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PREFACE 

This report is one of a number of similar reports on studies of the 

construction and behavior, from a foundation and soil mechanics stand.

point, of recently completed structures in the Lower Mississippi Valley 

Division. The purpose of the studies is to compare field experience and 

performance with design predictions, and from such comparisons and ob

servations gain information and experience that will be valuable in the 

design and eonatruetion of future- projects- in the Lower Mississippi 

Valley. These studies are being made for the President, Mississippi 

River Commission, by the Waterways Experiment Station. Structures being 

studied are those for which foundation and soil mechanics investigations 

were made and design was prepared by the Waterways Experiment Station. 

The studies discussed in this report concern the construction and 

behavior of the Morganza Floodway Control Structure, and its adjoining 

embankments which serve as a main-line levee along the west side of the 

Mississippi River and also carry the Port Allen Branch Line of the Texas 

and Pacific Railroad, and Louisiana State Highway No. 30. The structure 

is located adjacent to the Mississippi River approximately 35 miles 

northwest of Baton Rouge, Louisiana, and 3 miles northwest of Morganza, 

Louisiana. 

The Morganza Floodway Control Structure was designed by the Missis

sippi River Commission and was built under the supervision of the New 

Orleans District, CE. Initial construction of the combined embankment 

was started in 1941 but was stopped in 1943 because of cessation of 

civil works during World War II. Work on construction of the adjoining 

embankments was resumed in December 1949; these embankments were essen

tially completed in January 1954. Pile tests to determine the size and 

allowable loading for the pile foundation beneath the structure were 

performed during the summer of 1949. Preload fills to reduce differen

tial settlements at the abutments for the structure were placed at the 

south abutment in November 1949 and at the north abutment in July 1950. 
Driving of the pile foundation for the control structure proper was 

started in October 1950 and completed in August 1951. Work on the 

"~ "·{! .6' ·Ui;il v'u:. 
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superstructure was also begun in October 1950 and was completed in 

February 1953· The first train crossed the structure on 18 November 

1952 and highway traffic will probably begin in the latter part of 1954. 

Observations of settlement plates and hubs, piezometers, and move

ment markers placed in and beneath both the embankment and control 

structure were made during construction and have been continued up to 

the present time. It is planned to continue these observations and to 

analyze and report any future pertinent data in the form of appendices 

to this r~port. 

The studies and analyses of data presented in this report were made 

by Mr. C. I. Mansur, and Messrs. John A. Focht, Jr. and William Emrich 

(formerly of the Waterways Experiment Station). The field explorations 

were under the supervision of Mr. T. B. Goode. The studies were per

formed under the general direction of Messrs. w. J. Turnbull, w. G. 

Shockley, and$. J. Johnson (formerly of the Experiment Station), Soils 

Division, Waterways Experiment Station. This report was prepared by 

Mr. Mansur. 

Data on construction procedures and engineering measurement devices 

were furnished by Messrs. M. G. Chitty, H. A. Huesmann, and John w. 
Harris of the New Orleans District, CE. This report was reviewed prior 

to publication by Messrs. Huesmann and Harris of the New Orleans Dis

trict, and Messrs. Howard B. Gray and E. H. Eckler, Jr., of the Missis

sippi River Commission. 
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REVIEW OF SOILS AND FOUNDATION DESIGN AND FIELD OBSERVATIONS 

MORGANZA FLOODWAY CONTROL STRUCTURE, LOUISIANA 

PART I: INTRODUCTION 

Description of the Structure 

1. The Morganza Floodway Control Structure is located adjacent to 

the west bank of the Miaaiasippi River aJ;>12roximately 35 miles northwest 

of Baton Rouge, Louisiana, and 3 miles northwest of Morganza, Louisiana. 

It consists primarily of a gated concrete weir, approximately 4ooo ft 

long, for passing excess floodwaters from the Mississippi River into the 

Atchafalaya Basin. The structure also provides a crossing over the 

floodway for Louisiana State Highway No. 30, the Port Allen Branch Line 

of the Texas and Pacific Railway Company, and the main line of the Kansas 

City Southern Railway Company. The weir is connected to the guide levees 

of the floodway by earth embankments which also serve as a portion of the 

main-line levee system of the Mississippi River. A vicinity and plan map 

Of the structure and embankments is shown in fig. 1. 

2. The gated portion of the control structure has 125 bays, each 

haVing a span of 31 ft 3 in. center-to-center of piers. A partial plan 

and elevation of the structure is shown in fig. 2. Each pier is sup

ported by 27, 20-in. precast concrete piles driven to sand on a 2-on-l 

batter. Eleven of the piles are battered upstream and 16 downstream. 

A Plan of the pile foundation and section of the structure are shown in 

fig. 3. The design pile loads are 100 tons in compression and 25 tons 

in tension. The ability of the piles to carry these loads was based on 

a series of pile-loading tests conducted at the site prior to construc
tion. 

3, The gated portion of the control structure is designed to dis

charge a maximum flow of 600,000 cfs. The weir crest is at elevation 

37,5 msl, which is approximately 5 ft above the average approach channel 

elevation. The structural design of the gated portion was based on a 

DlaXimum headwater elevation of 60.0 msl with the gates closed and an 
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elevation of 57.0 with the gates open. The maximum net head assumed for 

the structure was 28 ft. The stilling basin below the gated portion 

consists of a concrete apron containing a row of baffle piers, 5 ft high, 

and an end sill 4 ft high with top of sill at elevation 32.0. The area 

downstream of the stilling basin is paved with riprap and derrick stone 

for a distance of 80 ft and the area upstream of the structure is paved 

with riprap for a distance of 30 ft. An aerial view of the completed 

structure is shown in fig. 4. 

Fig. 4. Aerial view of control structure 

4. The control structure is connected to adjacent guide levees by 

embankments each approximately 9500 ft long. The embankments are about 

30 ft high and have a base width of 400 to 500 ft. Typical sections of 

the embankments are shown in fig. 5. 
5. In order to eliminate rerouting of the railroad and because of 

the magnitude of the project, the construction was accomplished in sev

eral phases, as described subsequently. 
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Scope of This Report 

6. This report presents a summary of the foundation conditions and 

the design studies performed for the Morganza Flood.way Control Structure 

and adjacent embankments, together with certain observations made before, 

during, and after construction. Comparisons of design predictions with 

those observed are also included. More specifically, the report deals 

with field explorations which were made in connection with the design 

and construction of the structures; foundation conditions; characteristics 

of the foundation soils and borrow materials for the structures; stabil

ity and settlement of embankments adjacent to the control structure; 

_pile -loading tests ma.de to determine the si-zt: and carrying capacity of 

piles used beneath the structure; the pile foundation for the control 

structure; abutments; underseepage and the drainage system beneath the 

control structure; and stone protection. Information regarding the orig

inal design and pile loading tests which has been presented in previously 

published reports* is included in highly condensed form for the purpose 

of making this report a complete discussion of the investigation to 

date, and to permit comparisons between design predictions and field be

havior. Observations made during construction of the structure and em

bankments are described in more detail. All pertinent data obtained 

from settlement plates and hubs, piezometers, and other engineering 

measuring devices during and since construction of the control structure 

and embankments are also included. Details of field investigations, 

laboratory tests, design analyses, and specifications not included may 

be found in the references given at the end of this report. 

* See items 1-6 of list of references following the text of this report. 
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PART II: FIELD EXPLORATIONS AND FOUNDATION CONDITIONS 

7. The site of the project is in the backswamp region west of the 

Mississippi River near Morganza, La. The foundation beneath both the 

embankment and the structure consists of strata of predominantly highly 

Plastic clays about 80 ft thick underlain by a very thick stratum of sand. 

The average water content of the clay strata ranges from about 42 to 60 

per cent, and liquid limits range from 60 to 100 per cent. The contact 

between the sand and the clays is somewhat irregular and a few clay 

lenses exist in the upper portion of the sand along certain reaches. 

Foundation for Embankments 

8. A plan of the borings made to investigate the foundation for 

both the south and north embankments is shown on fig. 1. Logs of the 

borings made along the center line of the embankments are shown in 

figs. 6 and 7. The borings were drilled as cased borings with truck

mounted, rotary core drills. Undisturbed samples were obtained from 

below the casing with 5-in. ID vacuum-type samplers. The casing was 

advanced by means of a power auger and bailer. 

9. The foundation of the south embankment consists of backswamp 

deposits of highly plastic clays with some clay silts underlain by sand 

at a depth of about 60 to 70 ft. The clays are slightly fissured, and 

contain numerous silt seams and strata that accelerate their rate of 

consolidation when loaded. The foundation of the north embankment is 

similar to that under the south embankment, except that the clay stratum 

is slightly stronger, less compressible, and thicker, ranging from about 

80 to 90 ft; it also contains several silt strata. 

Borrow Materials 

10. The locations of borrow areas, from which material used in con

struction of the embankments was obtained, are shown on fig. 1. Auger-type 

borings were drilled to a depth of 15 ft to investigate the borrow areas. 
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11. Most of the material used in construction of the embankments 

consisted of high water content, fat, inorganic, plastic clays and silty 

clays. Investigations made prior to construction of the embankments in

dicated that the natural water content of the borrow soils during the 

summer months would be 10 to 15 per cent above optimum water contents 

(22 to 32';(,) for compaction, as determined by a compaction test using 15 

blows rather than the standard 25 blows per layer. The material is slow 

to dry out and is subject to shrinkage and cracking. 

12. Borings made in borrow area "D" in August 1948 showed that the 

average water content of the upper 8 ft of soil had dropped considerably 

from that noted from borings made in March 1948. The average drop was 15 

--per -cent -in the upper 4 ft and 10 per cent in the next 4 ft. During the 

summer the water table in area "D" was at a depth of approximately 6 to 9 

ft. By mid-October, the average water table had dropped to a depth of 

about 9 to 10 ft. The average water contents for the upper 8 ft of soil 

in borrow areas "B," "C," and "D" are tabulated below: 

Water Content of Borrow Areasz 1948 
Area "D" Area "c" Area "B" 

DeEth in ft March August 28 October 1 Novem'5er 

0-4 50 35 28 31 
4-8 41 31 35 29 

Foundation for Control Structure 

13. The foundation beneath the control structure is similar to 

that previously described for the embankments and consists predominantly 

of highly plastic clays approximately 80 ft thick, underlain by a bed 

of sand approximately 50 ft thick. In the clay stratum, there is a 

stratum of sandy silt approximately 10 ft thick at approximately elev 8. 

14. A plan of the borings made to investigate the foundation along 

the control structure and logs of selected borings are shown in fig. 8. 

15. Explorations for determination of the required length of piles 

included an additional 75 deep borings made on about 100-ft centers along 

the structure. Most of these were of the split-spoon type. Fig. 9 pre

sents logs of and split-spoon resistances obtained from these borings. 
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STATIONING ALONG CENTER LI tJE 

PROFILE 

LEGE NO 

CLAY SANDY SILT 

SIL TY CLAY SILTY SANO 

CLAY SILT 

CS• CLAY STRATA 

JL.!2..::.!J..: • PIEZOMETER OBSERVATION 

QT • QUICI<. TRIAXIAL COMPRESSION TEST 

Qc.I • COhlSOLLDATEO=QULC~ TRIAXIAL _ 

COMPRESSION TEST 

Notes: 
Only .n1"1cfttd borif7g6 are 

3hown. 
ngun13 lb /erf't of bonng.:J On:! 

wafer conknf-3 m ~rc"nfof dry 
we19hf 

Ftgu'""s Ir;, righfof bormg3 o~ 
unconf'med comprt1.s3ton ~sis 
wtff1 cohe3ion (c) m fon:J/39 ff 
"xcepf o:J ofherw1°311 3hown 

&rin93 wen: mcx:le 1n kbrv
ory, March, and D<lc"mber; /!J~. 

General !!10rnple boring3, 
M-Z~, Z.9,.50,JZ,JJ,J4 and .J.5.made 
wtfh aug(!Jr and boiler 

Und13furbed :!Cmple borm93, 
M·/!J, Z7 and JI, mode wifh S
mch vocuurn :Jh:!by fuJ::,t, 
::Jamp!er. 

Ortr-e l:x:mng:J, M-J~.J7 ona' .3~. 
mad(!} wifh S-inch 3helby h.;J::,t, 
and ii-men 3plif fJf'OOr? 30rnpler.!l. 

Proj~f«:I boring" ar~ 3hown 
with brok~n out/in~. 

Fig. 8. Plan of foundation 

borings and logs of borings 

along the control structure 
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The borings were located along both sides of the center line of the 

structure near the center of the tips of the pile groups battered upstream 

and downstream. 

16. The undisturbed sample borings were drilled by the same method 

used for the embankment borings. The split-spoon type borings were ma.de 

with a 1-3/8-in. ID, 2-in. OD Raymond type split-spoon sampler. The 

sampler was driven with a 14o-lb hammer falling 30 in. The split-spoon 

type borings were advanced between drives by the fishtail method, using 

drilling mud with an average weight of about 80 lb per cu ft. 

17. Consolidation tests on sample-s of the- clay from beneath- the-

structure showed that the foundation is very compressible. Existing em

bankments 30 ft high in the vicinity of the structure had settled 2-1/2 

to 5 ft. Thus, it was necessary that the piles be driven to sand to 

support the structure without excessive settlements. 

18. Records of borings made with a standard split-spoon sampler 

showed the sands to have an average driving resistance of about 55 blows 

per ft. The sand underlying the clay is of fine to medium gradation. 

Some thin lenses of clay and lignitic sands were found along some reaches 

in the upper part of the main sand stratum. 
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PART III: SOIL CHARAC'IERSITICS 

Foundation for Embankments and Control Structure 

19. Extensive laboratory testing was carried out as a part of 

the investigation of the foundation beneath the control structure and 

the embankments. The laboratory tests included visual classification 

and natural water content determination, mechanical analyses and Atter

berg limits tests, consolidation tests, shear tests (including many un

confined compression tests on both undisturbed and remolded samples and 

numerous triaxial tests), and a few permeability tests on undisturbed 

specimens of the upper sandy silt stratum beneath the control structure. 

The results of the laboratory tests on the foundation soils beneath the 

embankments are summarized in tables 1 and 2, and beneath the control 

structure are given in table 3. · Natural water contents and shear 

strengths obtained from tests on undisturbed samples from the foundation 

beneath the embankments and control structure are also shown on the logs 

of borings in figs. 6, 7, and 8. 

Table l 

Swmary of Laboratory Test Date. - Embankment Foundation, 19lt6 Boril'!f• 

UDcoat1u4 Quick 'rrla.xlal 
Mechanic&l 

Bortngtiev ~le Depth c1:~!!n. 'l AnaJ'li• 'l A~i:~~:rs 
~ ~ ~ ~ --..!2.:.- ...!!!L -"--~ ~ filll £.!!l ~ 

nat. ~7 rect• -,-.-.,.~"~' -~ 
we lb/ tona/ lb/ tou/ 

.i:_ s..!L-!! .!i.11 £!L!!. rf_ ~ 
57li.+JO 127,5• M-10 35,3 8 24.l 8.4- 9.6 Clay, org, 9 31 58 82 22 60 49 70 0.13 

"1te11t dk brown 
CL RR 16 16, 7 18.0-19.2 Cl"7, org, 

5T7t-50 CL RR M-7 48.1 

""gr~ 
17 15.6 19.2-20,J Clay, org, 

26 

dk brow 
12,0 22.8-24.0 Clay, org, 

blue 
5, 7 30,0.31.2 Clay, org, 

brown 

4].l 4.5- 5.5 

31.8 15.8-16.8 

Clay, org, 
brown 
cay, ors, 
brown 

10 

11 

11 

13 

23 

24 

34 

12 

26 

24 

65 

55 

8" 25 59 46 

39 

77 23 5lt ltl 

19 20 59 1t7 

Bo 96 24 72 45 

65 71 22 49 44 

63 93 26 67 46 
48 

0.20 

o.48 

0.26 

Conaoltdation Tnt.2 

pc ~~n 
C ton•/ ton•/ 

_.£_ ~ ..!L!! ~ 

23 
26 
29 
34 
38 

24.6 23.0-24.0 
21.5 26.1-27.2 
18.o 29.5.30. 7 
12.l 35.4-36.6 
7,5 40.0-t.1.2 

Cl&¥, blue 
Clay, blue 
Clay, blue 
Clay, blue 
Clay, blue 

21 
21 
10 

74 
72 89 26 63 
83 107 25 82 

52 
49 
52 

13 
71 
7l 
68 

( Exhting tailw-e pl&De ill 1aple) 
0.36 

127.5• 
not 
CL RR 

255• ... , 
CL RR 

5~ CLRR •-1 

35 ... 

27.3 

59.0 

8 
l] 

17 
19 
21 
24 
28 

12 

15 

1 

17 

25" 

32 

37 •1 ... 

25.7 8.9-10.5 
18.8 15.8-17.4 

13.0 21.8-23.0 
9,9 24.8-26.2 
1.2 27-5-28.8 
J.O Jl.8-]3.0 

-3.2 37.5_39.7 

22. 1 4.o- 5.3 

11.1 15 • .i.-16.7 

6,9 19.5-21.3 

51.3 7,2- 8.J 

49.0 9.4-10.6 

.i.0.2 28.2-19.4 

31.i. 27.1-28.2 

23.6 J4.8-36.o 

17.8 w.4-41.9 
l].l i.5.3.J,6.5 
9,6 48.8-49.9 

Clay, brown 
Sandy ailt, 
brown 
Clay, blue 
Clay, blue 
Clay, blUll 
ci.r, blwt 
Clay, blue 

Clay dlt, 
ors., brown 
Clq1 Ol"I 
bl .. 
Cl..q1 blue 

Clay, dk 
~ 
Cl.&,y, org, 
dark gray 
Cl.&,y1 dark 

~ 
Silty cla,y, 
org dk gray 
Clay 1Ut1 

"'"" Cla,y, brava 
Clay, blue 
ci.y, blue 

10 
JO 

11 

15 
21 

14 

17 

12 

12 

17 

28 
55 

19 

lJ 

21 

53 

14 

16 

17 

ll 

32 

16 

62 
15 

86 28 58 
28 22 6 

47 
31 

70 85 27 58 44 
54 

Bo 87 29 58 47 
45 

58 7l 20 53 49 

26 40 25 15 ll 

12 95 ll 61 55 

77 100 26 71t 60 

66 91 28 63 46 

79 1+2 

75 11 21 56 43 

51 68 17 51 46 

11 91 22 69 49 

•o 
87 •5 
86 50 

93 

66 

67 

61 

73 

0.19 

0.23 

0.31 

0.27 

0.20 

0.18 

0.30 



Table 1 (Cont1J1ued) 

Mechanical. 

~ion Bori'"ev t:le Depth Cl~;trt- J Anafaia J Aij=~~:r1 Jf~~· 
- ~ ~ !Q!_ lo. mGl ft ~ ~ Silt £!!l --.!* !:!:: !f ...£._ 

75' M-2 t.5.0 __ 8_4_ ~o 8.4- 9.6 Clay, org, l2 28 6o 79 19 6o 39 
Wll•t brOltD 
CL RR 13 30.0 l-.4-15.6 Clay, org, )Ii. 

150
1 

M-3 33.l ... , 
CL JUI 

612+00 CL RR 

18 
28 
33 
34 
37 

9 

18 
2C 

10 

17 

18 

204 

26 

26,5 
11.5 

5,5 
4.J 
0.6 

20.9-22.1 
32.9.34.1 
J8,9.J,o,1 
40.1-41.) 
43,7.J,5,1 

blUll-gt'lf.1 
c~, brow 
Cla,y1 blue 
Clay, blU9 
c1..,, blue 
Cla,y, blue 

2).0 9.6-10.6 Cla,y1 br ....,, 
12,l 20,4-21,6 Clay, blue 
9, 7 22.8-24.o Clay, blue 

55,6 3.2- 4.3 Clay, brawn 
48.li 10,4-11.5 Clay, br .,..., 

17 
17 

25 

14 

11 

JJ 
29 

24 

Jl 

17 

19 

17 

2C 

12 

75 
75 

68 

83 

83 

61 
6J 

6<J 

63 

78 

73_ 

77 

75 

~ ;; ;A ~+ 

82 22 60 

93 JO 63 

88 28 60 

49 
51 
52 

53 

84 35 49 40 
89 34 55 46 

83_ 22 61 

123 J4 89 

116 26 90 

.. 
37 

42 

46 

66 

llJ 

Uncontlned 

~ fg/ tona/ 

~~ 
78 0.27 

86 0.27 

72 0.32 
74 0.21 

0.203 

68 a.OS 

6lt 0.16 

66 g:~J 

72 0.36 

61 a.JS 

72 0.29 64 

81 0.45 

70 0.23_ 69_ 2° 0.25 -

56 2° 0,35 o.68 l.Bo i.84 

38 0.27 

73 0.38 72 

JO 

32 

JJ 

35 

36 

37 

40 

42 

45 

46 

40.0 19.0-20.l Cla,y, org, 
br gr&J 

36,6 20,1-21.l Clay, org, 
br ....,, 

36,6 22.3.23,4 ClaJ", org, 
br gray 

)0,1 29.0-)0,1 Clay, org, 
gray, brovn 

26.4 32,6-33, 7 Clay, arg, 
gray, brawn 

25.l 33,7.34,8 Clay, org, 
gray, brown 

23,0 35,9.36,9 Clay, org, 
gray, brown 

22.0 36.9-)8.o Clay,_ org, 
gray, brovn 

19.6 39.2-l+0.4 ci..y, org, 
gray brovn 

18.4 40,4-41.6 Clay, org, 
d&rt gr11,1 

17.l 41.6-42,8 Clay, org, 
dark gray 

13, 7 45.2-4-0.2 Clay, org, 
dark gray 

11.4 47 .4-48.6 Clay, org, 
dark gray 

8.o 50,8-52.0 Clay, ors, 
br, gray 

1.0 52.0-53.1 Clay, org, 
dark gray 

15 

15 

8o 

79 

Bo 

107 24 83 

112 29 83 

lo8 37 71 

53 .. 
49 

47 

42 o.42 2.2 2.06 2.69 

75' 
ve1t 
CL JUI 

150• 
Wot 
CL JUI 

630+00 CL RR 

6Joa.oo CL JUI 

~+00 CL RR 

8ol+OO CL RR 

•-5 ... 7 

M-6 30,B 

M-11 30.2 

M-12 30.6 

M-13 31,5 

56.6 

29 
32 
35 
36 
45 

39.4 4,7. 5.8 Clay, bravo 
30.6 13.5-14, 7 Clay, brow 
22. 7 22,5-23.6 Clay, brovn 
18.8 25,0-26.6 Clay, org, 

gray 
11.5 31.6-33.0 Clay, gray 
9.4 35,8.36.8 Clay, blue 
4.6 39.4-40,8 Clay, blu.e 
3.4 40.8-41.9 Clay, blue 

-7.1 51.2-52,4 Silty clay, 
bl~ 

23 70 84 20 64 49 
14 Bl 102 18 94 48 
16 77 99 19 Bo 48 70 0,24 
18 75 110 45 65 58 63 0.17 

17 83 48 71 0.18 
2'2 70 90 28 62 50 70 0.22 
31 60 75 22 53 41 

63 20 43 41 
54 42 58 22 36 49 73 0.20 

0,35 1.90 1.41 2.13 

49 -12. l 56.2-57 .4 Clay, blue 
(1hella) 

12 11 n 103 20 BJ 62 63 0,55 1.00 1.8o l.Bl 

15 
17 
19 
24 

13 
15 
16 
24 

29 
31 
33 

3 
14 (top) 
14 (•id) 

14 (bot) 
16 
24 

JO 
Jl 
32 

17 

2C 
24 
31 
32 

8 

29 

Jl 

J5 

•3 

24.4 5,9- 7,0 
20.8 9.4-10.6 

13.6 16.6-17 .8 
11.2 19.0-20,2 
8,8 21.4-22.6 
5.6 24. 7-28,6 

22.4 7,2- 8.4 

21.2 8,5- 9.6 

20.0 9.6-10.8 

14,8 14.8-16.0 
12.4 11.2-18.4 
11.4. 18.4-19,3 
1.1 28. 5-29. 7 

-5.6 J5.2-J6,4 
.7,6 J7.6-38.1 

-10.4 4.0.l-41.2 

25.8 4.1- 5,5 

12.7 17,3-18,5 

io.5 19.6-20.a 
-o.8 30.3.32.6 

-10,9 40.8-42,3 
-12,5 42.3-44.o 
-14.l 44.0-45.'4 

28,5 2.4- 3,6 
22.4 8,5. 9,7 

11.0 19.8-21.1 

7,2 23.7-24.8 
2.4 28.5-29.8 

-6,3 )7.2-J8.4 
.7,5 38,4-39,6 

48.1 8 - 9 

4.1.1 15 -16 
37 .1 19 -20 

34.1 22 ~23 

27.1 29 -30 

25.1 31 -32 

2J,l 33 -34 

18.l 38 -39 

9.l 47 .J,8 

Clay, brwn 10 
Clay, org, 
brovn 
Clay, blue 
Clay, blue 
Clay, blue 7 
Clay, blue 12 

Clay, org, 
gray brow 
Clay, org, 
gray brow 
Clay, gray 
brown 
Clay, br gray 
Clay, br gray 
Clay, br gray 
Silty clay, 
br gray 
Clay, hr gray 
Clay, blue gr 
Clay, blu~ gr 

Clay, brovn 

Clay, org, 
bl~ 

Clay, blue 
Clay dlt, 10 
brovn, gr.., 
Clay, blue 10 
Clay, blue 
Clay, blue 

Clay, org, br 15 
Clay, org, 6 
brovn, gr&y 
Clay, org, 
brovta, blue 
Clay, br, bllU!! 
Silty clay, gr 
Clay, bluit 
Clay, blue 

Silty clay, 15 
org, blue 
Clay, braw 1 
Clay, brovu, 12 
bl~ 

Clay, org, 12 
brovn, bl1.1e 
Clay, org, 
brow, bM 
Clay, org, 
brown, blue 
Clay dlt1 
brOVC1, blue 
Silty clay, 
brown, blue 
Clay, blue 

18 

23 
11 

29 

14 
48 

22 

10 

25 
18 

55 
2J 

46 
J4 

32 

JO 

64 

51 

18 

8o 

70 
77 

78 
45 

70 

25 

Bo 

60 
76 

87 

38 
70 

4J 

57 
54 

56 

61 

27 

4J 

75 
(COlltin.wd) 

90 15 75 52 
144 52 92 107 

84 15 69 54 
49 

96 29 67 44 
51 12 39 33 

67 

68 

13 20 53 45 

47 
46 

84 24 60 44 
59 17 42 41 

75 24 

85 24 

46 
41 
51 

51 IH 
lJ4 

61 46 JJ 
82 25 57 37 .. 

