 4g - Toe of Tetrahedron Fill 

after unwatering (W.S. El. 218.4) 25 Feb. 1951 



-

Fig. 49 - Oregon Channel unwa.tered to :lil. 21s\lLooking upstream 
25 Feb . 1951 

• 
Fig. 50 - c1oaure Fill during 1951 high waterLooking upstream 18 May 1951 
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