45 

83 24 59 59 
75 22 53 49 

101 23 78 53 .. 
41 18 23 30 
75 25 50 46 

46 

49 12 37 36 

69 23 46 37 
60 26 J4 Jl 

64 14 50 36 

86 18 68 39 

28 

40 13 27 32 

55 2'1 34 30 

76 16 6o 45 

58 

7J 

71 
79 

75 

59 
88 
83 

8o 
72 
85 

73 

68 

9J 

86 

0,25 

0.12 

0.46 0.57 0,24 

0.47 l.Bo 0.44 

~:;~ r 0,42 O.JO 

O. 36 Tea ta made rcr c<mparhoo 

0.31 
0.36 0.38 1.90 
0.25 0.31 2.40 

0.15~ 
0.13 

0<19 

o.26 

0.163 
O.JO 

o.283 

0.25 

0.26 

91 6° 0.20 

o.4o 1.00 

o,JB l.4o 

0.25 0,90 
0.30 0.59 

0.11 

0.21 

o.48 

2.68 

2.71 

2.63 

2.66 
2.69 

2.10 

2,67 

2.10 
2,73 



Table 1 (Con~l~d) 

Mechanical 

Boringtln t:1
• &Pib c~!ir1- J Anaf•il J 

Btatloa !!!Y!.._ ~ !Q!_ ~ ~ __ rt __ ~ ~ lli1 £!!Z 
819+83 CL RR •-15 ~·· 9 45,3 8,5. 9. 7 Cay, V&f 7 30 63 

15 38.6 15.2-16.3 Clay, ors:, 10 25 65 

36.3 17.•-18.8 
30.9 23.0-24.0 
26.l 27. 7-28.8 
22.7 31.1-32.3 
19. 7 J'.0-35,3 
17.3 '36.5-37.7 

u.o •2.9-43.9 •.o •9.B-50,9 

blue 
Cl.a7, br, r;r 
Clay, br, gr 
Clq, ors:, gr 
Clay, gr, br 
Clay, br, gr 
81lt1 clay, 
brova, gray 
Clay, br1 111' 
SlltJ' clay, 
brown, gra,r 

5 
10 
8 

10 

6 
13 

28 

19 
30 
41 
57 

2B 
53 

67 

76 
6o 
51 
ll 

76 
3• 

Atterberg Nat. 
LWh WC 

a n. tl .£... 
Bo 25 55 41 
82 22 60 41 

76 17 59 39 
36 

93 25 68 40 
37 

66 11 55 37 
.. 18 26 

92 .. 68 40 
40 16 2'4- 26 

Uncontlned 
~ 

ig; to~•/ 
~ll...!l 

78 o.41 
77 o.'6 

83 0,40 
78 0.56 
76 0.24 
79 0.22 
83 o.41 

74 0.20 

Quick Tr1u.1al 

'• lb/ 
~ 

77 

t'.~l 
4° 0.456 

75 3° 0.22 
83 4° 0.)8 

pc ev;~n 
tone/ tons/ 
!11!:. ...!9.J1 !!LQ!. 

81~7 •3· 11-16 "2.5 35.0 7.5 Cl.q, brown 
Clq, brow 

33 6o 72 21 51 35 .... (-) 27-5 15.0 30 61 83 24 59 41 
CLRR 

821* •3• •-17 •1.6 .... (-) 
39.1 2.5 
30.6 ll.O 

CLRR 
25.6 16.o 

1123+75 •3• 11-18 •3.0 37.5 5.5 .... (-) 33.0 10.0 
CLD 

27.0 16.0 

Cl.a71 brOWD 
Cl&J', org, 
bluo 
ClAJ, brow 12 

ClaT, brown 4 
81lt7 clay, 10 ...... 
Cla;r, brovn ll 

32 6o 
30 64 

21 67 

26 70 
50 40 

36 53 

72 19 53 39 
42 

90 28 62 53 
79 23 56 50 
83 28 55 55 

67 20 47 43 

lotae: 2 vawr cCGtAot• an tboH or test epect.". Water contents are b&Hd on dJ'1 night. 
8u:pla tbJ.cbM .. • 1.20 ill., drained top and bott.c.. .t..,.... ti.. tor ~ coaao114at1oa or clat MllJ!le• teeted vu approx1-atel.J' Ito 
.i..t..• t'o:r • l.oM ot 1.5 tOG/eq tt. 

Burple1 Heted t'ollovlng ~1• notation are f'oundatloa aupln. 
Ultim.te etrengtbe by quiclr. direct abear teete: ::;:: =~ ::i: ~~ ~ : r;0~ ; ~·~5~~~=,.~ft . 

5-la.~ter Wet epeei.tu. 

11-21 -.... 32.1-1 

..... -.... )ll.2ul 

1143 -·-31t.1..i 

loll 
c1a .. ltlcatloia 

22.6 10.0 81lt7 cia,, &rQ1 11 

""' 11 18.9 13.7 Cl.q, er9:1, tU. 
l6 13.5 19.l n.,, er.:, alld 

brown, •tltr 
CJ.q llllt, er9'/ 21 7,6 25.0 

J6 -1.6 '4>.2 
1111111 bzvlm, tu. 

cia,. erl.7, tlnl 
ciq, er.:,, tu. 
Cl.q, er.,, tU. 
81.ltJ' 011!7, .,..,, 

~ =~:: ~:~ 
52 -47.9 8o.5 

7)6.50 5 71. 5 

12 18.2 
11 7.lt 
2S -3.2 
11 .10.2 

~ =~:l 
758+50 Ii 29,5 

28.3 

27.1 

2'"5 

10 21.6 
11 20.3 
13 lB.o 
16 1'1.3 
l8 11.s 
19 10.5 
22 1.2 

" ).l 

27 1.1 
~ o.o 
JO -2.6 
31 .3.7 

~ =~:~ 

otitt 

5.2 ci.,,., .,.., u11 
brolra, tin 

llh5 Clq, erq, tu. 
25.3 c-. IP"Q', tt.ra 
35,9 Clq, P'"11 stltt 
li2.9 ca;,, gr.:,, eol't 
511.lt cia,, er.:,, eon 
6"',5 Cla7, 11'97 

It, 7 81.lt.7 ela7, .,..,, 

""' 5,9 C1aJ •Ut, sr.:,, ..... 
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Classification 

20. Atterberg limits tests, :niecbanical B.Dalyses, and water content 

tests indicated that most of the soils underlying the embankments and the 
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control structure are fat, highly 

plastic, inorganic clays, with high 

water contents. The range in liquid 

limits and clay content (particles 

smaller than 0.005 mm) obtained 

from samples taken from the founda

tion soils beneath the embankments 

and control structure is shown in 

fig. 10. The correlation obtained 

between clay content and liquid 

ao eo 100 110 120 limit is also illustrated by this 30 
40 so 10 70 

LIQUID LIMIT 

Fig. 10. Clay content versus 
liquid limit 

Shear strength 

figure. Typical grain-size curves 

for foundation soils are shown in 

fig. ll. 

21. Forty unconfined compression tests on undisturbed samples from 

the clay and silty clay strata beneath the control structure gave an 

over-all average cohesive shear strength of 0.33 tons per sq ft. An 

average strength of 0.31 tons per sq ft was obtained from six unconfined 

compression tests on remolded samples taken at varying depths beneath 

the structure. These unconfined compression tests on remolded samples 

were run to determine the possible loss in shear strength through re

molding as the result of pile driving. Four unconsolidated, undrained 

triaxial compression teats on samples from the foundation along the 

structure indicated an average strength of c/J = 2° and c = 0.32 tons per 

sq ft. 

22. Sixty-eight unconfined compression tests made on samples taken 

beneath the north embankment gave an average cohesive shear strength of 

0.35 tons per sq ft; two unconsolidated, undrained triaxial tests from 

these borings gave an average strength of <P = 1° and c = o.4o tons per 

sq ft. The average shear strength of the foundation borings under the 
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north embankment, the control structure, and from station 672 to 680 

under the south embankment ranged from about 0.30 to o.4o tons per sq 

ft. This same range of shear strength was indicated from the ground 

surface to about elev -20. A shear strength of <P :::i o0 and c = 0. 30 tons 

per sq ft was selected for design purposes for the foundation from the 

north end of the north embankment to station 672 on the south embank

ment. From this station to the south end of the south embankment, a 

shear strength of c = 0.25 tons per sq ft was selected for design pur

poses. 

Consolidation tests 

23. Consolidation tests on foundation samples under the control 

structure and the embankment indicate that the foundation is very com

pressible. The compressibility of the foundation was verified by 2- to 

4.7-ft settlements under the portions of the embankments previously 

constructed by the Louisiana Department of Highways in 1941-43. Twelve 

consolidation tests on undisturbed clays and silty clays from the foun

dation, excluding a thin high-water-content stratum, beneath the control 

structure and embankments gave an average compression index (C ) of o.4o. c 
Tests on samples from the thin high-water-content clay stratum (elev -9 

to -16) gave an average C of o.68. The preconsolidation pressures (P ) 
c c 

as determined from the test data indicate that the soils above elev 0 

are overconsolidated, as the preconsolidation pressures exceeded the 

computed existing overburden pressures by about 0.5 to 1.0 ton per sq ft, 

assuming a water table at 6 ft below the ground surface. The brownish, 

oxidized color of these materials indicates overconsolidation by alter

nate wetting and drying. Pressure-void ratio curves obtained from the 

consolidation tests ma.de on samples from the foundation beneath the con

trol structure and embankments are shown in figs. 12 and 13, respectively. 

Permeability 

24. Four permeability tests on the sandy silt and clay silt stratum 

from elev +9 to -1 along the control structure indicate horizontal perme

abilities of (60 to 580) x 10-8 cm per sec. As some portions of the 

stratum are more granular than the specimens tested, a horizontal perme-
-8 . 

ability of 1000 x 10 cm per sec was used in the underseepage analysis. 
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The vertical permeability of the upper clay stratum was computed from 

consolidation tests on samples from this stratum. The permeability of 

four test specimens ranged from (0.5 to 2.5) x lo-8 cm per sec. A maxi

mum value of 2. 5 x lo-8 cm per ~was used in the underseepage computa

tion. A permeability ratio of ky = 16 was assumed for the upper clay 
stratum. 

§llecific gravity 

25. The specific gravity of the samples teated varied from 2.62 to 

2.72 with an average of about 2.70. 
Effect of remoldill6 

26. A comparison of the shear and consolidation tests that were 

run on undisturbed and remolded specimens indicated that the foundation 

clay has a sensitivity ratio of about LO. Consolidation tests run on 

relDOlded samples indicated compression indices almost identical with 

those of undisturbed samples. Therefore, there should be little or no 

tendency for the clay, remolded by driving of the foundation piles, to 

consolidate and settle away from the base of the structure or cause 

downward drag on the piles. 

~nsity of foundation sands 

27. The sand underlying the clay strata along the control struc

ture is a uniformly graded fine sand canposed of subrounded to subangular 

srains. Driving of a standard 1-3/8-in. ID split-spoon sampler with a 

30-in, drop of a 14o-lb hammer indicated that the sand has an average 

driVing resistance of about 55 blows per ft. The relative density of 

the sand as determined by laboratory tests is about 70 to 90 per cent. 

:Borrow Materials for Embankments 

28. Most of the material used in the construction of the embank

ments consisted of fat, inorganic plastic clays and silty cl.aye having 

a high water content. The only exception was the materials in borrow 

area "A" where the soils were leaner than those found in the other areas. 

In general, the average water content of the borrow materials ranged 

from about 28 to 35 per cent. The liquid limits of the borrow materials 

35966 
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for the embankment proper ranged from about 4o to 60 per cent. Some 

materia:ts used in construction of the berm bad liquid limits as high as 

85 per cent. A summary of the laboratory tests on the borrov materials 

is given in table 4. 

Com.paction 
29. Five standard, Proctor compaction tests, modified by employing 

a 15-blow compactive effort, were run on sack samples taken from borrow 

area "D." Results of these compaction tests are shown in fig. 14. The 

tests indicate optimum.water contents of about 23 to 30 per cent, and 

maximum dry densities of 98 and 89 lb per cu ft for the silty clay and 

clay materials, respectively. 

Shear strength 

30. Shear strength tests were run on soil specimens ccmpacted at 

water contents ranging between natural and optimum; the strengths ob

tained are plotted against water contents on fig. 14 and are summarized 

in table 4. 

31. An analysis of water contents of the predominant materials in 

the borrow areas indicated that the clay materials would probably be 

placed at an average water content of approximately 35 per cent and that 

the silty clay materials would probably be placed at an average water 

content of approximately 32 per cent. On the basis of the data shown 

in fig. 14 and moisture contents of the borrow soils, a shear strength 

of 450 lb per sq ft was selected as the design strength of the embank

ment south of station 672 and 500 lb per sq ft for the embankment north 

of station 672. These strengths were considered reasonable inasmuch as 

the shearing strengths obtained from undisturbed samples remolded at 

natural water content were of this magnitude, as is shown on fig. 14. 

This would indicate tbat as long as the ltunps of borrow material are 

pressed together by the compactive process so that the void space is 

negligible, a shearing strength of between 400 and 500 lb per sq ft 

should be obtained. No frictional resistance was assumed, although 

quick triaxial tests gave a frictional angle of about 2 degrees for the 

borrow soils. 
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Table 4 

Summary of Iaborato::z Test Data1 Embankment and Borrow Materials 

MecbaDical 15-Blov Proctor Shear Tests 
AIIB.ris Atterberg Opt. Nat. Test 

Sack Sampl.e Boring Soil 11 11 LlJD.1.ts v Ya v v yd c Shrihage 
NUlllber Nu:Dlber Classification Sand Silt £!!2: LL !!! ti _J_ Lb/Cu Ft ~ _J_ _J_ Lb/CU Ft ~ T/Sq Ft Sp Gr Lillnt ----

1 MB-24 Clay 8 39 53 62 28 34 29 91 UC 38 28 91 l.03 2.69 13 
UC " 29 91 0.63 
UC " 35 82 0.29 
Q:r " 36 82 20 0.15 

2 MB-31 Silty clay ll 55 34 .li4 23 21 34 

3 MB-36 Clay 9 38 53 61 25 36 28 90 UC 35 28 91 l.35 :12 

~ 
n 32 87 l.4° 0.20 
" 35 82 20 0.27 

UC " 36 82 0.34 

4 MB-48 Silty clay l.6 49 35 42 21 21 23 98 UC 34 23 99 o.62 14 
UC ti 23 98 l..l.4 
UC 26 94 0.52 
Q:r " 27 96 20 0.33 
QT ti 31 89 00 0.16 
UC " 32 86 0.21 

5 MB-55 Sil.ty cla.v 8 48 44 54 23 31 35 

6 MB-66 Sil.ty clay 14 43 43 57 23 34 24 97 UC 30 24 97 1.19 2.70 15 
UC " 24 96 l..25 
QT " 29 91 l.O 0.22 
~T 

n 29 91 l.40 0.13 

7 MB-69 Silty clay l2 49 39 47 23 24 21 l.00 UC 35 20 97 1.32 17 
UC n 25 97 0.96 
UC " 30 90 0.28 
QT n 31 89 20 O.l.6 
UC • 34 84 0.16 

8 MB-76 Clay 8 29 63 75 26 49 31 87 UC 35 27 87 l..17 2.69 14 
UC ti 31 88 o.62 
UC 11 32 86 o.65 

Notes: UC = unconfined. compression test; Q:r = quick triaxial compression test; QcT = consolidated quick triAxial. COll!pression test. v1> from 
strength tests is water content before testing. Each UC test is the average of tvo l.-in.-diaJDeter test specimens taken from the tap 
and bottom of the campaction JIX)ld. 
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PART IV: EMBANKMENT FOR LEVEE, HIGHWAY, AND RAILROAD 

Shear strength of founda-
1ion and embankments 

Design of Embankments 

32. A foundation shear strength of <P = o0 and c = 0.30 tons per sq 

ft was selected for the design of all embankments north of station 672; 

a foundation shear strength of <P = o0 and c = 0.25 tons per sq ft was 

employed in the design of the embankment south of station 672. 

33 · An embankment shear strength of 500 lb per sq :f't was used for 

the embankments north of station 672 and 450 lb per sq ft :f'or the embank

ments south of station 672. 

34. Although the soils available in the immediate vicinity of the 

structure were not particularly suitable for a high embankment, the flat 

slopes and berms necessary because of the poor foundation lessened the 

importance of the requirements of good material, considering the over-all 

stability of the embankments. The type of material used in the construc

tion Of the berms was relatively unimportant because they serve only as 
counterbalancing weight. 

~ility analyses 

35 • The circular arc method of analysis was employed in the design 

of the embankments. The maximum depth of sliding was taken to be at 

elev -20, the bottom ~.P the t t b l hi h v.1. high-water-content clay s ra um e aw w c 
there 1 s an increase in the strength of the clay. On the basis of com-

Paction test results and expected water contents, the unit wet weight of 

the embn ... t-ent material '-""S ~ .. _ taken to be 110 lb per cu :f't. 
36. Since the embankment material is subject to considerable 

shrinkage, and since cracks may develop that will reduce the effective 
length 

of the failure arc, the minimum factor of safety used in the 
analysis Of shallo~ slides ankme t .. confined principally within the emb n 

'Was l.5. Such cracking does not significantly affect the analysis of a 
founaat1 

on failure. In order to reduce surface cracking to a mini:Jm..ml, 

a l-l/2- to 3-ft layer of sandy or silty material was used to top the 
elJib&.nkment • 
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37. For deep slides, a minimum factor of saf'ety of 1.2 was selected. 

Although this factor of safety is slightly below that normally required 

for embankments, the stage construction employed permitted the founda

tion clays to consolidate during the construction period which should 

result in some gain in strength of the foundation. A larger factor of 

safety would have resulted in excessively large sections and berms, and 

would have increased materially the yardage required for the embankments. 

38. Ballast and train loads were not explicitly taken into account 

in the design of the embankments because their effects are of minor im

portance, insofar as deep failures are concerned, amounting to only 2 to 

5 per cent of the total driving forces. These loads also were not added 

until after the second construction period by which time considerable 

consolidation was expected to have occurred. 

39. A typical section of the south embankment where the founda

tion shear strength was taken to be 500 lb per sq ft is shown at the top 

of fig. 5; shown at the bottom of this figure is a typical section of 

the north embankment where the foundation shear strength was taken to be 

600 lb per sq ft. Factors of safety for these sections are also shown 

on fig. 5, page 5. 

Construction of Embankments 

4o. As the berms of the new embankment generally covered the 

existing railroad, it was necessary to construct the embankment and 

relocate the railroad and highway in six phases in order to prevent in

terruption of traffic. The different phases of construction of the em

bankments are illustrated in fig. 15. The work carried out under each 

phase, together with the starting and completion dates of each, is 

summarized in table 5. 
Prepe.ration of embankment foundation 

41. Areas to be covered by the embankment were stripped or ex

cavated so as to remove all loose organic material, brush, or other 

trash subject to decay. All rotten stumps and roots were grubbed and 

removed; sound stumps were not grubbed. The foundation for the 



~ 'RAILllAY--+! VAlllEI '1~-l<t! ~~ Hl6H\llAY 

PHASE: m I~ 1.S41BAtusr "I i:-u.3.13 
' _t./ ' PHA\ & Jll. , 

TYPICAL EM~AMRMEMT SEC.TIOU 
SC.ALE llJ. FEET 

40 so 120 l&o 

OODER OF CONS'IBUCTION 

PHASE I INITIAL EMBANKMENT PHASE IV COMPLETION OF EMBANKMENT ON EAST SIDE 
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Table 5 

Construction Phases and Costs for Construction of Embankments 
and Relocation of Highwaz and Railroad 

Starting Completion Quantities 
Phase Description Date Date cu yd Unit Price 

I Initial embankment 27 Oct 1949 3 Oct 1951 3,180,000 $ 0.34 

II Railway subgrade 27 June 1951 8 Nov 1951 92,000 1.09 

III Railway location Sept 1952 April 1953 Job 

IV Completion of embankment 
on east side 16 June 1953 Dec 1953 1,140,000 0.37 

v Highway relocation 20 Oct 1953 2 March 1954 117,000 0.85 

VI Completion of highwaY*** April 1954 ------------ -------

Approximate total cost 

* Includes cost of seeding and sodding. 
** Through Dec 1953. Small outstanding costs and maintenance costs to April 1954 

not included. 
Highway under construction at time report was prepared. 

Costs 

$1,295,400 

103,225* 

432,395** 

421,8oo 

99,450 

350,500 

$2,702,770 



embankment was thoroughly disked and scarified before any f'ill was . 

placed. 

Borrow areas 

33 

42. Borrow areas used in the various phases of embankment construc

tion are shown in fig. 1. A minimum distance of 100 ft was maintained 

between the toes of the embankment and the nearest edge of the borrow 

pits. Borrow pits were kept drained so that all excavation operations 

were carried out above ground-water level; no underwater excavation for 

borrow was permitted. 

43. Borrow for the embankments was excavated from the top to the 

bottom of the pit in order that the varying strata of earth would be 

mixed when the material was placed in the embankment. 

Placement of fill 

44. Fill for the embanlonents was removed from the borrow areas by 

means of draglines and was transported to the embankment in 13-cu-yd 

Euclids and tractor trailers. It was spread on the embankment by bull

dozers to an approximate depth of 12 in. of loose material. The layers 

were built the full width of the embankment. Material for the western 

berms was obtained from borrow pits located west of the embankment, 

whereas materials for other portions of the embankment were obtained 

from borrow pits located east of the embankment. 

45. Because of the plastic nature of the borrow materials, it was 

contemplated in the design of the embankment that these materials would 

be placed at essentially the natural water content of the material in 

the borrow pit. Generally, the borrow materials were considered dry 

enough for compaction when the ground and embankment were dry enough to 

support the equipment used for hauling and spreading the material with

out unreasonable cutting up of the embanlonent already in place. After 

the naterial bad been spread in loose lifts approximately 12 in. thick 

it was compacted by at least three passes of a D-8 tractor weighing 21 

tons and exerting a unit pressure of 10 psi. A certain amount of ad

ditional compaction was obtained by traffic· of the hauling equii;ment. 

This procedure resulted in about as good compaction as could be obtained 

considering the high water content and plastic nature of the clay fill 

material. 
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46. Where the embankment crossed bayous, the bayous were dammed 

off and any boggy or unsuitable material was removed before any fill 

was deposited. The work was done during a dry season and there was no 

water in the bayous. 

47. No water content or density determinations were made of the 

fill material as it was placed. 

OVerbuilding 

48. As will be discussed subsequently, the settlement of the foun

dation for the embankment was estimated at 3.5 to 5 ft. In order to ob

tain the net section desired from the construction of phase I, the inner 

section was overbuilt by 3 ft at the top of the embankment, tapered to 

1-1/2 ft at a distance of 77 ft from the railroad center line, and 0.5 

ft at the crown of the berm. By the end of construction of phase II of 

the embankment, it was estimated that the foundation would probably have 

settled approximately 1.5 to 2 ft; therefore, the final net section of 

the railroad portion of the main embankment was overbuilt 2.0 to 2.5 ft 

to compensate for future settlement of the foundation. 

Table 6 

Estimated Settlement and OverbuUd of Railroad Portion of Embankment 

January 1951 

Computed Foundation A8ewned Emba1lkiiient Estimated Total 
Settlement tor Consolidation and Foun ... Settlement Estimated Overbuild Estimate As Constructed 
!let Embankment elation Settlement Due of Railroad Settlement by Januar;i: 1951 Grose Overbuilt Grose Grade 

Sta Section · to Overbuilding Crown l January 1952 Computed Recommended ~ __ rt_ October 1953 

630 4.2 ft 0.5 ft 4.7 ft 1.5 ft 3.2 ft 2.5 ft 64.3 2.7 62.4 

664 3.5 ft 0.5 ft 4.o ft 2.1 ft 1.9 ft 2.0 ft 63.6 2.0 62.2 

758 4.0 ft 0.5 ft 4.5 ft 1.7 ft 2.8 ft 2.5 ft 64.i. 2.8 63.2 

798 5.0 ft 0.5 ft 5.5 ft 2.5 ft 3.0 ft 2.5 ft 64.2 2.6 63.1 

Note: !let grade of embankment (top phase II) before ballast • 61.6 mel. 

Overbuilding of the final section was restricted to a maximum of 2.5 ft 

so as not to overload the foundation. Although no detailed computations 

were ma.de, overbuilding of the embankment during the final phase of con

struction was estimated to increase the total foundation settlement to 

4.5 to 5.5 ft. 
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Pore Pressure in Embankment and Foundation 

49. In order to determine pore water pressures caused by construc

tion of the fill, five piezometers were piace<f in the embankment and 

foundation at four different stations (630, 664, 758, and 798) as shown 

in table 7 and fig. 16. In addition, a sixth piezometer was installed 

at each o.f these stations 30 ft from the landside toe of the embankment 

Engineering 
Meaauring Device !lumber 

Embankment and 
foundation piezometera l 

2 
3 
4 
5 
6 

l 
2 
3 
4 
5 
6 

l 
2 
3 
4 
5 
6 

l 
2 
3 
4 
5 
6 

Settlement plates 
beneath embankment l 

2 
3 
4 
5 
6 

15 
16 
17 
18 
19 
20 

Settlement hubs 
on structure l, 2, 3, & 4 

Piezometers 
beneath structure A, B, & C 

Settlement plates 
beneath veir A & B 

Settlement plates A 
beneath r1prap B 

c 

Table 7 

Location of Engineering Measurement Devices 

Station 

630-+00 

664-+00 

758-+00 

798-+00 

630-+03 
630-+03 
630-+03 
664-+04 
664-+04 
664-+04 
758-+03 
758-+03 
758-+03 
798-+03 
798-+03 
798-+03 

See tig. 39 

See tig. 39 

See fig. 39 

690-+00 
700-+00 
710-+00 

Diatance trom 
Center Line ot Railroad 

l"t 

16 us 
20 us 
18 us 
62 DS 
58 DS 

290 DS 

16 us 
20 us 
18 us 
62 DS 
58 DS 

290 DS 

16 us 
20 us 
18 us 
62 DS 
58 DS 

290 DS 

16 us 
20 us 
18 us 
62 DS 
58 DS 

290 DS 

95 us 
18 us 
6o DS 
95 us 
18 us 
60 DS 
95 us 
18 us 
6o DS 
95 us 
18 us 
6o DS 

See tig. 39 

See fig. 39 

See fig. 39 

Platea A, B, and C are 
20 tt upstream of U!)• 

stream edge of weir 

Initial Elevation 
Settlement Plate 

or Piezo..,ter Tip 
!'t - M3L 

-10.00 
+20.00 
+35.60 
-10.01 
+20.00 
+20.00 .! 

-10.01 
+20.00 
+36.20 
-10.03 
+20.00 
+19.30 

-10.0l 
+20.03 
+38.77 
-10.00 
+20.00 
+21.44 

-10.00 
+20.01 
+39.50 
-9.99 

+20.0l 
+22.05 

29.92 
29.96 
29.75 
30.33 
30.76 
30.52 
33.05 
33.34 
34.56 
33.87 
33,96 
34.l 7 

See t1g. 39 

See fig. 39 

See fig. 39 

29.69 
28.85 
29.18 

Initial Elevation 
Top of Riaer or Gage 

rt - MSL 

31.79 (gage) 
31. 79 " 
31.79 
31.79 
31. 79 
31.43 (riser) 

32.16 (gage) 
32.16 " 
32.16 
32.16 
32.16 
32.38 (riaer) 

34.61 (gage) 
34.61 " 
34.61 
34.61 
34.61 
34.55 (riaer) 

35.14 (gage) 
35.14 " 
35.14 
35.14 
35.14 
35.24 (riaer) 

60.10 
65.00 
50.84 
6o.20 
65.81 
54.54 
61.66 
67.04 
58.66 
61.26 
66.33 
57,54 

See fig. 

See fig. 

32.18 
31. 35 
31.69 

39 

39 
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in order to determine the natural water table. All the piezometers ex

cept those used to determine the natural ground water table were of the 

closed system type. The piezometer tips installed in the foundation be

neath the embankment were placed in ff-in. holes. These tips consisted 

of a 4-in. length of all-brass well strainer with No. 35 slots. The 

hole for the piezometer was filled with sand for 2 to 3 in. above and 

below the tip. The hole around the 3/4-in. brass riser pipe was back

filled above the sand with 2 ft of tamped clay, then with 2 ft of sand

bentonite seal, above which the hole was filled with tamped clay. All 

backfill around the foundation piezometers was placed under water so 

that air would not be entrapped in the hole. The top of the riser was 

set so that the grade of the tubes to the terminal well would be ap

proximately 2 per cent. All joints in the riser and tubing were heavily 

leaded and the joints at the tees were soldered. 

50. The piezometer tip in the embankment was not placed until the 

embankment had reached a grade of 7 ft above the ground surface. The 

backfill around the tip was the same material that had been removed from 

the hole in which the tip was placed. No sand or porous material was 

used around these tips. All trenches carrying tubes from the piezome

ters were placed on either ascending or descending grades from the tips 

to the terminal wells, so that there would be no humps in the tubing 

which might permit the collection of air. Material used for backfill 

around the tubing both in the holes and in the trenches was typical of 

the adjacent material. No pockets of relatively porous or uncompacted 

material were left in the trench. Care was taken in placing and com

pacting the backfill in the trenches cut for the tubes to the piezome

ters tips. 

51. Tu.bes from the piezometer tips were brought into the terminal 

well through a steel pipe in the wall of the well. After the installa..; 

tian was complete, the steel pipe was filled with asphaltic material. 

Just inside the terminal well, the brass tubes were changed to 1/4-in. 

brass pipe. A cutoff valve was installed on the ends of both brass pipe 

leads. A tee connection was installed on both leads of the tip side of 

the line. A short line in the valve was attached to the tees so that 



gages could be connected onto the end of each line. The gages used were 

4-1/2-in. Ashcroft, Type 1014, which were capable of measuring pressures 

up to 30 psi in 1/2-ps-i -increments, -and vacuums up to JO in. of mercury 

in 1-in. intervals. The gages were calibrated prior to installation. 

52. At the time of installation, freshly boiled water was circu

lated through the tubes and the tips until no air bubbles appeared in 

the return line. After installation, the lines were de-aired whenever 

it was considered likely that air was present in the tubes or riser pipe. 

53. Generally, readings were taken approximately every two weeks 

during the construction period and every month in the interim between 

construction periods. Check readings were obtained occasionally by con

necting a master gage into the line at the extra tee in the inlet line. 

54. Readings of the above-described piezometers obtained both 

during and after construction of the embankment are plotted on figs. 

17-18. The height of fill above the piezometer tip at the time of read

ing is also plotted on each of these figures, together with the natural 

water table as indicated by the piezometer adjacent to the embankment. 

55. From the data shown on figs. 17 and 18, it appears that most 

of the piezometers functioned fairly satisfactorily with the exception 

of piezometers 1, 2, 4, and 5 at station 758 between November 1950 and 

20 March 1951, piezometers 1, 2, and 5 at station 798 from January 1951 

to 25 January 1952, and piezometer 4 from January to June 1951. It is 

doubtful that piezometer 5 at station 798 functioned properly until after 

January 1953· All of the No. 6 piezometers, installed to measure the 

elevation of the natural water table adjacent to the embankment, appeared 

to function very satisfactorily. 

56. It was originally intended to obtain the net pore pressure in 

the foundation by subtracting the elevation of the natural water table 

(as measured by the No. 6 piezometers located 30 ft downstream from the 

toe of the embankment) from the gage pressure converted to ft msl. The 

elevation of the natural water table, as shown on figs. 17 and 18, varied 

seasonally from the ground surface to a depth of approximately 6 ft. 

Subtraction of the elevation of the natural water table from the eleva

tion of the pore pressure in ft msl in the foundation resulted in net 







pore pressures that tended to decrease with time but also exhibited cy

clical tendencies even with constant embankment loadings. As there is 

no reason for net pore pressures to rise and fall with a constant load, 

it was concluded that the water table beneath the embankment is probably 

more or less constant and equal to approximately the average, or slightly 

higher, elevation of the water table on each side of the embankment. 

Seasonal variation in the water table beyond the embankment is attrib

uted to desiccation rather than to a draining action. Therefore, with 

!lo drying possible beneath the wide-base embankments, the water table 

beneath them probably varies littie wi_th_ tha seasons- and- probably- remains

only 2 or 3 ft below the natural ground surface. On the basis of the 

above reasoning, the net pore pressures as measured by the foundation 

piezometers were taken as the height of pore pressure in feet of water 

above an assumed ground-water elevation beneath the embankments of 30 

msl (see left scale of figs. 17 and 18) . 

57. The foundation piezometers indicated a rapid increase in pore 

pressure as the height of fill was being increased (summer and fall of 

1951) and a gradual decrease in pore pressure with respect to time under 

a constant height of fill. Phase IV construction during the fall of 

1953 caused another increase in pore pressure and, as was expected, 

Piezometers 1 and 2 indicated higher pore pressures than piezometers 4 
and 5 because they were located nearer the point of added load. (See 

fig. 16 for relation of phase IV load to location of piezometer tips.) 

58. The foundation pore pressures in per cent of the pressure due 

to the height of fill were computed for different dates during construc

tion and are shown on figs. 17 and 18. (The percentages shown are not 

quite exact, as they were based on the ratio of net pore pressures to 

Weight of fill above the piezometer tip instead of the more correct 

ratio of net pore pressure to vertical foundation stress as computed 

from elastic theory.) The average of the maximum foundation pore pres

sures obtained at stations 630, 664, and 758 were 58, 50, and 41 per 

cent, respectively; the maximum pore pressure obtained was 85 per cent 

Of the fill height pressure. These high pore pressures occurred just 

after the height of fill was increased during the summer of 1951. Most 



of the piezometers at station 798 were not functioning properly when the 

max:1.mum pore pressures could be expected to occur (see fig. 18). 
59. From the pore pressure measurements, the foundation appeared 

to be about 60 to 70 per cent consolidated under the fill just before 

the height of fill was increased during the summer of 1951. Similarly, 

the foundation was about 70 to Bo per cent consolidated under the in

creased fill height just prior to starting construction phase rv. These 

latter data closely check the percentages of consolidation as determined 

--f'rom the ·observed .Bettlements. 

60. The tips of the No. 3 piezometers were installed in the embank

ment at elevations a few feet above the assumed average ground-water level 

of 30.0 ft msl. Therefore, the pore pressures in feet of water indicated 

by these piezometers are referenced to the tip elevations, as are the 

heights of fill shown on figs. 17 and 18. It can be seen on fig. 17 that 

comparatively high pore pressures occurred in the south embankment at 

station 630 and station 664, as respective maximum pressures of 54 and 30 
per cent of the fill height pressures were obtained, whereas in the north 

embankment the maximum pore pressures were only 13 and 3 per cent of the 

fill height pressures, respectively, at station 758 and station 798. 
61. The high pore pressures in the south embankment occurred just 

a.:fter the fill height was increased during the summer of 1951. Equally 

high pore pressures (in per cent of fill height) also occurred in the 

south embankment in the fall of 1950 after the initial fill was placed. 

The pore pressure in the base of the south embanlonent decreased to about 

15 to 25 per cent by the time the phase TV addition was made. 

62. Very small pore pressures developed in the north embankment and 

they decreased rapidly shortly after the fill had been placed. It is be

lieved the higher pore pressures and slower rate of dissipation of pore 

pressure in the south embankment were due to presence of wetter and more 

plastic clays in the south embankment as compared to the north embankment. 

Stability of Embankment 

63. Although some rather high pore pressures were observed during 



construction, all sections of the embankment proved stable both during 

and after construction. Stability analyses of the embankment at station 

630 utilizing the cross section and pore pressures as obserYed on 16 July 

1951, and an estimated slcnr shear strength of the foundation of 4'= 16°, 
c = 0.15 ton per sq ft indicated a factor of safety of 1.7. 

Settlement of Embankment 

64. Observations of settlement plates placed during construction 

at the base ot existing embankments adjacent to_ the projec"t prortded an 

empirical basis for predicting the magnitude and rate of settlement to 

be expected for the new embankment (see figs. 19 and 20). Extrapolation 

of the time-settlement curves of the existing embankments shown on figs. 

19 and 20 indicated that approximately 90 per cent of the total settle

ment of the new embankment should occur within the first five years 

after construction began. 

Settlement analyses 

65. Settlement analyses based on consolidation tests previously 

discussed indicated that total settlements in the foundation beneath the 

(net) embankment would probably range from 3.5 to 5 ft. Computed set

tlements at specific stations along the embankments are tabulated below: 

Station 

634+50 
672+oo 
728+50 
758+50 
778+50 
798+50 

Table 8 

Estimated Total Settlement of Embankment 

Estimated Total Settlements, ft 
Net Emb Sect Net Emb Sect Overbuilt Sect + 

(May 1949) (Jan 1951) Emb Consol (Jan 51) 

4.7 4.2 4.7 
3.9 3.5 4.o 
4.o 3.1 4.1 
4.4 4.o 4.5 
3.7 3.9 4.4 
4.6 5.0 5.5 

Overbuilding of the embankment plus internal. consolidation was estimated 

to increase the total settlement of the top of the embankment by approxi

mately 0.5 ft. The estimated settlements in table 8 were computed on 
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the basis of laboratory pressure void ratio curves for soil samples 

taken in the first 30 to 35 ft, whereas the straight line portion of the 

laboratory consolidation curves was used !or samples below this depth. 

The reason for this is that the upper 30 to 35 ft of the foundation mate

rial is considered to be overconsolidated, whereas the soils below this 

depth appear to be normally consolidated. The ground-water table was 

assumed to be at a depth of approximately 6 :rt below the natural ground 

sur!ace in the settlement computations. Although the clay stratum be-

neath the -nor-th _embankment is thicker than that beneath the south embank

ment, the more compressible foundation clays beneath the south embarikment 

and the larger sections required for stability of the south embankment 

resulted in settlements of the same magnitude !or both the south and 

north embankments. 

66. The presence of layers of silty soils of various thicknesses 

interspersed within the predominantly clay foundation a:f'fords lateral 

drainage for consolidation of the clay, and materially reduces the ef

fective thickness of the entire clay stratum as regards the rate of con

solidation of the foundation. Thus, estimation of the rate of settle

ment was considerably more difficult than predetermination of the total 

settlement. Before computation of the time rate o:f' consolidation of the 

new embankments was attempted, the effective thickness of the foundation 

strata was computed on the basis of time-settlement curves obtained from 

the embankments previously constructed by the Louisiana Department of 

Highways, and time-consolidation data from laboratory tests. From these 

computations, the effective thickness of the foundation clay strata was 

computed to be about 11 or 1.2 ft. The time-settlement curves shown on 

figs. 19 and 20 were computed on the basis of the following: 

a) Total settlement 

b) Laboratory time for 
5~ consolidation of 
a 1.2-in. sample 

c) Effective thickness of 
clay stratum. 

North Embankment South Embankment 

4.6 ft 4.7 ft 
(sta 798+50) (sta 634+50) 

29 min 47 min 

12 ft 11 ft 



d) Terzaghi's theoretical time rate for uniformly loaded stratum 

e) Construction rate: first season, ~; second season, ~ 

Overbuild.1!16 of railroad embankment 

67. In January 1951 an estimate was made of the amount that the 

railroad portion of the embankment should be overbuilt in order to com

pensate for consolidation of the embankment and settlement of the founda

tion after completion of that portion of the embankment. The estimate 

was based on the theoretical- analyses_ ancL an_ anal,-sis_ af the actual set

tlement that bad occurred beneath the preload fills at the abutments of 

the control structure and at four stations along the embanJnnent. The 

:t'ollowing assumptions and estimates were :made in determining the re

quired overbuild: 

a. 

b. -

The railroad portion of' the embankment would be canpleted 
between June and December 1951· 

The settlements for the net embankment sections given in 
table 8 were reduced approximately 10 per cent on the basis 
of settlement data obtained to January 1951 from the pre
load fills at the abutments for the control structure, ex
cept between stations 790 and 8oo where the computed settle
ment was increased approximately 10 per cent on the basis 
of settlement data obtained from settlement plates beneath 
the existing embankment at station 801. 

c. An allowance of O. 5 :f't was made for consolidation vi thin 
the embankment and settlement due to overbuilding which 
will occur after completion of the railroad portion of the 
embankment. 

d. The maximum amount of overbuilding considered safe without 
impairing the stability of the embankment and foundation 
was taken as 2.5 ft. 

e. Total settlement of the railroad portion of the embankment 
with load on December 1951 taken as 95 per cent of that 
computed for the entire embankment. 

68. A summary of the results obtained in computing the overbuild 

Of' the embankment is giTen in table 6, page 34. The amount of overbuild 

required could not be computed closer than :!fl. 5 ft :f'rom the data ayail

able. It was estimated that the amount of overbuild recommended would 

insure that the grade of the railroad will stay aboTe the net grade 
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required for at least five years. 

69. A comparison of the estimate of required overbuild made in 

January 1951, on the basis of the embankment staying above grade for 

five years (1957), with a revised estimate made in January 1954 is shown 

in table 9. The revised (January 1954) estimate was made by extrapolating 

Table 9 

Comparison between Estimated and Observed 
Settlements and Overbuild 

Foundation 
Settlement 

l Jan 1952, ft 
Estimated Estimated 

fil! (Jan 1951) Observed (Jan 1951) 

630 1.5 2.5 3.2 
664 2.1 2.3 1.9 
758 1-7 1°9 2.8 
798 2.5 2.1 3.0 

-Ov-erbuild*. ft 
Overbuild Required to Com
pensate for Settlement by 

As Dates Shown (Estimated in 
Con- January 1954) 

structed By 1957 By 1965 
2.7 2.8 3.1 
2.0 2.4 2.8 
2.8 2.7 3.6 
2.6 3.1 3.6 

* All estimated overbuilds are based on an assumed consolidation within 
the embankment after construction and foundation settlement due to an 
overbuild of 0.5 ft. 

arithmetic and semilogarithmic settlement curves (figs. 21-25) to obtain 

the total foundation settlements by January 1957 and January 1965, sub

tracting the observed foundation settlement on the date the embankment 

was completed, and adding 0.5 ft for embankment consolidation and founda

tion settlement resulting from overbuilding. An examination of the data 

in table 9 shows that the overbuild estimated in January 1951 (for 1957) 
agrees closely (within 0.5 ft) with estimates made in January 1954 from 

settlement data available at that time. It appears that by 1965 the em

bankment may be 0. 5 to 1. 0 ft below the design net grade. 

Observed settlements 

70. Settlements of the foundation as observed at several points 

along the embankment during and after construction are plotted on figs. 

21-25. Figs. 21-24 are arithmetic plots of foundation settlement vs 

time and of height of fill over settlement plates vs time. The rate and 

total amount of settlement, as originally predicted (May 1949) on the 



1-

0 
40 

UJ 30 
UJ 

~ 
...J 
...J 
;;: 20 
..._ 
0 

I
I 

;;.·-< 
1! 1r -!:? 10 

UJ 
I 

0 
/J/ If 

~ 

.... .... .... ..._ 

1.0 

~ 2.0 

1-z 
w 
:I 
~ 3.0 

~ 

!-<>---0- • -< 

~ .... _, 
""!)-. • .,,._.,., 

I 

( -

/µ >--6--..... -· -A-A- b.- -6-6--6-r-<>- • ..,.___,, ·~-~ -0- - -0--0- -

-o---o-·~ Uf 
-' I -----

~- -..4- .... 
'+.--.Q.. 

··.P, ~~-· 
······~ ~--"1::-:..;; .... 

~-~.:x: (··· ..... :j-...:t:t: 
·-

~ ····· ... 
lo-o-.,,... ··········· 

-----

TIME IN YEARS 
2 3 4 
I I I I 

- ~ 
,.,."l,.r•--- --Q)--f,. 

I 
6--b- -6- ~:-~--~ -6-6-tr- 6---~--

___ ,, 
!<>----<>-.-<>- f-<> ·-0----0- • .,,..___----<>-. -----r---·.--- ::@:- _,, 

I 

t:t_-.11... . 
tt~::-o --~ ,__.. • .Q.._rf 

.,,.--~- ---_g.)'"0 .:----<>---,. ~-6--- -
I---....__ 

u 

---- "' ····· 
"'-

... .. 
0 .... --~ ...:..········ .... .... 

w ., 0-~ 
~F:.'..:i.:.:.:.: ·········· 

L Or!grnol/y compuled roie 
of' .J"ell!emenlal ph/e !2 

. ········· 4.0 

!.O 
0 !00 

Nole.I'. 
I. Pia!• I, 94 rl Up.J'lr•um /rom .e . .e. c•nl•r /in•. 

l'lul• R, 18 f'/ U,Nlreum /'rem R.R. cwnler l/n•. 
l'lt1k $, ~O!Y thwn.rlr.um l'rom .t . .e. c•nl•r ltm. 

R. Hair 10""'1;,g l1m• • 6~ olrJy.r. 
'· Z•ro /,me "'RS .lv/y /!J~O. 

BEGIN PH~ 
I BEGIN PHASE 

1000 
TIME IN DAYS 

~- C'onJ/rucllon ro/, tuJt1mtd /br compuling ro/, 
or .,.,fllttmenl woJ vnifbrm oppl!co!fon •I' ao.,. 
of' lo<trl lne f'lrJ/ con,/rvclion .r•o.ron """' 
401. /htt Jttcontl .reo.son. 

.5. Numb.u in c1r<l•J r•l'•r lo J'•lll•m•nl plt7/e numkrJ. 

-
~~HASE!V 

~ ·~ I I END PHASE 

Fig. 21. Settlement of foundation beneath emba.nkmentf sta 630+00 

··········· ··········· 
v 

1!00 



1149 
...... ot-~~~~~~-11150~~~~~~~--~~~~~~11151~~~~~~+.i~~~~~~~111s2~~~~~~~~~~~~~~1953~~~~~----++-~----~11154~~~~

TIME IN YEARS 
0 

40 

ti ... 30 
u. 

! 

j 
~ 20 
u.. 
0 

... 
:i:: 

" ;;:; 10 
:i:: 

ti ... ... 

0 

1.0 

! 2.0 

... z ... 
:::E 
~ 3.0 ... ... ... 
VI 

4.0 

!>.O 
0 

~-, 
) I 

)J 
'I 

./,' ·-~ 

I 

D 

- 0 • .d - . / 
~ ......__. __ ~ 

---~--6.. -r.o--a. 

.... -:n.--a_~ -"'-"-.A.. -A-A--"\ 

~ ' 
--~ 

500 

Nolu.· 
I. P!ole 4, 95 Fl u;vlreom l'rom R.R. cenler lri?e. 

Phle 5, 18 Fl vprlreum /'r<,,n R.R. cenl~r l/ne. 
P/q/e <i, <iO /'/ down.rl~om /'rom .e . .e. ~nler 1,r,e. 

2. Ho//' lot7ding hme = !50 doy..r. 
:'.5. Z~ro //me =I l!ec 19119. 
11. NumkrJ 1n Ctrc/u nf'er lo.r•llll!.menl plale nvmherJ. 

2 
I 

II' 

~,. ............. i-.._. 

~ .... 

~~ _-A-...,._4 
0-·!f-a 

~ 

3 4 
I I 

-©---
,---- ""--@-- ... _ .. , 

, , 
---©---- ..... - - - .,..._...,.. ... m.- ca--·,· .. 11-.,.../- -----

...... .A._,._ L_. _ _._ 
AJ-L...,. ""'11--o-..,._ ...,._........._.,__ 
~-IL.....J 

...__._A. 
"1!1--'""fr'o-·- i.--© __ 

• ...0........0 ...... 
--" 6 ·---• ==--.::::--:::f 

~ ~ -I l.-I - t---_ -
BEGIN PHASE IV I 

I : 
ENO PHASE IV 

I 

I I BEGIN PHASE V ENO PHASE V 

1000 1500 
TIME IN DAYS 

Fig. 22. Settlement of foundation beneath embankment, sta 664+oo 



I 

1-
:!j 30 
IL 

~ 

...J 

...J 
ii: 20 
IL 
0 

!i: 
!2 
"' 10 ::i: 

1-
UJ 
UJ ... 

0 

1.0 

~ 2.0 

1-z 
w 
:Ii 
"' 3.0 

~ 
UJ 

"' 
4.0 

!1.0 
0 

--1~1++---------1951----~+~------1952--------------1953------+------- 15154 

I 

f 

r I 

I 
ff--::,:_ ~-=-r= _,,_ • ..,.....o 
1 

.-o---<>- -<>-<>- • -0- b 
·11 

F,b- 6-6--a--" 
~ -6-- -lfr-0 -4 

.,., 
I 

~,,_ -t--t--1! • I 
6-6--6--' -,, . 
~--o.- ~ '6".. 

,~ 'A.. 
i:..__b._&-_ ;,......_ 

'--b 

~ 
.,.._ ·a--o-. 

'-
---. ..., 

--...,____. 

!100 

Nole.t: 
/. P/q/e 15, 95 l'I 11p.r/req1T1 l'ro/TI 2.2. cenler line. 

Pltrle JG, 141'1 vp.rl~om rrom R 2. cenler/tn.. 
Pit?/• 17, GO rl d'own.tlr•t7m l'rom R.R. cen/er /me. 

:;. l(q/f' /oqo/,ng lime r.(/O obJJ'. 
!'. zero llme • 16 ocl l'J40. 
II. N11mberJ 1n drelu rersr lo _,..,/l/emenl phle nvmherJ. 

-t.- -t.--~ 
. -0---0-·-o 

--g,-~ 

- b--..D--a 

~ 

TIME IN YEARS 
2 3 
I 11 

I ~ 

I , 
~ 

,----1 ____ '--@-- -I 
I . 

~:-~. 
.,.,-

--®--· -<I -0--0• a-< • D-·-0- ----· -·-·--

I 
I 
I 

! I 

i . 
i 

I 
I 
! 

-!...!.-A... .l>_-b_,,_~ -""@)-....._! I • JL..l! • ..0.... 0--.D-...o.. .... 
>-<>-~~--- ' I ---t·-·-o- -·-·-II 

. --- I 
. -- -6 

~ r--__ 
~ 

---r---_ 
r---

BEGIN PHASE IV I I ENO PHASE IV , I 
BEGIN PHASE V I [.. ENO PHASE V ,- .--·1 

1000 
TIME IN DAYS 

Fig. 23. Settlement of' foundation beneath embanklllent, sta 758+oo 

4 
I 

1!100 



~1950 .... ~~~~~~19!)1~~~~~~ ........... ~~~~~~19!)2~~~~~----t-...-~~~~~-19!)3~~~~~~--i--~~~~~19!"14 ~~~~~~ ....... 

0 
40 

8 30 ... 
z 

..J 
::! 
IL 20 
IL 
0 

.... 
J: 
!:2 
UJ 10 
J: 

.... 
"' "' ... 

0 

1.0 

! 2.0 

.... z 
"' 2 
~ 3.0 
.... .... 
UJ 
Cl) 

4.0 

!'>.O 
0 

- . -
,,. J>., - ........ 1! :::.::tt-.:t vu-= ..... ~--- ,. . 
l 

.....,.... 

~·· .. ._,,_ 
1a-::..o.:.~1 -P . ..Jl..~ .. ··. --- .. ·· .... - --

I 
I 

I 

I 
16- -6- A-16--A-- ,,__,,__,,__. -A----6 

~-~--
....,. . ..,_.,. .. 1>-4 • .........., ·-0-·---0 

""'-.. 
o·'b-

~: 
....,_..,. . ...,,_ ,_....,__;,-.., 
..,. ... ~-,.- . ........_,, • ..o, 

· .. p- • .,..._,.__. 
--6--A- -1'. . ··-

~ ~ . 
~ 

!'>00 

TIME IN YEARS 
2 3 4 
I I I 

' , 
I ----- -----~-· I 

I 
6-~-p- ..,._,,__,._l __ _, -•·-< g....,.o..-<>- -0· 0-0•-< 1--·~-- ... - .. - -·--

~-~.l I 
• -0--0. • .., 

-·~--·-@-/J.-...A_ ~- Ji.-,6 A --,,.._ ---...... __ 
--®-

-...._ __ l ____ c__, 

~ --a.. - - I .... ······ -r-- I 
-{i9}._ I I 

····1 ······-·· ... -::. ::-:----:--..... I f"'Orlg/n17/ly comp1.1/ed role 

I ............ : ..... or sell!emenl al p/17/e /9 

BEGIN PHASE IV 
I ······ ·········· I £NO PHASE IV ·········· 

I 
I I 

BEGIN PHASE v I ~AS£V . 
~~ 

1000 1!'>00 
TIME IN DAYS 

NofeJ: 
/. Plole 18, 95 f'I vp.,-/reo-m trom .e. £. cenler //r.e. 

P/ale 19, 18 !'I v;:v!ream /"'rom .e . .e. cen!er h"ne. 
p/o/e R:t, ~C /'! down..rlreC?m /"rtJm P.R. cenler /li?e. 

2. Half' /oacltng hme = !2.5 dayJ. 
?!.Zerc hme=/5 Ncv/950. 

4. Con.rfrvcllcn role u.r.rvmea' /&r compvlt"ng rule 
of' Je///emenl waJ 1.1n/!'orm IYJ'p,icc-:"·i>n o/'IDO % 
of' /oi7a' lh~ l't"r.rl conJ/rvc./,on JeO'Jon ana' 
llO'f, /he Juond Jea.J"cn. 

,; Nun;.he:J /r; c/rc.'e.r refer lo J~//.'en1er.I r-lole numherJ. 

Fig. 24. Settlement of foundation beneath embankment, sta 798+oo 

········· ·········· 



..... 
w 
w 
I&. 

TIME IN DAYS 

100 200 300 400 500 600 700 800 900 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 
or------====p=====~.~=-~T--...r.~~~-,---rl--r-r-r-r-r-r-rrrTT,-~~~~~~-r~~r-~Jrk-J:-r1~r1--i-1----i1----i1111-r1-rT11'1-rr11111 60 

1.Jon.51 ~ .I 
~ ~ ..,,.___JJon .5 I. P/ole '2, /8 /'I up.r/reom l'rom R.R. cenler lt'ne, 

'\. ,__,,, a!.da.!4:!!0103. 
Half' lood/ng //me=- ~~doyJ. 
Zero I/me== 25 July 1960 

2. Pla/e .6, 181'1 qp.l'lreo-m l'ro.-n R.13. eenlerhne, 
al .1/0: <;<;It .f 04 

- ~o 

~ Hal/' /oodtng l/me=!.50 da.Y.r. 
Zero //me ==I Oec /9.IJ9 

- 40 t:i 

..... 
w 
LI.I 
u. 

~ 

~ 

r-~--~~ ........ ~-+-"T"" ...... ~~-+-~16 ° 
>Fo(Jndal/on .Jel//emenl , 

. 
\ 

' 0 -19~---"'"' 
'-" '-..,;!°,__n52 Beg//"; Phrye ("': 

1 
: .-1 ~·--End P~cue IV 

21-----~----t~----+---+---+----t-=......:1--.......:...F"'-....l:---+---t-+--t--t--+-+-+--+-+---.-.--~-1-------+----t---
~- -..... ·' I~ I Jan5l ·~ ~ &g,m PhoJe JI I I End Pho.re JI' 

.....,,_k o -..Q,,,~~ J~n .h 
l""-oll 0 ., > . 

-.£..!!::!l.n~ I ...... ...., 

-

LI.I 
:::E 
LI.I 
.J 
I
I
LI.I 
Cl) 

,_...e..,L -........., 
31--~~~~~1--~~~t--~~-t~~t---,-(<lz:-~ . ....,_~~~~~c~~~.~~~;:;o=~oFo-f--=~~-d-i"--.~~~~~~~l~-an-5-QQ~.--t-~-n-55~~-f-~~-i~~-f-~--t~--t~-+~t--f--f-l~t--t--r-f-t-t-I 

z . ~qn.s4~-- H--
Q j - -·- _ - - -i- _ ..._ _ Jon GO Jani lo 
~ 4 1-~-----· ::.-. :.-:_-+-~--"'---.-..,.

0
+[-&-,g'--=.<1--+-...,_-.---t-.-,.Jtt-1---t---t---t--t--t--t-l-r--r--t--t--+-+-+--------1'-.A""'a.n°'3"Fr;;,;. ...... -i-- -..~,_ -1-j-

1
_ Jon GS j 

~ • 
0 Begin PhaJe Iv __,_,__, ---End PhaJe Iv - -+- - -ii--_ I-.l - _, - ,_ C f-4 -1 ,.i-.Yon1~ 

0 ::fr1~~{,,?~f'}';~~e I I HI I Jon~o i- - ,_ -+EJlhhC1!e'd ell/em i::: T....,.6.V·i-;:;iv."'o4"~..i.5i..;,1-4 
u. .t·i_n--+--o Beg(n Pho.re V r--End P/?oJe // I Jan,rH fl ' I' 7];;~ ~~ Afpv.li9 

LI.I 
u. 

u. 
0 
1-
J: 

20 2 
LI.I 
J: 

50 

40 
I-
w 
LI.I 
I&. 

z 
.J 

30 
..J 
i;: 

u. 
0 
I-
J: 

20 Q 
LI.I 
J: 

10 5 l--=--Oli==-.....,~-+~--~~f~...,.,,~~-=:+~i:==t=:::::..~1-~+-~l--+~+--+--f~j-=-~l,-+-+-+-+-+----11.~--~-!-~~~~+--~~--!~~-+~~+-~-+-~+-E-.f4~~m-C14~-l-.f+l-1;,-~~m~e~~~l~@~~-==~=~1.(=41E1 93 
I I I I I 1 I 0 6 

100 200 300 400 500 600 700 800 900 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 

TIME IN DAYS 

Fig. 25. Summary of embankment settlement 



basis of a net embankment section as indicated by settlement plates 2 

and 19, are also plotted on figs. 21 and 24, respectively. Foundation 

settlement data obtained from the plates beneath the center of the em

bankment are plotted for stations 630, 664, 758, and 798 as a semilog 

plot on fig. 25. 

57 

71. A comparison of predicted foundation settlements as estimated 

on the dates indicated is shown below: 

Total Foundation Settlement in Feet 
Station Est May 1 49* Est Jan '21* Est Jan '24** 

630 
664 
758 
798 

5.2 
4.4 
4.9 
5.1 

4.7 4.6 
4.o 4.2 
4. 5 4.2 
5.5 4.6 

* Above estimated settlements include 0.5 ft for 
settlements resulting from overbuilding. 

** Foundation settlement estimated to occur by 1965 
from fig. 25. 

The estimates made in January 1951 were revised on the basis o:f settle

ment records obtained from the preload fills at the abutments of the 

control structure, which are subsequently discussed. The settlement 

estimates made in January 1954 were based on visual extrapolation of the 

curves shown in fig. 25. Considering the uncertain construction schedule 

and the magnitude of the foundation settlement, it appears that very good 

agreement has been obtained between estimated and observed amounts and 

rates of settlement. However, the accuracy of the estimated rate of 

settlement can largely be attributed to advance settlement observations 

made on adjacent, previously constructed embankments. 



PART V: PILE LOADING TESTS 

72. A comprehensive pile testing program was undertaken at the site 

of the control structure to determine the size of piles required to carry 

a 100-ton compression load without any significant movement, and to de

termine the tension load this size pile could carry. The soil conditions 

at the site necessitated the use of long piles driven through soft clay 

into sand at a depth of approximately 80 ft. All test piles were driven 

vertically for ease of testing. (Although tip bearing capacity of verti

cal piles is somewhat greater than that of battered piles, the difference 

probably does -IlO-t _amount to more than 5 to 15 per cent. ) 

General Test Procedures 

73. As the clay overlying the sand was very compressible, compres

sion tests were ma.de in such a manner that the bearing capacity of the 

portion of the piles driven into the sand could be evaluated. For the 

purpose of simplicity, that portion of the pile driven into sand is here

after called the "tip"; the point and the sides of the pile in sand are 

both included in this definition and both carry part of the load. To 

determine the bearing capacity of the tip it was necessary either to 

eliminate completely or to measure the frictional resistance developed 

along that portion of the pile in the clay stratum. In the tests the re

sistance developed in the clay was determined by testing the piles in 

pairs. The frictional resistance in the clay stratum was determined from 

piles stopped about 5 ft above the top of the sand; the combined fric

tional resistance and tip capacity were determined from piles driven into 

the sand. Piles stopped in clay are called "a" piles in this report, 

whereas piles driven into sand have been termed "b" piles. Tension piles 

also were driven into sand. Holes were excavated at each test pile loca

tion to eliminate any skin friction in material above the proposed base of 

the structure. 

Types of Piles and Driving Equipment 

74. Fig. 26 shows the types and sizes of piles tested in 
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compression at locations along the length of the structure; the types 

and sizes are also listed in the following tabulation. 

Type of Pile 

Cylindrical pipe 

Monotube, uniform tapered 

Monotube, constant section 

--Precast-concrete 

Size and Descri~tion 

3/8 in. wall thickness 
18-in., 24-in., 30-in. diameters 
1.5-ft-, 1.9-ft-, 2;4-ft-long conical points 

No. 7 gage metal 
18-in. butt diameter, tapered 1 in. in 7 ft 
to 8-in.-diameter hemispherical tip 

No. 3 and No. 7 gage metal 
12-in. diameter, 9-in.-long conical point 

-22--in. square_, _point tapered to 8 in. in 
2 ft 

A tension test was conducted on each pile with the exception of the 

30-in.-diameter pipe pile and the precast concrete pile. 

75. The piles were driven by a skid-mounted, whirler-type driver 

with 82-ft fixed leads. A Harrison Vulcan No. OR hammer, delivering 

30,000 ft-lb,was used to drive the 24- and 30-in. pipe piles and the 

22-in.-square. concrete piles. A Harrison Vulcan No. 1 hammer, delivering 

15,000 ft-lb, was used for driving all anchor piles, the Monotube piles, 

and the 18-in. pipe piles. All cast-in-place piles were filled with 

concrete a few days after driving. A period of 4 to 6 weeks elapsed 

after driving before any loads were applied to the piles. 

Compression Test Piles 

Load arrangement 

76. The test piles were loaded by jacking against concrete weights 

stacked on platforms over the test piles as shown on fig. 27. The plat

forms were supported on 12 timber piles arranged six in a row on each 

side of the test pile. Timber cribbing was used around the anchor piles 

as a safety measure. The weights were precast concrete slabs and rec

tangular blocks weighing approximately 3.5 and 5 tons, respectively. 

Hydraulic jacks seated on fabricated steel pedestals placed on top of 

the test piles were used to apply the loads to the piles. Two 200-ton-, 

six 100-ton-, and four 60-ton-capacity jacks were used. 



Fig. 27. Test setup for 24-in. pipe pile driven into sand 

Loading procedure 

77. "a" piles. The piles seated in clay were loaded and tested 

to failure prior to loading the piles that were driven into sand. In 

general, loads were applied to the piles in 20-ton increments at the 

rate of 1-1/2 tons per minute. Time-settlement curves were plotted 

during the tests to estimate the ultimate settlement under each incre

ment of load. After completion of the 4o-, 80-, and 160-ton loads and 

at the end of the test, the piles were loaded and allowed to rebound. 

Unloading and reloading were done at the rate of 1-1/2 tons per minute. 

All piles seated in clay were loaded to failure. 

78. "b" piles. The "b" piles were loaded in the same manner as 

the corresponding "a" piles. All "b" piles were loaded to failure ex

cept the 30-in. pipe pile which successfully carried 4oo tons without 

failure. Rebound of all piles was allowed at the end of the test. 

~asurement of movement 

79. The movement of the pile under load was measured by means of 
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an engineers level and dial deflection gages. The gages were mounted on 

opposite sides of the pile, the movement of which was referenced to con

crete slabs 12 to 14 ft away from the test pile. 

Test data 

80. Typical test data for compression piles c-4-a and C-4-b are 

shown graphically on figs. 28 and 29. 
81. Load settlement curves. A curve of gross movement of the pile 

head vs pile load was developed from the test data on each pile. The 

points representing loads that were held for 24 hours were given primary 

consideration in drawing the curves shown on figs. 30 and 31. This pro

cedure resulted in a curve that represents {up to tne maximum load) the 

movement of the pile head under sustained load, neglecting consolidation 

of the clay foundation. 

82. Net and elastic settlement curves. As each test pile was al

lowed to rebound under no load a number of times during the test, it was 

possible to determine the net and elastic settlement curves for each 

pile. The points representing the net settlement remaining after re

bound and the amount of elastic rebound are plotted for each rebound for 

each pile on figs. 30 and 31. 

83. Tip-load curves. A curve approximating the load carried by 

the tip of the "b" pile (the portion of the pile in the sand) was com

puted for each "b" pile by subtracting at any gross settlement the "a" 

pile load from the "b" pile load. This method is not exactly correct, 

as the load carried by a friction pile is not distributed to the founda

tion in the same way as the load on a point bearing pile because, at 

similar movements of the top of the pile, the distribution of strain is 

different along the two piles. However, no other method of developing 

a tip-load deflection curve from this type of test was considered to be 

any more accurate. 

Pile failure loads 

84. The determination of the "failure load" of a test pile is 

usually arbitrary. Therefore, various procedures were utilized to ob

tain a value for each pile. The procedures used for selecting a failure 

load for each compression pile were as follows: 
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a. Determine the load which produced a net settlement of 0.25 , 
in. 

b. Determine the load indicated by the intersection of tangent 
lines to the flatter portion of the gross settlement curve 
and to the steeper portion of the same curve. 

c. By inspection, determine the load beyond which there was an 
increase in gross settlement disproportionate to the in
crease in load. 

d. Determine the load at which the slope of the net settlement 
curve is four times the slope of the elastic deformation 
curve. 

e. By inspection, determine the load beyond which there was an 
increase in net settlement disproportionate to the increase 
in load:. 

85. The results of the analysis of each test are given in table 10 

with the average of the five determinations. This average is used in all 

further analyses. The 30-in. pipe pile driven into sand, C-6-b, did not 

fail under a maximum load of 4oo tons. However, a failure load was esti

mated for this pipe by extrapolating the settlement-load curve. No 

significant differences in the values derived by the five determinations 

are indicated for any pile. 

Average bearing cape.city of pile tip 

86. As the piling was to be designed so that the portion of the 

pile in the sand would carry the design load, the average relation of 

the bearing capacity of the pile tip to the diameter of the pile tip was 

determined. Two methods were utilized to compute the relation. In the 

first the difference between the average failure loads of the "a" and 

"b" compression piles, as listed in table 10, was taken as the bearing 

capacity of the tip of the "b" piles. The second method utilized the 

tip failure load as determined by inspection of the tip-load curve. The 

capacity of the tip of each "b" pile as determined by each of the two 

methods is tabulated in table 10 and is plotted versus the tip diameter 

on fig. 32. Each of these methods indicates an approximate straight

line relation between the tip load and tip diameter. Since the penetra

tion into sand of all piles was not the same, a direct comparison was 

not possible. 



Table 10 

Compression Teet Pile Failure Loads 

Method of Faiiure Load Determination Inspection· 
0.25-in. Net Tangent Inspection Slope of Ins¢: ct ion Average of of Tip Load 
Settlement Intersection of Gross Net 4 times of Five Methods Curve for 

Gross Curve Curve Slope of Elastic Net Curve of Failure Load 
Pile Size and TYJJE! Tons Tons Tons Tons Tons Interpretation Tons -----

C-1-a 24-in. pipe 134 131 125 132 bo 130 
C-1-b 357 360 320 347 330 343 
Diff. 223 229 195 215 200 213 185 

C-2-a 8-in. tip Monotube 80 78 78 76 73 77 
C-2-b tapered 169 170 145 164 155 162 
Diff. 89 92 67 88 82 85 80 

C-3-a 12-in. Monotube 60 57 56 57 55 57 
C-3-b Cons. Sect. 149 143 145 148 140 145 
Diff. 89 86 89 91 85 88 90 

c-4-a 18-in. pipe 89 78 80 85 75 81 
c-4-b 254 258 230 240 240 244 
Diff. 165 180 150 155 165 163 165 

C-5-a 24-in. pipe 139 135 137 135 136 136 
C-5-b 304 307 305 302 300 304 
Diff. 165 172 168 167 164 168 185 

c-6-a 30-in. pipe 174 173 165 160 160 166 
c-6-b* 450 462 450 455 445 452 
Diff.* 266 289 285 295 285 286 280 

C-7-a 22-in. square pre- 139 138 135 130 135 135 
C-7-b cast cone. 293 290 285 283 285 287 
Diff. 154 152 150 153 150 152 140 

f c-6-b vas not loaded to failure; values indicated are based on estimated curves. 



I 300 .JQQ 

Noles: 
I. Th• 11/p b•aring copfJcifg 1 
rwf•r1 k fh• bearing coµcif!f-+----.1 
or fhe po_inl and fhof porfion 
~ fhe pi/11 •mb•dd•d in6fJl'ld. o 
2. The- tz' ~r• concrefe 

; zoo pi/• le ploff11d 011 a PZ' --,,"t-----1 200 

:? diam11f6r pi/11. 
! 0 

~ 
.J .. 
~ 100~--;---+----t--1~--t"--1 100 

0 y 
v 0 

/ 

/ / 

~/~ 
0 

0 10 

DIAMETER 01' PIL!. TIP IN INCH£~ 

DlffERENCE BETWEEN FAILURE 
LOADS OF "a" AND "b' PILES 

30 10 zo 
DIAMETER Of' PILE TIP IN INCHES 

FROM TIP LOAD CURVES 

Fig. 32. Average tip bearing capacity 

Average skin friction in clay 

~ 

/ 

87. The skin friction developed by the "a" compression piles 

stopped in clay above the sand at average failure loads was computed 

using the nominal diameter and the embedded length of the pile. The 

resulting values were as follow: 

Diameter of Pile Skin Friction 
Pile Type of Pile in. ibLsg, :rt 
C-1-a Pipe 24 730 
C-2-a Monotube, tapered 8 (tip) 694 
C-3-a Monotube, constant section 12 543 
C-4-a Pipe 18 524 
C-5-a Pipe 24 660 
C-6-a Pipe 30 650 
C-7-a Pre cast concrete 22 (square) 589 

Average 630 

The average value of 630 lb per sq ft checks closely the average shear 

strength of 660 lb per sq ft as determined by unconfined compression 

tests on undisturbed samples from the foundation borings. 

Required size of pile 

88. The total capacity of a pile at this site as regards resistance 

to plunging into the ground is the sum of the capacities developed in the 

clay by skin friction and in sand by skin friction and point resistance. 

This capacity was measured by the piles driven into sand, type "b." The 

load on a pile driven into sand initially will be carried in large part 
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by skin friction in the clay. However, as the clay at the site is quite 

compressible, the clay eventually will be relieved of al.most all of its 

supporting stress by consolidation within the clay strata. If the total 

load applied to the pile is greater than the capacity of the portion of 

the pile in sand, the pile will not fail by plunging but will settle ap

preciably because of consolidation. Thus, to guard against detrimental 

settlements, the long-time capacity of the piles was taken as only the ca

pacity of the tip of the piles in sand. On the basis of data shown on 

fig. 32 a pile diameter of 20 in. was selected as being adequate to carry 

the design --COID.pression load of 100 tons with a factor of safety of approxi

mately 1.5 against detrimental settlement, and a factor of safety of ap

proximately 3.0 against failure by plunging. Octagonal piles with a mini

mum dimension of 20 in. were used for lengths up to 100 ft; 20-in. square 

piles were used where lengths greater than 100 ft were required. 

Q 

' 
~ 
il1 l1 lll lll 

1111 
i 

.• '\:, :i·:·_·:·; 
· .. 

\ 
1111 

.. 

'h m·:·:: ·.:m 

1

1 !1 

~ 
:_:w 
·. j 
•. 

o, 

a .· •. ... · 
II I II 

I. I. I I 
ZR ZR ZR 

Cla'J 

·.:;.::·-:·-·: 

Sana 

~F a 

/,,,-·· - .. 

I n --- Bearing capacity formulas 
Nt:lhod A, Tttrzoghi 

o·rN•r10rfV9-o.&iRN1J'ZFRhr,, \ 89. For comparison purposes, 
1$ •i(Dr~)fan.; i 

J•Ef'f'tn:fiVdunifwei9hfof 401I. )the bearing capacity Of the differM<!tfiOd~-rirmgfiT .. - · · --- - ,,., 
Q• rRI( 4'"Df'N'l •OG,/" RN1 } 

lltrfliod C. T11rzoghl 
Q-rlr0¥/}r•p)Nq•0.6TRN,J 

•2-rRhl; 

P
.ZrRhf', .,./ZTRZf",' 

lJT/ti 
Jlttfhod D, JaA·11 

Q--rRtiO,fan'f45•/Je wtanl 
•lrRh(, 

Mefhod ~, Jaky 
Q•rR'iDrlan 1(45•JJ11 ffanl 

Q~ Tolo! food on pile al fo1lur•, 
clay carry11'$ no (ood. 

Dr• Deplh of' pile poml below 
ground .surf'oc~ . 

h 1' Psne!rohon on ptle mlo Jontf. 
l'=El'/'ecl/ye un/f weigh/ of.;ol/ 
e: eodlu.s of' pik. 
r., = .JJ:.1n rricllon on p,Je inJt71?rl 

NoftJs: 
J. Mttt~ ,I/ i.- the equation f'or 
cglindr1ca/ p1t!rs ari<!__pi/11.s gi'wn by 
Tttnoghi and "-cit "So11 Akchani<:s 
in £ngin«rlnf1 Practice; pp(1'-/71. 
z. Aldfhod ~ i.J a moc//fical/on 
of' mafhod A. 
3. Mefhoa' C is based on melhod 
~.sled bq Terzaghi in 
1
TMorwficol Soil Mechonics: p J.34 

and 1'! di.3cu~ion o~ paper 'Appl. 
ol' 3<>11 Moch. m lleS1f1ninq /Jldg. 
rnd.; Trans., ASCI:, vol. 109(194-1). 
p"-30. 

ent piles was computed using the 

following basic methods: (a) the 

bearing capacity equation for cy

lindrical piers and piles, by 

Terzaghi and Peck; (b) an approach 

suggested by Terzaghi for deep 

piers; and (c) an equation by Jaky 

for piles (see fig. 33). 

t..UJU.Uµ.LI.Ll..fll!.J!.'-'~UL.LLP-"u.u.i 4. Mefhod D 13 e911afion given by 

";;"J,Je~ t:°J:~ f:t.aea".ft: C:::'f,;ff 

90. The bearing capacities 

of various types of piles driven 

through 85 ft of overburden clay 

and 5 ft into sand were computed 

using the methods given in fig. 33. 
A shear strength of c ; O and II I II 

METHOD C 
Mee/>., vol. Ip !OZ. 
5. Ne/hod ~ i.s a modif'icafion 
or method D. 

Fig. 33. Theoretical bearing ca
pacity of pile driven into sand 

0 
~ ; 30 was used for the sand. The 

results obtained from the computa

tions are represented by the curves 
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on fig. 34. The measured tip bear

ing capacities of the piles, ad

justed to the same conditions as

sumed for computation of the 

Nofe4: (•J 
/. Tailur11 /oacl., .,rom tip load cur~ corr11cfed 
for aclciitional lengfh o., -,b' pile" in clay and 
odj_u,,ted lo a ~-rr penelrafion info ~na and an 
IM=tt df!pfh of fhe point on bas/., of T•rzaghi A 
equal ion. 
2. Curve:J comPifled bg ttquafion" on figure:3,for 
tJ•-'O~ a 4-ff penetration inlo :1and, and an lJ~"'l'I 
dt!plh of lhe point. 

curves (table 11), are also shown 

on this figure. These data in

dicate that method "A" (Terzaghi 

and Peck) and method "D" (Jaky) 

fit the test data reasonably well. 

Tension Test Piles 

Load arrangement 

91. The tension piles were 

loaded by jacking against 12 tim

ber anchor piles, 6 in a row on 

each side of the pile. An 8-in. 

I-beam was embedded about 9 ft 

into the concrete filling the pile 

300--~--~--~--~--~~~ 

., 
~ 2001---+---'----i---'---.d~[..L..,I ... 
! 
0 
< 
0 
.J 
~ 100,~-~-1---+ ..... -+.~~;...:..-+~--= 

i= 

10 20 30 
DIAMETER OF PILE TIP IN INCHES 

Fig. 34. Theoretical and observed 
tip bearing capacity of piles 

driven into sand 

shell to make the tension connection 

Table 11 

Adjusted Tip Failure Loads 

Corrected Adjusted 
Tip Failure Tip Failure Tip Failure 

Pile Size and Type Loadz1 ton Loadz 2 ton Loadz3 ton 

C-1-b 24-in. pipe 185 176 160 
C-2-b 8-in. tip Monotube Bo 74 62 

tapered 
C-3-b 12-in. Monotube 90 85 101 

constant section 
C-4-b 18-in. pipe 165 159 173 
C-5-b 24-in. pipe 185 171 163 
C-6-b 30-in. pipe 280 276 275 
C-7-b 22-in.-square pre- 140 120 115 

cast concrete 

l 
2 Tip failure load determined by inspection of tip load curve. 

Correction ma.de to loads indicated by tip load curves on basis of 
greater length in clay of "b" piles than "a" piles. 

3 Adjustment of corrected loads ma.de to 5-ft penetration into sand and 
85-ft depth of point using Terzaghi A equation. 
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Fig. 35. Tension test on 24-in. pipe pile (T-1) 

as shown in fig. 35. Two 100-ton hydraulic jacks were used to apply 

load to the test piles. 

Loading procedure 

92. Compression loading. As the piles beneath the structure will 

be subjected to a compression load prior to any tension load, piles T-1, 

T-2, T-4, T-5, and T-6 were subjected to a compression load of 85 tons, 

and pile T-3 was subjected to a load of 50 tons prior to testing in 

tension. The loads were applied at the rate of 1-1/2 tons per minute 

and were maintained for 12 hours, after which the loads were removed at 

the rate of 1.0 ton per minute. 

93. Tension loadi.DS· The pull was applied to the test piles in 

8-ton increments at the rate of 1.0 ton per minute. After completion of 

the 24-, 48-, 72-, and 96-ton loads on pile T-5 and at the end of the 

test, rebound was allowed. Unloading and reloading were at the rate of 

1.0 ton per minute. All piles, except T-5 and T-6, were loaded to 

failure; the limit of the loading equipment was reached before these two 

piles failed. 
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Fig. 36. Tension pile test data, pile T-4, 18-in. pipe pile 

Test data 

. 

. 
.. 
. 
.• 

. 
. ... 

94. Typical test data for tension pile T-4 are shown graphically 

on fig. 36. Curves of gross movement of the pile head were developed 

from the test data on each pile and are shown in fig. 37. In the prepa

ration of these curves, the points representing loads held for 24 hours 

were given primary consideration. Thus the resulting curve should rep

resent (up to the maximum load) the movement of the pile head under sus

tained load (neglecting expansion of the clay foundation). 

Pile failure loads 
95· In analysis of the load-rise curves on fig. 37, two different 

conditions of failure were considered. The first was that the rise of 

the piles during loading would be sufficient to produce a detrimental 

effect on the structure. A gross rise of 0.25 in. was taken to be the 

limiting criterion for this condition which was used to determine the 
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Fig. 37. Load rise curves, piles T-1 through T-6 

allowable tension 

load. The second 

condition was the 

complete failure of 

the pile under load, 

causing a reduction 

in the ability of the 

pile to carry the 

load. The failure 

load for the second 

condition was deter

mined by an inspec

tion of the gross and 

net rise curves for 

the load beyond which 

deflection increased 

disproportionately to 

the increase in load. 

The second condition 

was used to determine 

the average tension skin friction in the clay. The results of the analy

sis of data from each test are presented in table 12. 

Pile 

T-1 
T-2 

T-3 

T-4 
T-5 
T-6 

Table 12 

Tension Test Pile Failure Loads 

Size and Type 

24-in. pipe 
8-in. tip Monotube 

tapered 
12-in. Monotube 

constant section 
18-in. pipe 
24-in. pipe 
24-in. pipe 

Determination of Failure Load, 
0.25-in. Inspection 

Gross Rise Gross Rise* Gross Rise 

133 
80 

53 

139 
·75 

52 

117 
141 
134 

134 
125 

88 

125 
200 
160 

ton 
of Curve 
Net Rise 

134 
122 

87 

125 
200 
160 

* Load for 0.25-in. gross rise corrected to an embedded length of 75 ft. 

II 
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Average load capacity 

96. As the embedded lengths varied somewhat, the loads which pro

duced a gross rise of 0.25 in. were corrected to an embedded length of 

75 ft by assuming that the tension capacity was directly proportional to 

the length. These corrected values, listed in table 12, are total loads 

applied to the head of the pile. These loads are also plotted against 

the average pile diameter on fig. 38. The 

tapered Monotube pile was plotted at a 

diameter of 13 in., the average of the tip 

and butt diameters, which were 8 and 18 

in., respectively. The average line drawn 

through the points indicates that a 20-in.

diameter round pile 75 ft long can carry . 

the design tension load of 25 tons with a 

factor of safety of approximately 4.5. 

Average skin friction in clay 

97• It is not possible to compute 

directly from the test data on the tension 
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30 

piles the skin friction developed in the clay. Tension piles were driven 

into the sand, and the sand normally should have a materially different 

skin friction on the pile than the clay. The total load carried by the 

clay was computed by subtracting from the pile failure load, determined 

by inspection of the net curve, the buoyant weight of the pile and the 

total force developed by friction in the sand, assuming a coefficient of 

earth pressure of 1.0 and an angle of internal friction of the sand of 
0 

30 • Unit skin friction in the clay was computed from this corrected 

failure load, using the embedded length in the clay and the nominal diam

eter of the pile. Resulting values are tabulated in table 13. As piles 

T-5 and T-6 were not loaded to failure, the skin friction values listed 

for them were the values developed under the maximum load. Average skin 

friction shown in table 13 was based on the results from piles T-1 through 

T-4. From the data in table 13 it is concluded that the skin friction de

veloped by either a tension or compression pile in the clay at failure is 

fairly close to the average strength of the foundation clays as indicated 



Table 13 

Corrected Skin·Friction in Clay of Tension Test Piles 

Pile 

T-l 
T-2 

Size and Type 

24-in. pipe 
8-in. tip Monotube 

tapered 

Tension Skin Friction 
lb/sq ft 

608 
829 

T-3 12-in. Monotube 706 
T-4 18-in. pipe 639 
T-5 24-in. pipe 651 
T.:6 ~4..;1n. pipe 350 

Average 695 

Compression Skin 
Friction, lb/sq ft 

730 
694 

543 
523 
659 
588 

Average of tension and compression tests 
623 

660 

Note: Average based on piles T-l through T-4. 
Average skin friction of piles C-1-a through C-7-a, 630 lb/sq ft. 
Average cohesive strength of foundation clays as determined by 

unconfined and quick triaxial tests, 660 lb/sq ft. 

by unconfined and unconsolidated undrained triaxial compression tests. 

98. The fact that the tapered Monotube pile T-2 indicated the 

highest skin friction is not believed to be highly significant, because 

the variations in skin friction indicated by the various types of piles 

could be due to variations in soil strengths and not necessarily to 

characteristics of the piles. From the one test ma.de it appears that at 

the site tested a pile with a small taper, such as 1 in. in 7 ft for 

piles C-2 and T-2, will respond to loading either in tension or compres

sion in a manner similar to a pile of constant section with the same 

average diameter. 

Dynamic Pile Driving.Formulas 

Formulas investigated 

99. Six dynamic pile driving formulas were used to compute the 

capacity of the compression Piles driven into sand. These formulas as 

given on the following page include the intended factors of safety as 

indicated. The symbols used are grouped after the formulas. 



Engineering-News 

Engineering-News 
(modification 1) 

Engineering-News 
(modification 2) 

Eytelwein (modified) 

Canadian National 
Building Code 

Pacific Coast Uniform 
Building Code 

R = 

R = 

R = 

R = 

2Wh 
a + 0.1 

2Wh 
p 

s + 0.1 w 
2Wh 

s + 0.3 

2Wh 
p 

s + 0.3 w 
R 4 W h n 0.9 

= s- + 1/2 c 
2 

_ W + 0.5 e P 
n - W + p 

C = 3 AR ( li L + 0. 0001) 

12 Wh W +KP 
W+P 

R =------u 12 R L 
u 

s + A E 

(F .s. = 6) 

(F.S. = 6) 

(F .s. = 6) 

(F .s. = 6) 

(F .s. = 3)_ 

(F.S. = 1) 

K = coefficient; 0.25 for steel piles; 0.10 for all other piles 

F.S. = 4 recommended by Pacific Coast code 

A = average cross-sectional area of driven parts in square inches 

C = coefficient of restitution; 0.5 for ram striking steel anvil 
on steel or concrete piles; o.4 for ram striking steel anvil 
containing a wood cushion 

E = modulus of elasticity of pile material 

h = height of free fall of ram in feet 

L = length of pile in feet 

P = weight of driven pile in pounds 

R = design carrying capacity of pile in pounds 

Ru = ultimate carrying capacity of pile in pounds 

s = set per blow in inches 

W = weight of falling mass in pounds 
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The Canadian National Building Code and the Pacific Coe.st Uniform Build

ing Code formulas are modifications of the Hiley formula. It was not 

possible to use the Hiley formula, as the rebound of the pile during 



driying was not measured. The driving data of the piles stopped above 

the sand ("a" piles) were not used to compute the indicated capacity by 

the driving formula. It is a known fact that pile-driving formula.a are 

meaningless for friction piles driven in clay. 

Relation of formulas to test results 

100. The driving resistance for the last 3 in. of penetration was 

used in each formula to compute the design capacity of each or the com

pression piles driven into sand. These values are given in table 14, 

together with computed ratios of formula capacities based on load tests. 

It appears in general from -the dat-a. pr-e-sented that the pile-driving 

formulas did not give capacities which checked either the total or tip 

capacity or the test piles at the site of the Morganza Flood.way Control 

Structure. The only good agreement obtained was between the "ultimate 

capacity'' as computed from the Pacific Coast formula. and the "ultimate 

tip test capacity." In connection with the average ratios shown in 

table 14, it is pointed out that formula.a which give ratios greater than 

1 are on the radical side, whereas formulas which give ratios less than 

l are on the conservative side. The ultimate capacity indicated by the 

Engineering-News formula and its modifications and the Eytelwein formula 

was considerably more than either the total capacity of the pile or the 

capacity of the tip alone (ratios of 1. 5 to 4.o). The formulas of the 

Canadian National and Pacific Coast Uniform Building Codes indicated 

conservative ultimate capacities, a~ the ratio of code capacity to test 

capacity ranged from o.4 to 1.0. 



Pile 

C-1-b 

C-2-b 

C-3-b 

c-4-b 

C-5-b 

c-6-b 

C-7-b 

(6) Av. 

Av. 

Av. 

Av. 

Table 14 

Comparison between Test Results and Pile Driving Formulas 

(1) (2) (3) (4) (5) (5) (5) (5) (5) (5) 
Total Design Ultimate Design Canadian 

Ultimate Short Ti11e Tip Test Long Tille Engr. Nevs Engr. News Engr. News Eytelwein National Pacific Coast 
Test Capacity (Test) Load Capacity (Test) Load R {Mod. l) R (Mod. 2) R R R R 

Size and Type Tons F.S. = 2.0 Tons F.S. = 1.5 Tons Tons Tons Tons Tons Tons 

24-in. pipe 343 172 185 123 230 243 92 97 45 51 

8-in. tip Monotube 162 81 8o 53 109 123 45 52 19 21 
tapered 

12-in. Monot ube constant 145 73 90 60 118 183 46 78 18 19 
section 

18-in. pipe 244 122 165 110 118 92 46 37 29 29 

24-in. pipe 3o4 152 185 123 230 244 100 101 43 54 

30-in. pipe 452 226 28o 187 238 2o4 92 79 48 55 

22-in. sq precast concrete 287 144 140 93 230 56 100 19 59 39 

Ratio: Design Formula Capacitl 
Design Short Tille (Test)Load 1.35 1.30 0.55 0.53 0.27 0.28 

Ratio: Desi~ Formula Capacity 
Design Long Time (Test) Load 

l.8o l.69 0.74 0.69 0.36 0.36 

Ultimate Formula CaEacitl (7) 
Ratio: Total Ultimate Test Capacity 4.05 3.90 1.65 l.59 0.41 0.55 

Ratio: 
Ultimate Formula capacity (7) 7.20 6.76 2.96 2.76 0.72 0.96 
Ultimate Tip Test Capacity 

{l) The total test capacity was taken from "Average Failure Load" - Table l. 
(2) Total ultimate test capacity r 2.0. In other words, the factor of safety against plunging upder a "short time" load is 2.0. 
(3) The ultimate tip test capacity was determined by inspection of tip load curves. 
( 4) Ultimate tip test capacity ;. l. 5. In other words, the factor of safety against detrimental .settle11ent under a "long ti11e" load is l. 5. 
(5) Formula capacities indicated by the pile driving formulas are design loads based on ·the driving resistance for the last 3-in. of driving. 
(6) Average ratios were computed by averaging data for individual piles. 
(7) Design formula capacity times recommended factors of safety. 
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PART VI: FOUNDATION FOR CONTROL STRUCTURE 

Description of Pile Foundation 

101. Studies of the settlement of the control structure founded 

on a system of friction piles driven into clay indicated that settlements 

of as much as 10 in. might be expected. This amount of settlement was 

considered intolerable and therefore it was decided to drive compression 

piles to an underlying stratum of bearing sand. On the bases of the 

pile tests previously discussed, it was concluded that 20-in.-diameter 

piles driven 5 ft into the underlying sand would support the compression 

loads of 100 tons* and would also take tension loads of 25 tons, which 

can exist. In the final design, the piers for the gated portion of the 

control structure are supported by twenty-seven, 20-in., precast concrete 

piles driven to sand on a 2-on-l batter. Eleven of the piles are bat

tered upstream and sixteen downstream. A plan of the pile foundation 

and section of the gated portion of the structure are shown in fig. 3, 
page 3. Piles under 100 ft in length are of octagonal shape, whereas 

piles over 100 ft in length are square. 

102. Piles beneath the abutments, approach piers, and wing walls 

are of the same type and dimensions as those beneath the gated portion 

of the structure; however, most of the piles under the wing walls were 

driven vertically rather than on a batter. The design load on the piles 

beneath the abutments was reduced to 50 tons, and that for the piles be

neath the approach piers adjacent to the abutments to 92 tons to allow 

for drag on these piles resulting from settlement of the embankment fill 

adjacent to the abutments. The batter of the piles beneath the abutments 

and first approach piers was steepened to minimize the effect of f ounda
tion settlement on these piles. 

* Maximum and average pile loads due to dead load of structure = 86 tons 
and 65 tons, respectively. 
Maximum pile load with maximum water load against structure and design 

uplift acting = 94 tons. 
Maximum pile load with maximum water load against structure and no up

lift against base of structure = 118 tons. 
The above indicated pile loads are in compression. 
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103. The average length of piles beneath the weir or gated portion 

was 86 ft with some piles as long as 110 ft. The average length of the 

piles beneath the different piers is listed in table 15, pages 94 and 95. 

lo4. The piles were made of concrete which had an average 14-day 

compressive strength of 4300 psi and an average 28-day strength of 5000 

psi. They are reinforced with 8 longitudinal 1-1/8-in.-diameter bars 

with 3/8-in. spiral reinforcement on a pitch of 6 in. The spiral rein

forcement of the octagonal piles has a pitch of 2 in. at the tip and head 

of the pile. The tips of the piles are tapered in 10 in. to a point with 

an approximate diameter- of' 6 in. 

105. At the time this report was written, there have been only 2.5 

ft of water against the structure; therefore, the maximum loading to 

which the piles beneath the weir have been subjected is that created by 

the weight of the structure. 

Settlement of Structure 

106. The greater portion of the deep sand stratum beneath the 

structure contains no compressible clay strata; therefore no significant 

settlement is expected of the piles driven along such reaches. However, 

some relatively thin strata of clay were found within the upper part of 

the sand stratum at several locations. In addition, a few lenses of 

compressible lignitic sand were found scattered through the sand at some 

locations. The elimination of all differential settlements would have 

necessitated driving the piles to such a penetration that the pile tips 

would be below all compressible strata. However, cost studies indicated 

the most economical design to be one based on an allowable differential 

settlement of 1 in. Accordingly, the gates of the superstructure were 

designed to absorb a differential settlement of 1 in. between piers in 

adjoining monoliths. Therefore, penetration through compressible strata 

was not attempted where settlement analyses indicated differential settle

ments of less than 1 in. 

107. At three locations, station 677+50 (south abutment) to station 

681+50, station 693+4o to station 697+50, and station 715+oo to station 
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717+20, strata of clay exist that it was thought might cause dif'ferential 

settlements of more than 1 in. (see fig. 43, page 97) unless the strata 

were penetrated by the piles. It was believed from split-spoon driving 

data that by overdriving, the piles might be driven through the sand 

overlying these clay strata and into the bearing sand beneath the clay. 

Therefore, along these three reaches an attempt was made to drive the 

piles through the compressible strata in the upper part of the sand by 

requiring additional driving to that normally specified; the piles were 

either driven through the clay strata or were driven to refusal, as 

subsequently defined. It was oeTieved that uverdriT'.i:ng the piles would 

limit the differential settlements between monoliths to probably less 

than 1/2 in. and not more than l in. 

108. At a few locations where the compressible strata in the upper 

part of the sand foundation could not be penetrated, it was estill'lated 

that differential settlements greater ths.n 1 in. might eventually occur. 

It was realized that at these locations the gates between adjacent mono

liths might be affected adversely and, as a result, some future mainte

nance and repairs might be necessary. However, because of the monetary 

savings involved, it was concluded that the possibility of a few gates 

requiring some future maintenance was proper engineering design. 

109. Before driving of the pile foundation was begun, an estiDBte 

was made of the settlement that might occur along those reaches where 

clay strata exist if the piles were not driven through them. The results 

of these settlement computations, together with settlements observed 

since construction, are summarized in the following paragraphs. The 

success of the overdriving in these reaches is also discussed. 

110. In order that settlements might be measured during and after 

construction of the structure, metal hubs ~ere embedded in the concrete 

superstructure, abutments, and approach piers as they were poured. A 

plan and diagram of the different settlement hubs installed and the dates 

of installation are shown in fig. 39. The first settlement hubs, Nos. 

2 and 4, were installed in the base of the structure when it was poured. 

However, the initial elevations of these hubs were not determined until 

after the concrete bad set around the pile heads. Another set of hubs 
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ELEVATIONS OF SETTLEMENT PL.ATES BENEATH CONTROL STRUCTURE 

STATIOll 6Bo+90 682+77 684+65 686+52 688+40 690+27 692+14 690+02 695+90 697•77 

PLATE A B A B A B A B A B A B A B A B A B A B 

Orig. Elev, Top ot Rod 31.31 37.15 31.34 37.21 31.20 37.12 3L2l 37.05 31.48 37.10 31.35 37.01 3l.25 37.o8 31.21 37.o8 31.52 37.03 31. 34 37.11 
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B A B A B A B A B A B A B A B A B A B 
PLATE A 

Orig. Elev. Top ot Rod 31.30 37.05 31.31 37.00 31.32 37.09 31.17 36.98 31.79 37.34 31.29 37.14 31. 35 37.29 31.70 37.12 31,51 37.09 31.49 37.52 
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10'1'!: "A" settlement platea 37 .9 tt upstream ot center line ot railroad. "B1
' plat•• 43.9 ft upetreu ot center line of railroad. 
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Plan and diagram of settlement 

hubs, and settlement observations of 

control structure 



was embedded in the beam supporting the upstream crane rail and in the 

downstream retaining wall for the railroad ballast. Readings at these 

settlement hubs are referenced to five deep permanent bench marks in

stalled in the underlying sand foundation at locations shovn on figs. 1 

and 39. These permanent bench marks consist of 1-1/4-in. black iron 

pipe equipped with driving point driven into the deep underlying sand 

and encased with a 2-1/2-in. black iron pipe casing. The casing is pro

tected for about 8 ft into the ground with a concrete shell. Both pipes 

are filled with a slurry of Baroid up to within 18 in. of the top, and 

the remaining 18 in. is filled with oil. Each pipe is capped with a 

brass plug. Concrete blocks about 15-in. cube were cast around the 

pipes located in the floodway; the blocks extend about 6 in. into the 

ground. Each installation is protected by pipe guard rails supported by 

4 concrete posts 3 ft on centers. 

111. Settlement observations ma.de during construction and since 

completion of the structure are shown in tabular form on fig. 39. Plots 

of data obtained from selected settlement hubs are shown on figs. 40-41. 

Settlement of the entire structure as observed on the last date that 

precise levels were run is plotted on fig. 42. Some of the movement 

(approximately 0.10 in.) of the top of the structure (indicated by hubs 

1 and 3 in fig. 39) is attributed to expansion and contraction of the 

concrete superstructure resulting from seasonal temperature changes 

since installation of the reference hubs. 

112. Settlement of the top of the control structure, abutments, 

and approach piers from the time they were essentially complete to 

February 1954 is shown by the solid line on fig. 42. Settlements shown 

for the top of the structure do not include any settlement occurring dur

ing construction. Settlement of the base of piers 2 to 125 of the con

trol structure is shown by the dashed line on fig. 42. The settlements 

shown for the bases of piers 2 to 125 include settlements occurring dur

ing construction of the piers and bridges and since their completion. 

Settlements occurring during construction include the elastic deforma

tion of the piles caused by the dead load of the structure and possibly 

some vertical movement due to bowing in the piles as a result of their 
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batter. For an average dead load of 65 tone per pile and a pile length 

of 90 ft, the elastic and plastic deformation within the piles themselves 

bas been estimated at 0.15 to 0.25 in. 

113. Except at the ends of the control structure, settlement of the 

base of the structure has been very uniform, less than 0.1-in. difference 

between monoliths, and has amounted to approximately 0.5 in. It is be

lieved that for the following reasons little movement of the pile tips 

has occurred as a result of their sinking into the sand or of consolida

tion of clay seams or strata underlying the pile tips: (1) the movement 

of most piers has stopped; (2) there has been practically no :measurable 

movement of the top of the structure; (3) the anticipated elastic and 

plastic def orma.tion of the piles could account for a considerable portion 

of the base settlement; and (4) the settlement of the base of the piers 

bas been very uniform. Exceptions to this statement are the piers at 

the end of the control structure, the abutment piers, and approach piers. 

114. From the data shown on figs. 39-42 it appears that practically 

no settlement of the top of the control structure bas occurred, or is 

likely to occur, except for that portion of the structure south of pier 2 

and north of pier ll7. So far, settlements of the piers at the ends of 

the structure have been well within the originally estin:ated amount of 

movement and are discussed in more detail in the following paragraphs. 

Estimated and observed settlements of 
various sections of control structure 

115. South abutment to pier 3. Borings M-36 and M-4o, in the vi

cinity of station 680, showed the existence within the sand of clay 

strata having a total thickness up to 3-1/2 ft overlain by 5 to 8 ft of 

sand (see fig. 43, page 97 ) . Settlement computations indicated that a 

maximum settlement of 2.6 in. might occur at pier 1 or 2 if the pile 

tips should stop above the clay strata at elev -41; it was believed that 

the piles along this reach could be driven through the clay strata by 

overdriving. Consequently, all piles along this reach were overdriven 

except for those under the downstream wing wall more than 53 ft from the 

center line of the structure. 

116. As may be seen from figs. 43 and 44, pages 97 and lo4, it 
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was not possible to drive all of the piles to the estimated "top of 

·bearing sand." However, some of the piles did penetrate through the 

existing clay strata. 

117. As of February 1954, settlement of the piers at the south end 

of the structure ranged from approximately 0.1 in. at pier 2 to o.4 in. 

for the south abutment (see fig. 42). The.settlement of these piers can 

probably be attributed to consolidation of thin strata of clay beneath 

the pile tips as a result of stresses created primarily by the adjoining 

--embankment. -Some of the settlement of the abutment and approach piers 

can possibly be attributed to penetration of the piles as a result of 

overload created by the drag effect of the still-settling foundation clay. 

So far, the observed settlements of these piers are considerably less 

than the originally estimated maximum of approximately 2.5 in. However, 

the data in figs. 39 and 4o for these piers show that they are still 

settling at a discernible rate. Whether or not the settlement of these 

piers will exceed the originally estimated maximum of 2.5 in. cannot be 

predicted at this time. 

118. Piers 4 to 41. Since no compressible strata within the sand 

were disclosed by the borings along this section, no settlement of the 

structure was anticipated between piers 4 to 41; therefore no overdriving 

of the piles for these piers was attempted. No measurable settlement of 

the top of the structure along this reach bas occurred, and settlement 

of the base of these piers bas apparently stopped (see figs. 39 and 4o). 
119. Piers 42 to 54. Eorings M-53, -54, and -56 indicated a com

pressible stratum of clay and ligni tic sand within the sand. A settle

ment of 1. 5 in. was computed at piers 46 and 47 if the tips of the piles 

~ere not driven through the clay. Accordingly, the piles beneath these 

piers were overdriven, and most of the piles were driven into the "bearing 

sand." However, some of the piles may not have been driven through the 

soft stratum (see fig. 46, page 106). 

120. Figs. 39, 4o, and 42 show that there has been no measurable 

settlement of the top of the structure for piers 42 to 54, and settlement 

of the base of the structure which occurred during construction apparently 

stopped before the structure was completed. 
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121. Piers 55 to 110. The borings did not indicate any compres

sible strata or strata with low driving resistance within the sand along 

piers 55 to 110. Accordingly, no settlement of these piers was antici

pated and no overdriving of the piles was specified. 

122. As shown on fig. 42, no measurable settlement of' the top of 

the control structure has been noted between piers 55 and 110. Settle

ment of the base of the structure along this reach of piers is typical 

of that observed for the entire structure. Furthermore, as shown in 

figs. 39 and 41, the settlement of the base of' the structure had ceased 

by the time the superstructure was completed. 

123. Piers 111 to 117. Borings M-74, -75, -105, and -106 indicated 

the existence of clay strata, and some lignite and sand with low driving 

resistance, within the upper part of the sand stratum along piers 111 to 

117 (see fig. 43). A maximum settlement of 4.3 in. was estimated at 

pier 112 if the tips of the piles were stopped above the clay. It was 

thought possible to penetrate these strata by overdriving. Apparently, 

the extra hard driving did cause some of the piles to penetrate these 

strata, whereas othersdid not (see fig. 49, page 109). 

124. The base of the structure between piers 111 to 117 has settled 

slightly more (approximately 0.65 in.) than the base slab for the re

mainder of the control structure. Also, some slight settlement of the 

top of the structure, amounting to approximately 0.1 in. bas taken place 

since completion of the superstructure. 

125. Piers 118 to north abutment. Borings along piers 118 to 

north abutment showed the existence of soft clay strata up to 4.5 ft 

thick in the main sand stratum, overlain by sand 12 to 20 ft thick. 

Penetration of this clay stratum by overdriving was not attempted be

cause of the thickness of the overlying sand. Settlements of 1.4 in. 

were estimated with the tips of the piles at elev -64. 

126. Observations made on top of piers 118 through the north abut

ment show that settlement of as much as o.6 in. has occurred (see figs. 

39 and 42). 

127. Time plots of the settlement of north approach pier 2 and the 

north abutment show that settlement of these piers is still occurring at 
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the rate of approximately 0.03 in. per month. The settlement of these 

piers can largely be attributed to consolidation of the clay strata be

neath the tips of the piles caused primarily by stresses created by the 

adjacent embankment and to a lesser extent by drag on the piles. Whether 

or not the settlement of the north approach pier will exceed the origi

nally estimated l.4 in. cannot be determined at this time. 

Settlement of foundation 
upstream of structure 

128. During design of the pile foundation for the structure, the 

question was raised as to whether or not the water load on the ground 

surface might cause settlement of the foundation immediately upstream of 

the weir and a vertical deflection of the batter piles extending upstream 

of the weir. Computations indicated that as much as 6 in. of settlement 

might possibly result from a sustained water load equal to the project 

flood. However, if settlement did occur, it was thought that it would 

probably take place over a very long period of time, and that the amount 

of bending in the piles would not be detrimental. To afford a check on 

this, settlement plates were installed beneath the riprap. These settle

ment plates were installed after the gravel blanket beneath the riprap 

had been placed but prior to the placing of the riprap. The riprap was 

placed after the base slab and weir for the control structure were con

structed. 

129. Fig. 39 shows the initial elevation of these settlement plates, 

determined immediately after they were set in February 1953, as well as 

elevations determined since their installation. The following total 

settlements of the plates have been observed on the dates shown. 

Settlement Plate 
Number Station 6 March 

A 690 -l.6 
B 700 -0.5 
c 710 -0.5 

Average -0.9 

Settlement in inches 
'53 10 April '2J* JO April '53* 

-0.7 -o.6 
0 +o.2 
0 +o.2 

-0.2 -0.1 

11 Feb 1 54 
-1.8 
-o.4 
-o.4 

* Settlement data shown for April 1953 are considered questionable. 

130. In view of the very small increase of net load on the 
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foundation created by the weight of an 8-in. gravel blanket and approxi

mately 18 in. of riprap, little or no settlement of the foundation be

neath the riprap would be expected unless there was rebound of the founda

tion while the excavation for the structure and riprap was open. If full 

rebound is assumed to have occurred and the recompression curve on load

ing is parallel to the laboratory recompression curves (no special re

bound and recompression curves were obtained for any of the foundation 

clays along the control structure), then 1.5 to 2.0 in. of total settle

ment might be anticipated as a result of placing the gravel blanket and 

riprap. If 50 per cent of the total settlement is assumed to have oc

curred to date, a settlement of 1.0 in. might be expected. The observed 

average settlement of the settlement plates to date has been 0.9 in. 

131. Although the water load on the foundation upstream of the weir 

has been only 2.5 ft to date, it may have contributed slightly to the 

settlement of the plates. No conclusions can yet be drawn regarding the 

effect of water loads on foundation settlement upstream of the structure. 

Top of Sand, Pile Penetration, and Pile Length 

Estimated top of sand, pile 
penetration, and pile length 

132. Top of sand. In order that the required length of piles for 

each of the piers might be determined, the top of "bearing sand" was 

first estimated from a comparison of split-spoon boring data and pile

driving resistance data obtained where test piles had been driven. From 

this analysis it was decided that the top of bearing sand was at that 

elevation corresponding to driving resistances of 35 to 4o blows per ft 

on the split-spoon samples, depending upon the hydrostatic pressure in 

the sand foundation, and that this was equivalent to about 75 blows per 

ft on a 20-in. concrete pile 80 or 90 ft long with a 30,000-ft-lb hammer, 

or 66 blows per ft for a 32,500-ft-lb hammer, the hammer used for driving 

the piles beneath the control structure. The average top of sand as 

originally estimated from the split-spoon borings is shown by the long

dashed line in fig. 43 and is listed for each pier in table 15. A 



Te.ble 15 

Summe.!,2'. of Pile Drivinj! De.te. 

Avg Penetration Max. Variation of Allowance for Pene-
Average Avg Avg Pile Length into Sand Top of Se.nd from tration in Sand e.nd 

Top or Sand Pile Length of rt Avera15e 1 ft Ve.rie.bili ty in Top 
11(11 Length in Clay Cutof'r Avg Avg Observed of Sand1 rt 

Pier ~ ~ _!L _r_t_ ~ ~ ~ ~ ~ - + ..!!l:.... 9Et. Obs. 

l -36.5 73.6 69.2 16.4 4.4 15.0 2.6 2.5 
2 -38.5 75.3 71.5 14.7 3.8 17.5 7.7 7.0 
3 -36.9 75.2 69.7 14.8 5.5 21.4 3.4 2.5 
4 -38 -38.0 72.5 71.0 4.5 5.6 1.5 3.7 4.0 2.7 2.5 10.0 3.5 
5 -38 -38.1 72.2 71.l 4.8 5.6 l.l 2.5 4.0 0.9 2.3 10.0 3.5 

6 -40 -39·4 74.2 71.8 4.9 5.6 2.4 6.o 4.0 l.2 2.0 10.0 5.8 
7 -41 -37·9 73.6 70.9 5.8 5.6 2.7 5.0 4.0 2.5 3.0 10.0 5.0 
8 -42* -37·9 74.5 70.8 7.3 5.6 3.7 8.1 4.0 2.6 4.9 10.0 5.7 
9 -41• -37·3 74.4 70.2 8.6 5.6 4.2 5.5 4.0 1.3 1.7 10.0 6.9 

10 -41• -38.4 75.3 71.4 7.7 5.6 3,9 5.2 4.0 2.1 2.8 10.0 6.4 

ll -41* -39·2 76.4 72.3 6.6 5.6 4.1 8.8 4.0 3.8 3.0 10.0 8.4 
12 -41• -40.6 77.8 73.9 5.2 5.6 3,9 8.4 4.o 3.8 3.9 10.0 7.9 
13 -41* --42..-3 -80.o 75.8 3.0 5.6 4.2 7.1 4.o 3. 5 4.3 10.0 7.2 
14 -41• -37·3 75.4 70.2 7.6 5.6 5.2 14.-6 4.\l 6.-:! f•f 1.ti.ti 1.1..( 
15 -43 -39·6 76.0 72.7 7.0 5.6 3. 3 12. 5 4.o 4.5 5. 3 10.0 10.9 

16 -45 -38.3 76.4 71.3 8.6 5.6 5.1 15.3 4.o 6.5 6.4 10.0 10.5 
17 -46 -39.6 76.5 73.0 9.5 5.6 3.5 13.2 4.o 5.0 5.4 10.0 7.2 
18 -48 -38.6 76.8 71.6 ll.2 5.6 5.2 13.2 4.o 5.8 4.7 10.0 8.5 
19 -49 -40.1 78.4 73.3 10.6 5.6 5.1 ll.9 4.o 5.0 3.8 10.0 9.5 
20 -49* -42.1 79.7 75.5 ll.3 5.6 4.2 6.1 4.o 4.9 4.5 10.0 7.9 

21 -49* -43.3 81.3 76.9 9.7 5.6 4.4 8.o 4.o 4.9 4.5 10.0 8.1 
22 -49* -44.o 81.8 77-6 9.2 5.6 4.2 7.5 4.o 2.5 4.2 10.0 6.8 
23 -48* -44.9 82.8 78.7 8.2 5.6 4.1 5.2 4.0 3.8 2.9 10.0 7.3 
24 -47* -46.o 83.5 79.9 7.5 5.6 3.6 5.0 4.0 4.2 4.4 10.0 8.4 
25 -48* -47.3 84.7 81.3 6.3 5.6 3.4 5.0 4.o 4.8 5.0 10.0 8.3 

26 -48* -48.2 85.8 82.3 5.3 5.6 3.5 6.7 4.o 4.5 6.7 10.0 8.7 
27 -48• -48.2 86.1 82.4 4.9 5.6 3.7 5,4 4.o 2.6 4.1 10.0 7.4 
28 -50 -49.1 87.6 83.4 3.4 5.6 4.2 6.o 4.o 3.6 2.3 10.0 7.6 
29 -53 -49.2 88.1 83.5 5.9 5.6 4.6 7.9 4.o 2.6 3.9 10.0 9.3 
30 -55* -50.2 89.3 84.6 7.7 5.6 4.7 7.6 4.o 2.3 2.1 10.0 7.2 

31 -55* -49.4 88.6 83.7 8.4 5.6 4.9 7.8 4.o 2.3 2.1 10.0 7.3 
32 -55* -49.7 88.8 84.o 8.4 5.6 4.8 7.6 4.o 3.3 2.9 10.0 8.3 
33 -55* -50.8 89.9 85.3 7.1 5.6 4.6 5.8 4.o l.4 1.3 10.0 6.5 
34 -55* -51.1 89.8 85.6 7.2 5.6 4.2 7.7 4.o l.3 l.3 10.0 6.8 
35 -55* -50.9 90.0 85.4 7.0 5.6 4.6 7.2 4.o 8.1 l.7 10.0 6.8 

36 -50* -50.2 87.4 84.6 8.6 5.6 2.8 5.3 4.0 2.1 l.3 10.0 6.5 
37 -49* -51.4 90.3 85.9 5.7 5.6 4.4 7.4 4.o 1.3 2.8 10.0 6.3 
38 -50* -50.2 89.4 84.6 6.6 5.6 4.8 7.4 4.0 l.9 l.3 10.0 7.7 
39 -52* -48.7 89.0 83.0 7.0 5.6 6.o 10.5 4.o 4.2 3.0 10.0 8.4 
40 -54* -47.5 87.8 81.5 8.2 5.6 6.3 10.8 4.0 4.2 3.7 10.0 9.8 

41 -55 -49.2 90.4 83.5 9.6 5.6 6.9 17.0 4.o 4.o 6.1 10.0 10.5 
42 -49.4 91.2 83.7 8.8 7.5 16.4 3.6 2.8 
43 -49.4 92.1 .83.7 8.1 8.4 24.2 3.2 4.1 
44 -47.2 88.3 81.2 ll.7 7.1 14.7 5.0 3.9 
45 -48.l 91.0 82.3 9.2 8.7 24.9 4.3 8.3 

46 -46.6 89.1 8o.5 l0.9 8.6 20.7 3,9 ll.6 
47 -47.2 89.9 81.2 10.l 8.7 21.7 4.o 5.1 
48 -46.3 87.6 8o.3 12.4 7.3 13.0 2.4 4.8 
49 -45.9 88.3 79.8 10.6 8.5 23.7 3.0 5.5 
50 -44.o 89.1 77-6 10.0 11.5 25.0 2.2 l.9 

51 -42.5 89.6 76.0 9.6 13.6 30.8 2.3 2.8 
52 -42.1 88.1 75.5 ll.9 12.6 18.1 l.2 l.2 
53 -42.l 87.8 75.6 12.2 12.2 20.3 l.8 8.2 
54 -42.6 89.2 76.1 10.8 13.l 21.8 l.9 3.2 
55 -52* -46.1 87.4 80.o 14.4 5.6 7.4 16.6 4.0 3.6 2.2 10.0 10.0 

56 -51* -48.9 88.1 83.1 11.9 5.6 5.0 16.8 4.o 3.6 2.2 10.0 7.0 
57 -51* -51.1 92.8 85.6 6.2 5.6 7.2 14.6 4.0 7.0 3.0 10.0 13.4 
58 -50* -54.o 95.1 88.9 l.7 5.6 6.2 12.3 4.o 3.3 2.4 10.0 9.1 
59 -50 -54.6 93.8 89.5 1.3 5.6 4.3 8.4 4.o 2.6 7.0 10.0 6.0 
6o -50 -52.4 90.9 87.0 4.1 5.6 3,9 6.4 4.0 3.1 4.o 10.0 6.7 

61 -50 -52.2 91.3 86.9 3.7 5.6 4.4 5.8 4.0 3.8 3.8 10.0 7.2 
62 -50 -49.7 87.9 84.o 7.1 5.6 3.9 5.8 4.o 6.3 4.2 10.0 8.7 
63 -50 -49.0 87.4 83.2 7.6 5.6 4.2 10.0 4.0 3.0 l.9 10.0 7.2 
64 -50* -46.9 86.o 80.9 10.0 5.6 5.1 13·3 4.0 1.8 2.6 10.0 7.5 
65 -50* -46.7 85.2 Bo.6 11.8 5.6 4.6 9.0 4.0 3.1 7.9 10.0 6.7 

(Continued) 
* Revised estimated top of sand as of 1 February 1951. 



Table 15 (Cont'd) 

Avg Penetration Max. Variation or Allowance tor Pene-
Average Avg Avg Pile Length into Sand Top ot Sand troa tration in Sand and 

Top or Sand Pile Length ot ft Aver!&! 1 rt Variability 1n Top 
m:ll Length in Clay Cutoff Avg Avg Observed ot Band 1 rt 

~ ~ Obs. _!L _f_t_ _!L Eat. ~ ~ ~ - + ..!!1!... Opt. <lla. -
66 -50* .50.1 88.o 84.5 10.0 5.6 3.5 5.0 4.0 5.2 4.1 10.0 7.6 
67 -50* .53.9 90.9 88.6 7.1 5.6 2.3 4.2 4.o 5.6 2.6 10.0 3.8 
68 -50* -51.5 89.0 86.1 B.o 5.6 2.9 5.9 4.0 4.9 4.3 10.0 6.2 
69 -50 -51.1 89.1 85.7 5.9 5.6 3.4 7.2 4.0 3.3 3.6 10.0 5.2 
70 -50 -54.1 90.2 88.9 4.8 5.6 1.3 1.5 4.0 0.5 0.9 10.0 2.5 

71 -50 -52.4 88.7 87.1 6.3 5.6 1.6 2.0 4.0 1.6 1.7 10.0 3.8 
72 -50 -48.8 85.5 83.0 9.5 5.6 2.5 4.5 4.0 0.9 1.9 10.0 4.6 
73 -49* -49.0 84.9 83.1 11.1 5.6 1.8 3.0 4.o o.8 1.2 10.0 3.6 
74 -48* -47.9 85.1 82.0 11.9 5.6 3.1 5.9 4.o 3.0 1.9 10.0 4.8 
75 -47* -49.0 85.2 83.2 11.8 5.6 2.0 3.9 4.o 1°7 1.3 10.0 3.9 

76 -48* -46.9 83.0 Bo.8 14.o 5.6 2.2 4.5 4.0 1-2 1.5 10.0 4.7 
77 -49* -47.0 83.9 81.1 13.1 5.6 2.8 3.0 4.0 1°3 0.9 10.0 4.6 
78 -50* -46.8 85.6 Bo.8 11.4 5.6 4.8 5.0 4.0 1.1 o.8 10.0 5.9 
79 -50* -49.1 86.6 83.4 10.4 5.6 3.2 5.6 4.o 3.0 2.3 10.0 4.5 
8o -50* -50.0 86.6 84.4 10.4 5.6 2.2 3.2 4.o l.O o.6 10.0 3.2 

81 -50* -49.9 86.o 84.3 11.0 5.6 1.7 2.3 4.0 0.9 0.5 10.0 2.9 
82 -50* -49.7 85.6 84.o 11.3 5.6 1.6 2.2 4.o 2.2 1.2 10.0 2.6 
83 -50* -49.5 85.3 83.8 l0.5 5.6 1.5 2.2 4.o 1.3 1.4 10.0 3.5 
84 -50* -49.5 85.4 83.8 10.6 5.6 1.6 1.9 4.o 1°7 0.9 10.0 2.8 
85 -50* -48.5 84.1 82.7 11.9 5.6 1.4 2.6 4.o 1°7 1.3 10.0 2.9 

86 -49 -46.8 82.8 Bo.B 10.2 5.6 2.0 3.0 4.0 1.4 2.2 10.0 3.8 
87 -47 -45.2 Bo.9 79.0 10.1 5.6 1.9 3•7 4.o 1.3 2.3 10.0 4.7 
88 -45 -44.1 79.3 77.7 9.8 5.6 1.6 5.1 4.o 1.4 l.l 10.0 3.8 
89 -46 -44.o 79.4 77-7 10.6 5.6 1.7 2.9 4.o 0.5 o.6 10.0 3.2 
90 -46 -43.9 78.7 77-5 7.3 5.6 1.2 2.0 4.o o.4 0.5 10.0 2.3 

91 -47 -43.9 79.0 77-5 8.o 5.6 1.5 2.4 4.0 o.4 o.6 10.0 2.7 
92 -48 -44.3 79.6 78.0 8.4 5.6 1.6 4.2 4.o o.6 2.4 10.0 3.9 
93 -48 -44.5 79.9 78.3 8.1 5.6 1.6 3.7 4.0 1.3 o.6 10.0 3.7 
94 -49 -45.6 81.5 79.4 7.5 5.6 2.1 3.8 4.o o.6 0.7 10.0 3.0 
95 -50 -48.2 84.4 82.4 6.6 5.6 2.0 3.7 4.0 2.9 l.4 10.0 3.6 

96 -51 -48.9 85.1 83.1 6.9 5.6 2.0 5.0 4.o 1.3 2.2 10.0 4.8 
97 -51 -49.0 85.0 83.2 7.0 5.6 1.8 2.6 4.o 1.0 1.2 10.0 2.6 
98 ·52 -49.5 85.8 83.9 9.2 5.6 1.9 5.0 6.o 0.7 0.7 12.3 3.3 
99 -56 -54.6 94.2 89.5 5.1 5.6 4.7 25.0 6.o 5.1 13.6 12.3 1.5 

100 -6o .59.5 97.5 95.0 6.4 5.6 2.5 12.6 6.o 3.4 6.9 12.3 2.2 

101 -63 -6o.9 99.6 96.5 7.4 5.6 3.1 6.1 6.o 1°3 1.5 12.3 6.8 
102 -63 -61.5 99.2 97.3 7.7 5.6 1.9 4.1 6.o 3.5 4.7 12.3 7.2 
103 -62 -56.5 94.7 91.6 11.3 5.6 3.1 12.0 6.o 7.7 3.3 12.3 5.8 
104 -65 -56.1 96.1 91.2 13.6 5.6 4.9 15-7 6.o 9.6 9.7 12.3 u.9 
105 -60* -51.6 90.4 86.2 16.2 5.6 4.2 10.9 6.o 6.1 1.0 12.3 12.4 

lo6 -56* -47.6 85.5 81.7 13-5 5.6 3.8 6.9 6.o 2.3 9.1 12.3 6.5 
107 -52* -46.6 84.3 Bo.6 12.7 5.6 3.7 10.4 6.o 2.3 2.9 12.3 7.1 
loB ·52* -47.5 84.4 81.6 12.6 5.6 2.8 5.3 6.o 1.6 4.2 12.3 5.2 
109 ·53* -48.8 86.7 83.0 l0.3 5.6 3.7 5.7 6.o 3.1 5.9 12.3 4.o 
110 -53* .52.9 91.4 87.6 8.9 5.6 3.8 5.0 6.o 6.1 7.8 12.3 13.7 

ill -52.9 94.1 87.6 15.6 6.5 15-9 6.3 9.9 
112 .52.5 91.7 87.1 18.3 4.6 11.3 6.0 5.4 
113 .53.3 92.7 88.1 17.3 4.6 10.8 7.8 4.2 
114 -55·9 96.1 90.9 13.9 5.2 13-7 8.2 3.9 
115 .55.5 98.2 90.5 11.8 7.7 17.5 6.9 6.4 

U6 -53.8 93.3 88.6 16.7 4.7 17.7 5.6 8.9 
117 -50.2 90.0 84.6 20.0 5.4 16.6 10.l 10.2 
118 -48.2 86.6 82.3 23.4 4.3 9.5 4.7 3.4 
119 -52.5 90.3 87.2 6.7 5.6 3.1 5.3 4.o 5.1 4.2 10.0 6.6 
120 -51.4 89.1 85.9 10.3 5.6 3.2 8.7 4.0 2.4 4.7 10.0 6.1 

121 -56* -50.4 87.9 84.8 11.6 5.6 3.1 10.l 4.0 2.2 6.o 10.0 7.9 
122 ·53* -49.0 85.5 83.2 9.5 5.6 2.3 5.0 4.0 1.6 1.8 10.0 5.7 
123 -50 -48.1 84.5 82.2 6.5 5.6 2.3 5.0 4.o 2.4 1.3 10.0 3.9 
124 -51 -49.6 87.8 83.9 4.2 5.6 3.9 7.0 4.o 1.4 2.6 10.0 6.5 
125 -51 -51.4 88.2 85.9 3.8 5.6 2.3 5.0 4.0 2.5 1.3 10.0 4.7 

126 -52 .51.6 88.o 86.1 5.0 5.6 1.9 3.5 4.o 1°3 1.1 10.0 3.2 

* Revised estimated top of sand as ot 1 February 1951· 



summary of the maximum, minimum, and average top of sand, penetration of 

piles into sand, variation in top of sand, and optimum allowance for pen

etration into and variation in top of sand is given in table 16, page 99. 

133. Variation in top of sand. A study of the logs of borings 

shown in fig. 43 and of other borings made adjacent to the center line 

of the structure showed considerable and inconsistent variation in the 

top of the bearing sand. Variations of z4 ft (z4.4 ft on batter) from 

the average for any pier were noted, except for piers 98-110 where a 

variation o:r-±_6 ft (.:t6.7 ft on batter) was found (see table 15). It was 

decided to cast all the piles at any one pier as long as the greatest 

estimated required length for that pier since cost studies showed this 

procedure to be less expensive than that of casting the piles shorter 

and then splicing some of them. 

134. Penetration into sand. Analysis of the driving records of 

the test piles indicated that the piles penetrated on the average 4.3 ft 

into bearing sand. A value of 5 ft (5.6 ft on batter) was selected as 

the average penetration into sand for design purposes. This penetration 

was required unless the driving resistance exceeded 325 blows per ft 

(with a 32,500-ft-lb hammer) before a 5-ft penetration was obtained. 

135. Pile lengths. The lowest estimated pile tip elevation, ex

cept in the few reaches where clay was encountered below the top of sand, 

was determined by subtracting 5 ft from the estimated average top of 

sand for penetration of the piles into sand and then subtracting an ad

ditional 4 or 6 ft to allow for variation in the top of the sand. The 

design elevation of the pile tips thus obtained is shown by the short

dashed line in fig. 43. The length of pile to be cast for any one pier 

was determined by computing the distance on a 2-on-l batter from the 

cutoff elevation to the design tip elevation and adding 2.5 ft for re

inforcement extension. After some of the first piles were driven an 

analysis of the driving data indicated that the actual top of sand was 

somewhat higher than originally predicted; therefore in January 1951 the 

estimated average top of sand and design elevation of the pile tips were 

raised some as shown by the dash-dot lines in fig. 43. 

136. Where the piles were to be overdriven in an attempt to 
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Table 16 

Summary of Pile Lengths, Penetration into Sand, 
and Variation in Top of Sand 

Pile lengths 

Average pile length 
Maximum pile length . 

Top of sand 

Average elevation of the average top of sand at all piers 
Highest elevation of average top of sand at any pier 
Highest elevation of top of sand at any pile 
Lowest elevation of average top of sand at any pier • 
Lowest elevation of top of sand at any pile . • • 
Maximum difference in elevation of top of sand at the 

same pier (117) · · · .....• · · · · · · · 
Maximum difference in elevation of average top of sand 

between any piers . • • . • • • • • • • . • • • • • • • 
Maximum difference in elevation of top of sand between 

any piles . . . . . . . . · . · . . · · . . . . . . . . 

Pile penetration into sand 

Average penetration of piles into sand: 
Nonoverdrive piers . . . . • . 
Overdrive piers . . . • . . • . 

Maximum penetration of any pile into sand: 
Nonoverdrive piers • • • . 
Overdrive piers • . . . • • • . • . • . . 

Variation in top of sand 

Average "minus" variation in top of sand: 

. . . . . 

Nonoverdrive piers • • • • • 
Overdrive piers . . • • • • • • 

Average "plus" variation in top of sand: 
Nonoverdrive piers • • • . 
Overdrive piers • . • . • • • • • 

Maximum "minus" variation in top of sand at any pier: 
Nonoverdri ve piers • . . . . . . • • . • • • • • • 
Overdrive piers • • • • • . • . • . • • • • • • • • • • 

Maximum "plus" variation in top of sand at any pier: 
Nonoverdrive piers • • • • . • • • • • • • 
Overdrive piers . • • • • • . • . • . • • • • • • 

Optimum allowance for penetration into 
sand and variation in top of sand 

Average computed optimum allowance for penetration into 
sand and variation in top of sand for nonoverdrive piers 

99 

86.1 ft 
110.0 ft 

-47.7 ft 
-36. 5 ft 
-31.1 ft 
-61. 5 ft 
-68.1 ft 

20.3 ft 

25.0 ft 

37.0 ft 

3.4 ft 
7.7 ft 

25.0 ft 
30.8 ft 

-3.2 ft 
-5.3 ft 

+3.1 ft 
+5.3 ft 

-13.6 ft 
-ll.6 ft 

+13.6 ft 
+11.6 ft 

6.3 ft 
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penetrate through clay strata below the top of the sand (see fig. 43), 

the length of piles was computed on the assumption that they could be 

driven through the clay strata within the sand and would penetrate 5 ft 

vertically into the underlying sand. An addition of 2 ft was also ma.de 

for variation in the top of the bearing sand. 

137. The piles were driven to refusal along these reaches if the 

tips of the piles were above compressible strata. Driving resistances 

considered refusal for 20-in. concrete piles were approximately 500 

blows per ft for octagonal piles and 550 blows for square piles. A re

view· of -available information _on .bard rlr.iving ar piles indicated that 

the piles could sustain this amount of driving without damage. 

Comparison of estimated and 
observed top of sand, pile 
penetration, and pile length 

138. A numerical comparison of estimated and observed values of 

top of sand, variation in top of sand, penetration into sand, and allow

ance for variation and penetration into sand for groups of piers where 

piles were not overdriven is given in table 17. The average lengths of 

piles in these groups are also shown in this table. 

139. Top of sand. The estimated and observed average elevations 

of the top of sand at each pier are listed in table 15 and are plotted 

in fig. 43. The observed average top of sand as indicated by a driving 

rate of 66 blows per ft varies from 4.6 ft below the estimated top of 

sand to 8.9 ft above, with an average of 2.1 ft above (see table 15 and 

item 2, table 17). Inspection of fig. 43 and table 18 discloses that 

the observed average top of sand has a closer correlation to the top of 

sand indicated by classification of samples from the borings than by the 

split-spoon driving resistances. It is possible that the small split

spoon sampler was more sensitive to local variations in the silty and 

fine sand at the top of the over-all sand stratum than were the 20-in. 

piles. However, in view of the large variations in the top of the sand 
" 

discussed in the next paragraph, it is felt that the predicted average 

elevations agreed in a satisfactory manner with the observed average 

sand elevations. 



Table 17 

Com:parison of Estimated and Observed Values of Top of Sand, Variation 
in Top of Sand, Penetration into Sand, Allowance for Variation Plus 

Penetration into Sand, and Length of Piles for Groups 
of Piers where Piles Were Not Overdriven 

Top of Sand 

Difference in observed 
and original estimate in 
ft (vertical) 

Difference in observed 
and revised estimate in 
ft (vertical) 

Design allowance for varia
tion in top of sand, ft 
(vertical) 

Observed variation, ft 
(vertical) 

Penetration into Sand 

Observed, ft (slant) 

Allowance for Variation Plus 
Penetration into Sand 

Design allowance, ft (slant) 

Optimum allowance, ft (slant) 

Pile Lengths 

Original design, ft (slant) 

Length driven, ft (slant) 

Revised design length, ft 
(slant) 

Optimum length, ft (slant) 

Piers 
4-41 

4.6 

3.2 

+4 

+3.6 
-3.7 

4.2 

Piers Piers 
55-97 98-110 

2.1 

o.6 

+4 

+2.3 
-2.2 

4.8 

4.o 

+6 

+4.1 
-5-5 

3.4 

10.0 10.0 12.3 

6.7 7.6 5.0 

93.2 95.2 105.9 

82.2 85.8 91.5 

89.8 94.4 102.1 

85.7 87.2 94.9 

Piers All non-
119-126 overdrive 

2.8 

2.2 

+4 

+2.4 
-2.9 

2.8 

10.0 

5.6 

95.8 

9().5 

3.4 

2.1 

+3.0 
-3.2 

6.3 

96.1 

85.3 

93.8 

87.9 

Note: Values shown are based on averages for piers indicated. 
Design penetration into sand 5 ft on vertical, 5.6 ft on slant. 
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Table 18 
Difference in Top of Sand As Indicated by Sample Classification, 

Split-spoon Driving Data, and Pile Driving Data 

Pile Driving 
Pile Driving Data Data vs 
vs Sample Classi- Split-spoon 

Average for Pier Group 

South abut. - 3 

Sample Classifi
cation vs Split

spoon Driving 
Data 

+LO 
+4.5 
+9·3 
+2.7 
+3.2 
+4.5 
+2.2 

fication Driving Data 

-Ll -0.2 
+3°3 
+9·9 
+1.9 
+4.7 
+5·9 
+3·5 
+4.2 

4 - 41 
42 - 54 
55 - 97 

_98 - 110 
111 - 118 
119 - north abut. 

All piers +3·9 

-o.8 
-o.4 
-1.5 
+1.2 
+l.4 
+1.3 
o.o 

Note: + Top method showed top of sand higher than indicated by bottom 
method. 

Top method showed top of sand lower than indicated by bottom 
method. 

140. Variation in top of sand. In the original analysis it was 

estimated that variation in the top of sand might be ±4 ft with the ex

ception of piers 98 through 110 where a value of +6 ft was indicated. 

The observed maximum variations of the top of sand from the average top 

of sand at each pier are listed in table 15. The "minus" values in

dicate elevations lower than the average top of sand elevation at that 

pier and the "plus" values indicate higher elevations. The average 

variation for the nonoverdrive reaches except for piers 98 through 110 
was -2.9 and +2.8 ft. The average variation for piers 98 through 110 
was -5.5 and +4.9 ft. These figures check closely the estimated values 

of ±4 ft and :!f; ft, respectively. The average variation for the over

drive reaches was -5·3 and +5.3 ft. 

141. The greatest total variation in the elevation of the top of 

the sand at any one pier was 20.3 ft at pier 117 between piles 14 and 26 
which are only about 8 ft apart. Total variations of about 19 ft were 

observed also at piers ~5, 99, and 194. The maximum difference in eleva

tion of the top of sand along the structure was 37 ft between pile 16 in 

pier 14, and pile 5 in pier 99. The maximum difference in elevation of 

the average top of sand was 25 ft and occurred between piers 1 and 102. 
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142. Penetration into sand. The test piles penetrated an average 

of 4.3 ft into the sand so an allowance of 5 ft vertically was made in 

computing the length of pile to be cast. This amounts to 5.6 ft of actual 

pile length due to the batter. In actuality, the piles in the nonover

drive reaches had an average penetration into the sand of 3.4 ft. The 

penetrations ranged from o.8 to 25.0 ft. The average estimated and ob

served penetrations into sand, together with the maximum observed pene

trations, are listed for each pier in table 15. The top of sand, as in

dicated by each pile, and the final pile tip elevations are shown for 

selected piers in figs. 44-49. These figures show gra~hicall~ the mag:

nitude of variations in driving into sand at individual piers. The mini

mum, average, and maximum penetrations into sand at each pier are plotted 

in fig. 50. 
143. Pile lengths. The average lengths of the piles driven at 

each pier under the weir, together with the average length of cutoff, 

are tabulated in table 15. The average length of pile cutoff for piers 

in nonoverdrive reaches was 8.5 ft. Cost studies, subsequently discussed, 

showed that, in general, it was more economical to overestimate the 

lengths of the piles by 3.7 ft than to underestimate the lengths by 1.0 
ft. 

144. Inasmuch as the piles in the overdrive reaches in general did 

not penetrate to the originally estimated depths, the design lengths . 
were on the average 12.9 ft longer than the actually-driven lengths. 

Even though it was evident early in construction that the estimated 

lengths were too long, it was decided not to shorten the casting lengths, 

as the driving in the overdrive reaches varied widely. 

Economic considerations 
regarding pile lengths 

145. In the original estimate of required pile lengths, 10 ft of 

pile was added to the length represented by the depth to the average top 

of sand, to provide for variatlon in the top of sand plus penetration 

into the sand for piers 4 through 41, 55 through 97, and 119 through 

126, and 12.3 ft for piers 98 through 110. Cost analyses based on esti

mated bid prices and the assumption that tne pile lengths for any one 
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pier would vary uniformly from the shortest to the longest pile indicated 

the most economical pile length for a given pier to be the longest pile 

expected for that pier. By using actual contract unit prices and the 

lengths of piles as driven, it was possible to compute what would have 

been the most economical length of pile to cast for each pier. The cost 

of the piles at any pier below the average top of sand at that pier was 

computed for various allowances for variation in the top of sand plus 

penetration of pile below the average top of sand by the equation: 

-where 

C = (5.50) • 27 • X + 113 Ns + (5.50) LS 

C = cost of piles .below .average top of sand in dollars 

X = assumed allowance for variation of top of sand plus 
penetration into sand in feet 

N = number of piles that would have been spliced if length 
s of piles cast had been based on X 

LS = total length of splices required if lengths of piles 
cast were based on X 

$5.50 =contract price for casting 1 ft of pile 

27 = number of piles per pier 

$113.00 = contract price for one splice 

Different lengths of the various piles below the average top of sand at 

each pier were assumed as X and the values of Ns and .ES were de

termined from the pile-driving data. Plots of C versus X , such as 

shown in fig. 51, were made for each pier. The optimum allowance in 

pile length for variation plus penetration below the average top of sand 

at any pier is the length X that would give a minimum cost. These 

values are listed in table 14 and are plotted on fig. 50. Intersection 

of the plotted data with the s~raight line shown on fig. 51 represents 

the allowance for penetration into sand and variation in top of sand 

which would eliminate need for splicing any piles. The optimum elevation 

of the pile tips at each pier is indicated on fig. 43. 
146. The original estimate that the most economical length of pile 

at any pier would be that of the longest one required for that pier was 
' 

largely borne out by computation of the optimum lengths. At almost two-

thirds of the nonoverdrive piers the longest pile driven was also indi

cated to be the optimum length. Over half of the other nonoverdrive piers 
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showed an optimum length 

equal to the second long

est pile at a computed 

cost, c, very little dif

ferent from that of the 

longest pile. 

147. The apparent 

discrepancy on fig. 50 of 

computed optimum allowance 

being greater than the 

maximum penetration into 

sand1 as indicated at sev

eral piers, can be readily 

explai?ed. This graph 

does not take into account 

the variation in the top of 

sand at the pier. As a 

rule, at those piers where 

ASSUMED ALLOWANCE FOR PENETRATION INTO SANO 
PLUS VARIATION IN TOP OF SAND, X, IN FEET 

NOT£: 
c = COST PER PIER or PILES &EL.OW AVERAGE TOP 

C:1F SAND IN OOL.LAR$=141.SXtll3Ns+S.S:ls. 
)( 11 ASSUMED ALLOWANCE FOR PENETRATION INTO 

SAND PLUS VARlATION IN TOP OF SAND IN f'EET. 

Na• NUMBER O' SPLICES REQUIRED P[R PIER IF 
U:NCTH OF PILES CAST wt'.RE llASED ON X. 

Z.1._ 'TO-'?AL.~ UNGTif- IY- !PLtC!-S--R!QU~"EO---ltr--UNCtH- -
OF PILES CAST WERE llASED ON X. 

ll3 

Fig. 51. Computation of optimum allow
ance for penetration into sand plus 

variation in top of sand 

optimum allowance is more than maximum penetration, the difference in the 

two values is the variation of top of sand indicated by the pile with the 

maximum penetration from the average top of sand at tha~ pier. 

148. Statistical analyses of individual and cumulative percentages 

of piers with different averages of pile penetration into sand, and op

timum allowance for penetration into sand plus variation in top of sand, 

are plotted on figs. 52 and 53, page 114. 

149. The average optimum allowance for penetration into sand pl~s 

variation in top of sand at the various piers as computed from observed 

data was 6.3 ft. This value is less than the original design allowance 

of 10 ft. A study of the data presented in fig. 51 and similar data for •• other piers showed that it was more economical to cast the piles 3 to 5 

ft too long than to cast them 1 ft too short. If pier 78 is taken for 

example, it can be seen from fig. 51 that the optimum allowance for 

penetration into sand plus variation in the assumed sand elevation is 

5,9 ft, the minimum cost point on the cost curve for pier 78. Had the 
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piles required at any individual 

pier or group of piers in the area 

of the Morganza Floodway. This is 

further illustrated by experience 

gained in driving piles for the 

trestle of the Texas and Pacific 

Railroad high-level crossing on 

•• 

the Morganza Floodway from McNeilly 

to Red Cross, La. Here the con

tractor attempted to determine the 

required pile length at each bend 

of the trestle by driving a test 

pile before placing his order for 

piling. Although this procedure 

is considered the best method for 

allowance for penetration been 4.9 
ft, or 1 ft too short, it can be 

seen that the cost of the piles 

would have been the same as the 

cost of having cast the piles 6 ft 

too long. 

150. The data previously pre

sented show that variation in the 

top of sand and penetration tnto 

sand at any one pier makes it prac

tically impossible to determine 

precisely the correct length of 
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determining required pile lengths, the contractor missed the required 

pile lengths by as much as 25 ft at some bents. 
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151. As the original estimates were intended to be conservative 

and to keep the number of splices to a minimum, it is believed that the 

methods of analysis used in forecasting the required lengths of piles 

for the nonoverdrive reaches were quite accurate and resulted in nearly 

the most economical pile lengths with a minimum of splicing. 

Overdriving of piles 

152. In general, the overdriving of the piles was not too success

ful in securing penetration of the pile tips to depths originally desig

nated "bearing sand." Fig. 43 shows that the average elevation of the 

pile tips at the various piers is 2 to 10 ft above the originally esti-

rna ted "top of bearing sand." However, at each pier one or more of the 

piles did succeed in penetrating the strata with low driving resistance 

so that the tips were in '~bearing sand. 11 Study of the detai1ed- driving 

records showed that overdriving did cause about one-third of the piles 

in the overdrive reaches to pass through highly resistant sand into and 

through material having a resistance of less than 18 blows per 0.1 ft. 

The driving records shown for piles 13 (pier 2) and 11 {pier 47) on 

fig. 54 and for pile 11 (pier 114) on fig. 55 are typical. The rate of 

18 blows per tenth of a foot was the absolute minimum resistance required 

by the specifications at completion of driving. It is believed that the 

low-resistance material in the sand penetrated by about half of the above

mentioned one-third of the piles was clay as the driving resistances 

dropped to less than 10 blows per tenth of a foot {see driving record of 

pile 3 in pier 47 on fig. 54, and pile 4 in pier 54 on fig. 55). The 

driving resistance in the principal upper clay stratum was less than 6 
blows per tenth of a foot. Most of the piles penetrating sand continued 

to build up resistance to driving as indicated by pile 6 in pier 2 as 

shown in fig. 54. A large number of piles, particularly at piers 42 

through 54, had driving resistances similar to those shown for pile 4 
under pier 54, and pile 4 under pier 114 in fig. 55. These piles went 

through a considerable depth of material having a driving resistance of 

sufficient value to be considered '1sand" but lower than the minimum 
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required by the specifications before reaching the required resistance. 

As the compressible strata in the upper part of the sand are probably 

discontinuous and intermittent, it may be that overdriving caused the 

majority of the piles to penetrate through most of the lenses and strata 

of compressible material which otherwise would have been below the pile 

tips. 

Pile Driving 

l53. The piles were driven with two Universal pile drivers with 

136-ft leads which could be set for vertical driving or in-and-out batter 

driving. The hammers were Vulcan No. 0 modified with a 10,000-lb ram to 

deliver 32,500 ft-lb of energy per blow. The hammers were of the single

acting type. One of the pile driving rigs and a portion of the pile 

foundation are shown in fig. 56. Two rigs were used, and both started 

Fig. 56. Excavation and precast concrete piling for 
control structure. (Note batter of piles) 
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at approximately the center of the structure and worked toward opposite 

ends so as to permit the maximum amount of consolidation beneath the 

preload fills at the ends of the structure where it joins the highway 

and railroad embankment. 

154. With the size of hammer used, the top of the sand was con

sidered to be reached when the driving resistance became 7 blows per 

0.1 ft. The resistance at completion of driving was required to be 18 

blows per 0.1 ft and this resistance was considered satisfactory only 

if the pile had penetrated at least 5 ft into sand. The engineers on 

the project were instructed to consider as satisfactory an average 

driving rate of 18 blows or more per 0.1 ft for a distance of 0.3 ft 

provided there was no decrease in the resistance to driving. A minimum 

driving rate of 32 blows per 0.1 ft for piles not penetrating 5 ft into 

the sand was established. The driving resistances originally established 

as nrefusaln for piles to be overdriven were 5U oiows per o-.r ft for 

octagonal piles and 55 blows per O.l ft for square piles. This rate was 

increased later by the resident engineer at the site. 

155. The usual driving procedure at each pier was to start driving 

at the downstream end of the center row and work to the upstream end. 

The outer rows were driven next from the upstream to the downstream end. 

This procedure resulted in a minimum of tightening up of the foundation 

and permitted expansion in the subsoil without undue displacement of the 

piles previously driven. It was originally estimated that there would 

be 3 to 4 ft of heave of the ground surface in the vicinity of the piers 

as a result of driving the piles, actually only about 1.0 ft of heave 

occurred. 

156. The piles sank approximately 16 to 20 ft into the ground 

under the combined weight of the pile and hammer, approximately 17 tons. 

The driving resistance through the clay built up gradually such that the 

driving rate in the 10 ft above the sand was normally about 2 blows per 

0.1 ft. The resistances increased sharply from low values in clay to 

high values in the sand within 1 to 2 ft. After the pile had penetrated 

into sand the driving rate was measured for each 0.1-ft penetration. 

Driving resistances for selected piles at four piers in overdrive reaches 
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are shown in figs. 54 and 55. Most of the piles in the nonoverdrive 

reaches were driven to final resistances in excess of 32 blows per 0.1 

ft as they did not penetrate 5 ft into sand. 

157. Piles in the overdrive reaches were driven considerably harder 

than the originally stipulated "refusal" rate (50 to 55 blows per O.l ft) 

in an effort to drive the pile tips to elevations below the clay strata. 

This rate of driving selected as refusal was based on a study of records 

of hard driving of precast concrete piles on other projects. This study 

showed that reinf'orced concrete piles would not be damaged if the driving 

energy was restricted to less than 5000 ft-lb per inch penetration per 

square inch of pile area, if the driving is properly done. Some of the 

piles withstood driving energies up to 12,000 to 15,000 ft-lb per inch 

penetration per square inch of pile area without material damage to the 

pile head for a penetration of 0.3 ft. The concrete of which the piles 

were made had a test strength of at least 4000 psi. The heads of the 

piles were protected with pads consisting of 3 Celotex or cottonwood 

boards, each 7/8-in. thick. Very little, if any, apparent damage was 

done to the top of the pile for driving resistances up to 32 blows per 

0.1 ft of penetration. Some of the piles were driven as hard as 200 

blows per tenth of a foot for 0.3 ft and others as high as 400 blows for 

the last 0.1 ft without material damage. 

158. Driving the piles on the specified batter of 2 on 1 created 

no particular problem. The flatness of this batter, however, did cause 

some concern regarding drifting of the piles during driving and deflec

tion of the pile tip when it struck sand. As a check on this, a 5-in. 

ID steel pipe was cast in the center of three piles, to within 2 ft of 

the pile tip; these piles were subsequently driven as piles 3, 11, and 

13 of pier 44. The deflection of these piles was determined by a photo

graphic drift indicator which was lowered into the piles after completion 

of driving. 

159. Pile 3 was driven to a resistance of over 50 blows per 0.1 ft 

penetration; however, it penetrated only 2.2 ft into sand. Pile 11 was 

driven to a resistance of 64 blows per 0.1 ft penetration and penetrated 

7.1 ft into the sand. Pile 13 penetrated a total of 12.2 ft into sand 
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and driving was terminated when the resistance reached 32 blows per 0.1 

ft penetration. 

160. The drift of these piles and maximum bow as measured from a 

straight line from the top to the tip are tabulated below: 

Pile Drift in ft Maximum Bow in ft 

3 0.32 0.27 
11 1.92 0.52 
13 1.10 0.38 

A plot of the observed deflection of the above piles is shown in fig. 57. 

161. A computation of the stresses created in the concrete and re

inforcement steel by the deflection observed in pile 13 showed the fol

lowing maximum stresses in the steel and concrete: 
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Load on Pile 

None 
None 
100 ton 
100 ton 

Type of Pile 

Octagonal 
Square 
Octagonal 
Square 

Stress in psi 
Concrete Steel 

(Compression) (Tension) 

1290 18,Boo 
1440 24,ooo 
1265 2,56o 
148o 6,950 

Stresses considered allowable are 1560 psi for the concrete and 24,ooo 

(temporary) and 20,000 (permanent) psi for the steel reinforcement. It 

was estimated by design engineers of the Mississippi River Commission 

that after one year the stresses due to bending would only be one-third 

of the above computed values. Considering the fact that the deflection 

and stresses created in the piles were not excessive, the batter and 

driving procedure were considered satisfactory. However, a batter of 

2 on 1 is considered the flattest that should be used for similar foun

da. tion conditions -ancl -a.rtvtng. 

162. A portion of the complete pile foundation for the structure 

is shown in fig. 58. A rapid rate of driving the piles was achieved by 

the contractor, the Raymond Concrete Pile Co. The average driving rate 

in the nonoverdrive reaches was 7 piles per 8-hr shift. No trouble was 

experienced in handling either the 20-in., 100-ft-long or shorter octag

onal piles, or the 100-ft-long or longer square piles. The piles were 

supported at four points during handling. 

163. The split-spoon driving tests indicated a tendency for the 

driving resistance to be reduced by increased pore pressures created by 

high river stages in the adjacent Mississippi River. Accordingly, it 

was thought that the river stages might also have some effect on penetra

tion of the pi~es into sand. However, a plot of river stage vs average 

penetration into sand showed no definite relation, .and if the river 

stage had any effect on pile penetration it was masked by variations in 

the density of the sand at the different piers. 



Fig. 58. Pile foundation for control structure 



PART VII : ABU™ENTS 

164. Four approach spans carry the highway, railway, and crane 

track from the main embankment to the gated portion of the control struc

ture. The piers for the approach spans are supported on piles driven to 

sand. Details of the abutment are shown in fig. 59. The crown of the 

embankment ends at the abutment piers from which the embankment slopes 

downward to the end pier of the gated portion of the structure with the 

same slope as the side slopes of the embankment, except that the l-on-20 

berm on the side slopes is warped to a l-on-10 berm on the end slope. 

The 'Wing walls shown in fig. 59 act as retaining walls for about 8 ft of 

till and as hydraulic training walls for the control structure. 

Preloading of the Abutments 

165. Because of the weak and compressible foundation it was neces

sary to connect the embankments to the control structure so that detri

mental differential settlements would be avoided. 

166. Preliminary studies indicated that the large settlement ex

pected beneath the embankments would create a number of problems if the 

fill at the abutments was placed after completion of the structure. The 

three principal difficulties anticipated were: (a) control of under

seepage at the abutments; (b) deflection of batter piles beneath the 

abutment piers due to subsidence of the soils under the embankment load; 

and (c) maintenance of the finished embankment crown. It was therefore 

decided that the abutment areas would be preloaded so that a major por

tion of the troublesome settlement beneath the ends of the embankment 

would take place before the structure was constructed. 

167. This preloading was accomplished by constructing the ends of 

the embankments to the cross section shown on fig. 59 with the crown ex

tending to the end of the gated portion of the control structure. The 

end slopes of the embankments thus extended into the structure area. An 

effort was made to place the preload fills as early as possible during 

construction so that the foundation would be loaded for a maximum period 
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of time before the abutments were constructed. The preload fill for the 

south abutment was constructed in October 1949; however, it was not pos

sible to construct the preload fill for the north abutment until July 

1950 because of weather conditions and the high water content of borrow 

materials. As some of the preload fill was higher than the final grade 

of' end of' the embankment, it was anticipated that some parts of the over

loaded areas would reach settlements equal to those expected under the 

final embankment grade. At the end of the preloading period (just before 

driving the piles for the abutment piers) the fill in the structure area 

and above the final grade of the embankment was removed. The preload 

fills in the abutment areas were removed during the period April

September 1951, resulting in a total period of loading for the south 

abutment of 1-1/2 years, and for the north abutment of 1 year. Settle

ment of the preload fills at both 

abutments is plotted on fig. 60. 

This figure shows that 2.6 ft of 

settlement of the foundation at 

the south abutment was achieved 

before driving the piles for the 

abutment and approach piers; 2.4 

ft was obtained at the north 

abutment. 

168. Preloading the abut

ments reduced the tendency for the 

fill to pull away from the curtain 

wall. In addition, the possibil

ity of other cracks and voids 

opening up was largely eliminated, 

thus materially reducing the dan

ger of piping. Since most of the 

settlement of the foundation be

neath the abutment took piace be

fore the piles for the abutment 

piers were driven, it was thought 
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that little deflection of the batter piles due to settlement of the soil 

under the embankment load would occur. Also the problem of maintaining 

a transition from the nonsettling structure to the settling embankment 

vas materially reduced. 

169. In May 1951 the following analyses of the ex;pected settlements 

of the abutment piers were made. The data were based on settlement anal

yses made during 1950 and observations of settlement plates which bad 

been placed beneath the preload fills at both abutments. The data given 

below were considered applicable to both the north and south abutment 

piers for the structure. The following is a summary of the analyses made: 

(a) Ultimate settlement of clay stratum be
neath preload fill at abutment 

(b) Total settlement of clay stratum beneath 
final section of embankment at abutment 
pier 

(c) Settlement of clay stratum beneath abut
ment pier beneath preload fill by the 
time piles were driven 

(d) Settlement of clay stratum beneath abut
ment pier after the piles were driven 

(e) Total settlement of clay stratum beneath 
first approach pier for final embankment 
sect:fon 

(f) Settlement of clay stratum beneath first 
approach pier after piles are driven 

(g) Vertical settlement at mid-point of clay 
stratum at abutment of pier after piles 
are driven 

(h) Settlement of clay stratum beneath 
second and third approach piers after 
piles are driven 

(i) Total settlement of clay stratum beneath 
wing walls from about the center of wall 
to the end of wall 

3.8 ft 

4.o ft 

2.8 ft 

1.2 ft 

3.0 ft 

0.2 ft 

0.2 ft 

o.o ft 

0.2 to 0.5 ft 

170. The above data show that additional settlement would probably 

occur at the abutment, at the approach pier nearest the abutment, and at 

the intersection of the existing railroad with the upstream wing walls 

after the foundation piles were driven. Tb.is additional settlement 

would be due in part to the incomplete consolidation obtained under the 
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preload. fills and to the additional fill required to bring the embankment 

to final grade. AE. a result of the additional settlement of the fill, it 

was thought that there vould be some drag on the piles, vith some result

ing settlement, of the abutment and first approach pier and Ying wall. 

171. On the basis of the above data, it was decided that the piles 

beneath the abutment piers would be driven vertically and on a 20-on-l 

batter. Also, in order to prevent overloading of these piles as a re

sult of drag created in the foundation by settlement of overlying em

bankment fill, the number of piles was increased so that the maximum 

normal design load per pile would only be 50 tons for the abutment and 

92 tons for the first approach pier. It was also decided that the piles 

beneath the first approach piers would be driven on a steeper batter 

than the originally planned 2-on-l batter, namely 5 on 1, and would be 

overdriven so as to obtain the maximum possible bearing capacity. 

172. Originally it was planned to preload only the foundation for 

the abutment and approach piers. However, settlement analyses of the 

upstream wing wall at the south abutment at a point midway between the 

existing highway and railroad, and at a point on the center line of the 

existing railroad, indicated an ultimate settlement behind the wing 

walls at these points of about 0.9 ft due to the earth embankment. 

Therefore, it was decided to extend the preload fill between the exist

ing highway and railroad over the location of the wing walls. With this 

additional preload fill, it was estimated that if the fill were placed 

by 1 June 1950, practically all of the settlement at a point midway be

tween the existing highway and railroad would take place by 1 October 

1951, the estimated date for removal of the preload fill and driving the 

piles for walls. The preload fills were placed in October 1949 and 

July 1950. A settlement analysis at a point on the center line of the 

existing railroad indicated that 0.5 to 0.6 ft of settlement might take 

place at this point after the piles for the wing walls were driven. 

Therefore, these piles may be overloaded to some extent as a result of 

drag created by the settling foundation. The preload fills were also 

placed so as to cover the location of the downstream wing walls. AE. a 

result of the preload fill, it was estimated that little or no 
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settlement would occur under the downstream wing walls. The ad.di tional 

preload. fills for the wing walls corresponded approximately to the final 

sections of the embankment and approximately half of the fill remained 

in place as part of the final embankment. 

173. In order to determine the rate of settlement of the preload. 

fill at the wing walls, 6 settlement plates were installed at the loca

tions shown in table 19; locations of plates 8, 9, and 10 at the south 

abutment are sho'WD. on fig. 59. The settlement of these plates as ob

served just before the preload fill was removed and the piling driven is 

given in the following table. 

Table 19 

Settlement of Foundation beneath Preload Fill at Wing Walls 

PJ:ate Distance f'rom Settlement in ft 
No. Station Center Line RR in ft 4 May 1951 

8 680+10 245 east 0.22 
9 68ot40* 170 east o.48 

10 680+10 210 west 0.14 
11 720-+45 245 east 0.32 
12 720+20* 170 east 0.80 
13 720-+45 210 west 0.36 

* Fill was already in place at these locations, so the reference point 
was established by anchoring a 1-in. riser pipe in about 1 ft of con
crete placed in a 6- or 8-in. hole at the original ground surface. 

Reference hubs were also established on top of the preload. fill along 

the wing walls for the purpose of obtaining settlement data. However, 

these hubs were damaged during construction operations and no satisfac

tory data were obtained from them. 

Control of Underseepage 

174. The water barrier for the section between the main embankment 

and the end pier of the gated portion of the control structure is a 

vertical concrete curtain wall on the upstream side of the piers. The 

wall penetrates into the embankment and f Oundation to the depth shown 
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on fig. 59. The curtain wall was extended into the foundation under the 

two abutment spans adjacent to the gated opening to provide an ad.equate 

factor of safety against seepage around and under the wall. An addi

tional means of control of underseepage consisted of backfilling the 

riverside of the curtain wall with selected lean impervious soil. The 

backfill on the landside of the wall consists of a zone of sand overlain 

by 12 in. of gravel and 18 in. of riprap.to intercept and collect pos

sible underseepage. 
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PART VIII: UNDERSEEPAGE AND DRAINAGE SYSTEMS 

175. As the top stratum of clay has a very low permeability, the 

quantity of underseepage beneath the control structure should be small. 

However, without some means of pressure relief uplift pressures might 

develop in a sandy silt stratum between elev 9 and elev -1 and immediately 

beneath the base slab. As it was desirable from the standpoint of struc

tural design to keep uplift pressures at a minimum, a drainage system 

was designed to reduce uplift pressures beneath the structure. 

Description of Drainage System 

176. The drainage system consists of a 10-in.-thick sand drainage 

blanket beneath the structure, plus a line of relief wells to relieve 

excess hydrostatic pressures in the sandy silt stratum. Gradations of 

the filter materials used fell within the limits shown in fig. 61. De

tails of the drainage system are shown in fig. 62. The relief wells 

shown in fig. 62 consist of an 8-ft screen of 1-1/2 in. ID Norton porous 
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Fig. 61. Filter materials for control structure 
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tube surrounded with a filter of sand F, and a riser pipe of 1-1/2-in. 

ID polyethelene semirigid plastic pipe (Carlon B) surrounded with gravel 

B. A 10-ft-deep key was constructed along the upstream edge of the base 

slab for protection against scour and piping. 

177. The design of the well system was based on the assumption of 

a slightly pervious upstream topstratum (k • 2.5 x 10-8 cm per sec) 20 v 
ft thick extending to an infinite length, an impervious downstream top-

stratum, and the 10-ft semipervious sandy silt stratum with ~ • 
-8 1000 x 10 cm per sec. For these assumptions the effective length of 

the upstream blanket is 282 ft. With the well spacing used (31.25 ft) 

the well discharge was computed to be 0.04 gpm and the head midway be

tween the wells 1.3 ft for the project flood. Very little head loss 

should occur in the well with this low flow. For the purpose of drawing 

a flow net in the top clay strata, the pressure distribution in the 

pervious stratum under the structure was assumed to vary as if the up

stream topstratum were 282 ft in length and a net head of 1.5 ft existed 

in the line of wells. The flow net and hydrostatic uplift immediately 

beneath the base slab are plotted in fig. 63. The plotted hydrostatic 

uplift at the base of the structure is the maximum net uplift on the 

base of the structure. No data are yet available on hydrostatic uplift 

beneath the structure during high water. 

178. The relief wells were installed by driving a 10-in. casing, 

with a plate on the bottom, to the require~ depth, placing the screen 

and riser pipe, and then backfilling with sand and gravel as the casing 

was removed. The plate on the bottom of the temporary casing was re

movable and stayed in the bottom of the hole when the casing was with

drawn. The filter material around the screen and riser pipe was placed 

by means of a tremie to prevent segregation of the material. After the 

filter was placed to the required elevation the well was surged using 

compressed air and water. The surging was performed by placing an air 

hose and a water hose in the well between the casing and riser and 

discharging air ana water under pressure so as to cause flow of water 

through the filter and screen and up through the riser. Because of the 

low permeability of the sandy silt stratum in which the screens are 
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installed, it was impossible to obtain any flow of water from the wells. 

An attempt was ma.de to pump a few of the wells with a pitcher pump, but 

no water could be produced. The relief wells were installed as con

struction of the structure progressed between 15 November 1951 and 20 

December 1952. 

179. The decision to drive the casings for the relief wells with a 

plate on the bottom was made by field engineers. The hole should have 

been augered or fishtailed down to prevent smear along the outer periph

ery of the hole through the sandy silt stratum to be drained. Although 

very little flow was ever expected from the relief wells, the method 

used for advancing the hole for the wells may have significantly im

paired their efficiency. 

180. The only high water yet recorded against the structure oc

curred on 19 May 1953 when a heavy rain filled the approach to the struc

ture up to elev 34 .8, thereby creating a net head- or- 2-.~ f't on tlie well.a. 

At that time the forebay was not connected with the Mississippi River 

and water stood against the structure for a shortt ime only. No flow 

was observed from the wells nor was any expected for such conditions. 

(The levee between the Mississippi River and the control structure was 

still intact as of April 1954.) 

Piezometers 

181. The performance of the drainage blanket and relief wells be

neath the structure will be checked by piezometers, the locations of 

which are shown on figs. 39 (page 83) and 65. Five "A" piezometers, to 

measure the hydrostatic pressure midway between wells in the sandy silt 

stratum, were placed along the line of wells on about Boo-ft centers at 

stations 684+51, 692+01, 699+51, 707+01, and 714+51. 'l'hree deep "C" 

piezometers with screens in the deep, underlying sand were installed at 

piers 13, 63, and 109. The screens for the "C" piezometers were of brass 

and the riser pipe was of Carlon B plastic pipe. The risers for these 

piezometers extend up through the piers and are capped and referenced 

as are the other piezometers. The "A" piezometers were installed by 
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driving a 10-in. casing with a loose plate on the bottom, installing the 

piezometer point, filter and riser, and then withdrawing the casing. 

182. Five "B" piezometers were placed in the sand blanket midway 

between collector pipes 1 and 2 at the same stations as listed above for 

the "A" piezometers. These piezometers are illustrated in fig. 62. 

183. The screens for piezometers "A" and "B" were 12-in. lengths 

of 1-in.-ID coarse Norton porous tube. The tubes from the screen to 

the riser pipe consisted of 3/8-in.-ID Saran plastic tubing with 1/16-

in. wall thickness. The tubes from the "A" piezometers to the riser 

pipe were placed on a slope of about l on 10 to allow any air in the 

piezometers to escape. Riser pipes for the "A" piezometers consisted 

of 1/2-in. galvanized pipe, and risers for the "B" piezometers consisted 

of 1-in. galvanized pipe which was brought up in a pier at the downstream 

curb of the highway. 

184. None of the piezometers were observed while water was against 

the control structure. Piezometer readings obtained in January-April 

1954 are tabulated in fig. 39, and are plotted on fig. 64 together with 
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the stage of the Mississippi River opposite the structure. These read

ings only reflect the elevation of the water table in the sandy silt 

stratum and deep sands beneath the control structure on the dates of 

observation. From the data presently available it appears that the water 

table in the silt stratum beneath the structure is not affected by river 

stageb below the top bank of the river, whereas the hydrostatic pressure 

in the deep sands equals approximately the stage in the Mississippi River 

opposite the structure. 

Voids beneath Structure 

185. During design of the control structure some concern was ex

pressed regarding the possibility that the soil beneath the base slab 

of the structure might shrink or settle away from the structure and thus 

allow an open path for seepage. It appears on the basis of piezometer 

readings that the bottom of the base slab is at approximately the lowest 

summer ground-water level observed (see figs. 17, 18, and 62). In view 

of this and the added protection against drying out afforded by the 

presence of the structure, there appears to be no basis for believing 

that the soil could shrink away from the base of the structure through 

drying of the material beneath it. The possibility of the clay founda

tion settling, and thereby leaving an open space beneath the base of the 

structure, also was examined. The pile driving operations in this type 

material were not expected to cause very much, if any, subsequent con

solidation of the clay under its own weight, because the clay at the site 

is not sensitive and does not become more compressible when disturbed. 

Also, the clay beneath the structure is overconsolidated to a consider

able depth. For these reasons, there seemed to be no need for concern 

that the clay would consolidate and leave the bottom of the base slab. 

No construction is planned adjacent to either the upstream or downstream 

sides of the structure that could cause consolidation of the clay under 
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the structure. However, as a safety precaution against scour upstream 

of the structure and the possibility of piping beneath the structure, a 

concrete cutoff wall extending to a depth of 17.5 ft beneath the top of 

the riprap was constructed. In addition, grout pipes were installed in 

the weir extending down to a point immediately beneath the base of the 

structure (see fig. 65). 

186. Two lines of inspection holes 6 ft on centers were provided 

in the weir downstream from the gates to permit periodic inspection for 

settlement of the foundation away from the base of the concrete struc

ture. The inspection holes also will be used to check the effectiveness 

of grouting any voids that might develop beneath the base of the struc

ture. The upstream line of holes is located 10 ft downstream from the 

face of the weir. Each pair of inspection holes is on 187.5-ft centers 

between station 680+90 and station 718+40. Details of these inspection 

holes are shown on fig. 65. The holes were formed in tbe concrete with 

1-1/2-in.-ID black steel pipe. Settlement plates were installed in the 

foundation material 4 in. below the concrete directly under the inspec

tion holes. These plates are 12 in. square, of 1/2-in. bituminous

coated steel plate, with a 1/2-in.-diameter galvanized iron rod welded 

in the center of each plate. The iron rods extend up through the 1-1/2-

in. pipe and permit the taking of levels for determination of settlement. 

187. A check on these settlement rods in January 1954 showed ap

proximately 0.5 to 1.4 in. settlement of the earth immediately beneath 

the base of the structure (see figs. 39 and 42, pages 83 and 88). The 

average settlement was o.8 in. Settlement of the earth beneath the con

trol structure as plotted on fig. 42 is the average settlement of two 

settlement plates 6 ft apart and 4 in. below the bottom of the base slab. 

This settlement includes foundation settlement caused by weight of the 

4-ft base slab before concrete set in the monolith, settlement caused by 

weight of base slabs of adjacent monoliths subsequently poured, any re

consolidation of the foundation unner its own weight as a result of re

molding caused by pile driving, and possibly a certain portion of struc

ture settlement after the concrete in the base slab had set up around 

the pile heads. 
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188. As the settlement plates beneath the base slab were placed 

before readings were started on the hubs installed in the base, the plates 

beneath the base of necessity would have to move down an amount equal to 

at least the settlement of the concrete base. Therefore, it is believed 

that the points on the dotted line, "Settlement of Earth beneath Control 

Structure," on fig. 42 above the line labeled "Settlement of Base of 

Control Structure" are probably in error. A possible explanation for 

such error may lie in the fact that only second-order leveling was used 

in surveying these plates, whereas precise leveling was used in determin

ing the settlement of the base and top of the control structure. If it 

is assumed that the points on the dotted line above the dashed line on 

fig. 42 are at least as low as the dashed line, the average settlement 

of earth beneath the control structure then would be approximately 0.9 
in. 

189. No readings were taken on the settiement piates beneath the 

structure immediately after pouring the base slabs, and therefore the 

amount of instantaneous settlement of the earth beneath the wet concrete 

before it set is not known. An attempt was made to estimate the instan

taneous settlement of the 4-ft-thick slab of fluid concrete from labora

tory test data. As no consolidation tests were made specifically for 

this purpose, the estimate of instantaneous settlement of the wet con

crete was made in the following manner: 

a. 

b. 

c. 

d. 

The clay foundation was divided into various strata; the 
existing overburden pressure, p1 , computed at the center 
of each stratum; the increase of pressure created by the 
fluid concrete on these strata computed; and samples 
representative of the strata on which consolidation tests 
had been made were selected. 

Pl t f Instantaneous strain 
0 s 0 Increase in consolidation pressure vs 

consolidation pressure were made for each sample tested. 

Instantaneous strain 
Values of were taken Increase in consolidation pressure 
from these curves for p1

1 s corresponding to the different 
strata. 

Values obtained in !:_ were then multiplied by the increase 
in pressure, ~p , created by the wet concrete on the 
various strata and the thickness of the corresponding 
strata. 



144 

e. The sum of the values obtained in d was taken as the 
maximum possible instantaneous settlement of the wet 
concrete. 

190. The maximum instantaneous settlement estimated by the above 

procedure was approximately 0.65 in. Thus, as much as 0.65 in. instan

taneous settlement plus 0.55 in. settlement of base after hardening of 

concrete or 1.2 in. of settlement of the plates beneath the base slab can 

possibly be attributed to settlement of the wet concrete before hardening 

and downward movement of the pile heads during and after completion of 

the structure. The average settlement of the plates beneath the base 

slab is 0.9 in. with a maximum of about 1.4 in. Thus, it is believed 

that there bas been relatively little if any settlement of the clay away 

from the base of the structure as a result of consolidation of the under

lying _claJ'S to a lower void ratio because of remolding. However, as 

discussed below, there is evidence of some small voids beneath the base 

slab, which probably can be attributed to settling of the underlying 

clay. 

191. In February 1954, the grout pipes originally installed in the 

weir of the control structure (see fig. 65) were filled with water, and 

the rate of fall in the pipes was observed. The purpose of these tests 

was to determine the presence of any voids beneath the base of the struc

ture. The results of the tests are presented in table 20. 

192. With the grout pipes full of ~ter, a head of approximately 

9 ft was created beneath the base slab. As any voids beneath the struc

ture are filled with water, since the bottom of the base is below the 

water table, it is impossible to estimate the size or extent of any 

voids beneath the structure. Although the rate of fall of water in the 

grout pipes was relatively slow except in 4 or 5 pipes, the size of 

voids still could be appreciable because of the impermeable nature of 

the underlying clay and the fact that there is no outlet for any free 

water under the structure between the key and the grout stop immediately 

upstream of the sand blanket (see fig. 65). In view of the fact that 

20 to 30 of the grout pipes did take water at a significant rate, it is 

believed that any voids under the structure, although probably small 



Table 20 

Measurement of Lea~e thro!!j!h Grout Holes in Weir 

February 1954 

Initial Depth 
to Water in Readiya After 11111!!1 Grout Pil!! 

Bole Grout Pipe llapoed 'l'illle Fall of Water Elapsed 'l'1JDe Fall of Water 
-!2.:..... in Feet in Bour• in Feet in Bour• in reet Remarl<a 

3-B 1.8 24.67 1.3 
9-C 24.oo 4.8 Plugged at 8.o ft 

13-A 1.33 o.o 24.02 0.5 Plugged at 8.9 ft 
13-C 1.25 0.2 23.~ 0.9 Plugged at 11.3 ft 
16-B a.a 1.20 o.a 23. 5.2 
17-B 8.6 1.13 1.1 23.82 6.7 
18-B a.a 1.07 o.o 23.75 o.a 
20-A o.4 1.00 o.o 23.68 0.1 Plugged at l0.7 ft 
22-A 9.2 o.a3 9.0 23.53 9.3 
23-c a.5 o.68 o.a 23.38 1.3 
24-C a.7 0.62 7.4 23.38 a.a 
26-A 7.8 o.47 0.2 23.38 1.3 
28-A a.2 o.4o a.o 23.38 a.9 
31-B a.a 0.25 0.4 23.38 5.6 
33-A 9.1 1.75 1.7 2.ao 3.4 
34-c 7.7 1.68 9.1 2.ao 9.1 
35-B 9.2 1.62 2.0 2.ao 3.5 
37-A a.a 1.55 7.6 2.87 8.3 
38-B 9.2 1.48 9.2 2.87 9.2 
39-C a.a 1.42 8.2 2.a7 8.3 
40-C 3.3 1.38 o.o 2.a7 o.o 
41-C 7.9 1.37 7.0 2.a5 8.1 Plugged at 11.0 ft 
42-C 9.1 1.35 9.2 2.a5 9.3 
43-B 9.1 1.32 a.o 2.a5 a.7 
44-B 0.9 1.30 o.o 2.a5 o.o Plugged at 9.7 ft 
45-B a.a 1.27 0.2 2.83 0.4 
46-B 9.2 1.25 2.1 2.a3 5.3 Plugged at 10.l ft 
47-B u.5 L2ll O,Jl a.13!i 0.0- Pluggecl- a-t- 11•0- -tt-
48-B 9.7 l.1a 9.6 2.83 9.6 
49-B 8.5 1.12 0.1 2.85 0.3 Plugged at 12.0 ft 
51-B 8.3 1.07 2.3 2.85 5.3 
53-B a.9 1.03 o.o 2.85 o.o Plugged at 11.0 ft 
55-B 7.7 1.00 0.1 2.85 0.5 
57-B 7.6 0.97 o.4 2.85 0.7 
59-B a.a 0.93 o.o 2.85 0.1 Plugged at l0.9 ft 
61-B 9.4 0.90 0.1 2.85 8.6 
63-A 7.8 0.97 o.4 2.85 1.2 
65-A a.5 0.85 7.9 2.85 a.9 
67-B a.7 o.ao 0.9 2.85 3,3 
69-A 7.5 0.77 o.o 2.85 0.2 Plugged at ll.l ft 
71-C 7.8 0.73 o.4 2.a3 1.2 
73-B 7.6 0.70 1.9 2.a3 6.3 
75-B 

2.83 
Plugged at 0.3 ft. Dey 

77-B 8.6 0.67 0.5 2.3 
79-B 8.5 0,55 6.5 2.83 8.5 
a1-c a.2 0.53 7.4 2.83 8.3 
a3-A 7.2 0.50 0.1 2.83 0.4 Plugged at l0.5 fi 
85-c 7.3 o.48 4.3 2.a3 7.0 
87-c Plugged v/aand at 0.7 ft. Dey 
89-B a.o o.43 o.o 2.95 o.o Plugged at 11.0 ft 
91-A 8.5 0.25 7.9 2.95 a • ., 
93-C 10.3 0.23 0.3 2.95 1.1 
95-B 7.6 
97-A 9.3 0.37 8.3 2.77 9.5 
99-A 9.1 0.35 6.a 2.75 9.2 

101-B 7.8 1.85 3.1 23.98 6.7 
103-C 7.a 1.83 6.2 23.98 a.2 
105-A 7.2 1.78 o.o 24.03 0.5 
lo6-C 7.4 1.77 o.4 Plugged at 9.0 ft 
lo8-B 8.6 1.73 o.o 24.07 0.1 
llO-B 9.2 1.70 0.7 24.07 4.3 
112-B 7.a 1.68 o.o 24.oB 0.1 Plugged at 11.0 ft 
ll4-C a.o 1.65 o.6 24.10 6.3 Plugged at 13.0 ft 
116-B 8.9 1.63 1.2 24.12 7.6 
ll8-A 4.4 1.63 o.o 24.12 0.1 Plugged at 6.o ft 
120-A 7.6 1.62 o.o 24.13 1.1 Plugged at 7.6 ft 
122-A a.1 1.58 2.3 24.15 8.4 
124-A 9.4 1.57 0.5 24.15 3.7 

llO'l'IS: 

1. Inaide diameter of grout bole• • 1.61 in. 

2. :luaber of grout boles refer to bay nUllbera beginning at the aouth end of the 
control atructure. Deaignation of grout pipe "A•, "ll", and "C" refer• to the 
three bole• in each bay, the "A" bole• being the aouther11110at pipe. 

3. Location of the grout hole• in the weir 1a ahovn on figure 62. 
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and relatively few, should be grouted with a thin grout before any major 

high water occurs. The grouting should be deferred as long as possible 

in order to allow the remolded clay beneath the structure to consolidate 

fully. 
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PART IX: STONE PRO'IECTION 

. 193. The area for a distance 30 ft upstream of the weir is pro

tected by riprap 18 to 36 in. thick, underlain by a gravel blanket con

sisting of 5 in. of coarse concrete aggregate covered with 3 in. of 

large gravel. The specified gradation of the gravel materials is shown 

on fig. 61, page 132, together with the gradation of the gravel actually 

placed. The riprap consisted of stones grading from not more than 10 

per cent weighing less than 200 lb to 60 per cent or more weighing 500 

lb to 2400 lb. 

194. The area downstream of the stilling basin sill was protected 

for a distance of 80 ft with derrick stones 42 in. thick underlain by 

18 in. of riprap which in turn rested on 3 in. of very coarse gravel 

underlain by 5 in. of coarse concrete aggregate. 

195. The riprap and derrick stone protection for the approach and 

floodway were placed between 24 May 1952 and 1 April 1953. As yet there 

has been no flow through the structure to test the adequacy of the chan

nel protection. 
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PART X: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

196. The Morganza Flood.way Control Structure and adjoining embank

ments are relatively new and as of April 1954 they have not been subjected 

to an appreciable head of water. Therefore, it is not possible to draw 

any final conclusions regarding the performance of the control structure. 

However, data obtained so far and analyses presented in this report are 

indicative, and can be used to draw certain tentative conclusions. 

197. Data obtained from piezometers, settlement plates, and hubs 

installed on and beneath the Morganza Control Structure and adjoining 

embankments have proved useful not only in verifying original design as

sumptions and analyses, but also by revealing certain behavior charac

teristics of the control structure which were not wholly anticipated in 

the ori.ginal soils and structural design. Careful observations and the 

keeping of adequate engineering records during construction are most 

important in future evaluations of the performance and safety of hydrau

lic structures and in the interpretation of data obtained from engineer

ing measurement devices. 

198. The field exploration methods used for exploring the founda

tion for the control structure and adjoining embankments apparently 

proved successful. Penetration resistance data obtained from use of.the 

split-spoon sampler proved satisfactory for determining the top of the 

deep underlying sand. However, it appears that the elevation of the top 

of sand was revealed equally as well by frequent sampling in either gen

eral sample or undisturbed borings. 

199. Data obtained from pile loading tests and from the performance 

of the earth embankments indicated that the laboratory shear and consoli

dation tests revealed the true characteristics of the clays beneath the 

control structure and embankments. It has not bee11 possible to check 

predicted coefficients of permeability for the clay and silt strata en

countered at the site from field observations. As no field water-content 

and density samples were obtained from the embankment, no conclusions can 

be drawn regarding densities and shear strengths of the embankment pre

dicted from laboratory tests. 



200. The satisfactory performance of the embankments adjoining the 

control structure, as regards their stability, indicates that the design 

strengths, methods of analyses, and factors of safety selected were 

satisfactory. As no failures occurred either during or since construc

tion, it is of course impossible to know whether or not the embankment 

sections were overdesigned. 

201. The phase method of constructing the embankments proved satis

factory from both the traffic and stability standpoints. It was assumed 

in design that no water content control would be exercised over the fill 

material, and that it would be placed and compacted only by means of a 

crawler-type tractor; this method of placement and compaction proved 

satisfactory for the embankments as designed. 

202. The water table and pore pressure piezometers installed be

neath the embankments appear to be functioning satisfactorily. However, 

to insure their proper functioning it was necessary to flush the pore

pressure type of piezometers periodically with de-aired water and to 

check the gages and the reading of each tube leading to the piezometer 

tip. Some trouble was also encountered with freezing of the ends of the 

piezometer tubes and gages in the terminal boxes. Provision should be 

made to prevent such freezing. 

203. The water table adjacent to the embankments varies seasonally 

from the ground surface to a depth of approximately 6 ft. Seasonal 

variation of the water table beyond the embankment is attributed to 

desiccation rather than to draining action. Analysis of the pore

pressure observations and water-table measurements indicates that the 

water table beneath the embankment probably varies relatively little 

with the season and also probably remains relatively close to the nat

ural ground surface. 

2o4. Placement of embankment fill created a rapid increase in pore 

pressure in the underlying fat clay. During the period of most rapid 

fill placement, average maximum foundation pore pressures amounted to 

approximately 4o to 60 per cent of the pressure of the overlying fill; 

a maximum pore pressure of 85 per cent of fill pressure was recorded by 

one piezometer. Pore-pressure observations showed that the foundation 
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beneath the embankments was about 70 to 80 per cent consolidated just 

before starting construction of phase r.v. These data agreed closely 

with the percentages of consolidation as determined from observed settle

ments. 

205. Although some rather high pore pressures were observed during 

construction, the embankments proved stable both during and after con

struction. A stability analysis of the embankment at station 630, uti

lizing the cross section and pore pressures as observed in July 1951 and 

the slow shear strength of the foundation, showed the embankment at that 

time to have a factor of safety of 1.7 using this method of analysis. 

206. Considering the uncertain construction schedules and the 

magnitude of foundation settlements, very good agreement was obtained 

between estimated and observed amounts and rates of settlement. However, 

the accuracy of the estimated rate of settlement can largely be attrib

uted to advance settlement observations made on adjacent, previously 

constructed embankments. On the basis of observed settlement observa

tions, it appears that the embankments will reach a total settlement of 

approximately 4 to 5 ft. 

207. Although the control structure has yet to be subjected to a 

full water load, the pile foundation has been subjected to the full dead 

load of the structure and appears to be performing satisfactorily. 

Therefore, it is concluded that the 20-in.-diameter piles selected on 

the basis of the pile loading tests and driven as described in this re

port will safely support the structure. 

208. The skin friction developed by friction piles in the clay at 

the control structure site is nearly the same in tension as in compres

sion, and is approximately equal to the average strength of the clay as 

indicated by unconfined compression and unconsolidated, undrained tri

axial compression tests on undisturbed samples of the clay. In this 

connection, it is pointed out that approximately the same unconfined 

compression shear strength was obtained for remolded samples as for un

disturbed samples of this particular clay. 

209. The pile driving formulas referred to as method A, Terzaghi 

and Peck, and method D, Jaky, are believed to be the most reasonable 
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theoretical methods of those considered for use in estimating the capac

ity of a pile tip driven into sand. These methods are rather empirical 

and should not replace load tests. This is borne out by the scattered 

results and lack of complete agreement of the pile test data with the 

capacities indicated by the theoretical methods. In general, capacities 

of piles computed by the various dynamic pile driving formulas investi

gated did not correspond to either the ultimate total test load or ulti

mate tip load, or the design total or tip loads. 

210. Except at the ends of the control structure, settlement of 

the base of the structure has been very uniform~less than 0.1 in. dif

ference between monoliths~and has amounted to approximately 0.5 in. It 

is believed that little if any movement of the pile tips has occurred as 

a result of sinking into sand, or of consolidation of any clay seams or 

strata underlying the pile tips. The overdriving, which was done along 

certain rea.che~ of t:b..e structure,_ may have prevented- any- appreciable 

settlement of the structure except at the ends of the structure. Ap

proximately 1/3 of the 0.5-in. settlement of the base of the structure 

can be attributed to elastic deformation of the pile foundation. Settle

ment data obtained to date indicate that practically no settlement of the 

top of the control structure has or is likely to occur, except for that 

portion of the structure south of pier 2 and north of pier 117 where 

these piers are underlain by thin strata of clay and the earth embank

ment ties into the structure. So far settlements of the piers at the 

ends of the structure are within the originally estimated amount of 

movement. 

211. As there has been no appreciable water load against the struc

ture, no conclusions can yet be drawn as to whether or not the clay 

foundation upstream of the structure will settle as a result of a water 

load. The settlement of the steel plates placed beneath the riprap up

stream of the structure has amounted to approximateiy 1/2 to 1-1/2 in. 

Some of this settlement can possibly be attributed to consolidation of 

the clays from the weight of the gravel blanket and riprap; however, 

movement of these settlement plates has been somewhat erratic. 

212. In view of the large variations in the top of the foundation 
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sand which underlies the control structure, it is believed that the pre

dicted average elevations agreed in a satisfactory manner with the ob

served average elevations. The average observed top of sand, as indi

cated by the pile driving records, agreed within 2 ft with the average 

top of sand which bad been predicted on the basis of field explorations. 

The originally estimated variation in the top of sand at any one pier 

was .:t.4 ft, except at piers 98 through 110 where a variation of .:t6 ft was 

estimated. The average observed variation in top of sand as revealed by 

the pile driving records showed variations of approximately .±.3 ft and 

.±.5 ft, respectively, for these piers. The test piles penetrated an average 

of 4.3 ft into the sand. An allowance of 5 ft vertically for penetration 

into sand was used for computing the length of pile to be tested. In 

actuality, the piles in the nonoverdrive reaches penetrated an average 

of _3.4 ft into the sand. The penetrations ranged from o.8 to 25.0 ft. 

213. The average optimum allowance for penetration into plus vari

ation in top of sand at the various piers, as computed from observed 

data, was 6.3 ft. This value is somewhat less than the original design 

allowance of 10 ft. A cost analysis of the pile driving data showed 

that it was more economical to cast the piles 3 to 5 ft too long than to 

cast them 1 ft too short and splice where necessary. The data presented 

in this report show that the very considerable variation in the top of 

sand and the penetration into sand at any one pier ma.de it practically 

impossible to determine precisely the correct length of piles required 

at any individual pier or groups of piers in the area of the Morganza 

Floodway. As the original estimates were intended to be conservative 

and to keep the number of splices to a minimum, the methods of analysis 

used in forecasting the required length of_ piles in the nonoverdrive 

reaches are considered quite accurate and resulted in pile lengths of 

nearly the most economical length with a minimum of splicing. 

214. Approximately a third of the piles in the overdrive reaches 

are believed to have penetrated through compressible strata in the upper 

part of the massive sand foundation. Field explorations and the pile 

driving data show that the compressible strata are usually discontinuous 

and intermittent and, if this is true, the overdriving may have caused 



the majority of the piles to penetrate through most of the lenses and 

strata of compressible material in the sand that otherwise would have 

been below the pile tips. 
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215. Overdriving the piles at Morganza did relatively little damage 

to the pile heads. Some of the piles were driven as hard as 200 blows 

per O.l ft for 0.3 ft, and others as hard as 400 blows for the last O.l 

ft without material damage. 

216. Driving the piles on a batter of 2 on 1 created no particular 

problem. The flatness of this batter, however, did cause some drifting 

of the piles during driving and deflection of the pile tip when it struck 

sand. Measurements on three of the piles revealed drifts a.mounting to 

0.3 to l.9 ft with maximum bows in the pile of 0.3 to 0.5 ft. This 

amount of bow in the piles created compression stresses in the concrete 

pile of approximately 1300 psi, and tension stresses in the steel rein

forcing of approximately l9,_0QQ paL With_ the_ load_ of- the structure on 

the piles, the compression stresses in the concrete remained approxi

mately the same, whereas the tension stresses in the steel were reduced 

to approximately 2500 psi. It was concluded from the observations and 

tests made that a batter of 2 on l is the flattest that should be used 

for similar foundation conditions and driving. 

217. Preloading the abutments for the control structure resulted 

in a settlement of approximately 2.5 ft which otherwise would have taken 

place after completion of the structure and placing of the abutment fills. 

Preloading the abutments reduced the tendency of the fill to pull away 

from the curtain wall, largely eliminated the possibility of cracks and 

voids opening up with the resulting danger of piping, and reduced the 

a.mount of deflection that might be caused in the batter piles because of 

settlement of soil under the embankment load. Preloading the abutment 

has also reduced the problem of maintaining a transition from the non

settling structure to the settling embankment. 

218. As yet no conclusions can be drawn regarding the functioning 

of the relief well system installed in the silt stratum beneath the 

structure, nor regarding the functioning of the drainage blanket in

stalled beneath the structure. It appears that in general most of the 



piezometers are functioning satisfactorily. 

219. Piezometer readings obtained to date only reflect the eleva

tion of the water table in the silt stratum and deep sands beneath the 

control structure. The data presently available indicate that the water 

table in the silt stratum beneath the structure is not affected by river 

stages below the top bank of the river, whereas the hydrostatic pressure 

in the deep sands equals approximately the stage of the Mississippi River 

opposite the structure. 

220. A check on settlement plates installed immediately beneath 

the base of the structure in January 1954 showed that the earth immedi

ately beneath the structure had settled approximately 0.5 to 1.4 in. 

The average settlement was approximately 0.9 in. Most of this settle

ment can be attributed to instantaneous settlement of the clay founda

tion while the concrete was fluid, and to settlement of the base af'ter 

hardening o:f the concrete. It is believea relati-vel-y little if any set

tiement of the clay away from the base of the structure has occurred as 

the result o:f the underlying clays consolidating to a lower void ratio 

because o:f remolding. However, there is some evidence of small voids 

beneath the base slab which can probably be attributed to settling of 

the underlying clay. Any voids under the structure, al though probably 

small and relatively :few, should be grouted before any major high water. 

221. As of this date (1954), there has been no flow through the 

structure to test the adequacy of the channel protection and therefore 

no conclusions regarding it can be drawn at this time. 

222. It is recommended that continued observations be made at ap

propriate time intervals on all of the engineering measurement devices 

that are operable. Particularly complete observations should be made 

during periods o:f high water which may have a pronounced effect both on 

settlement of and pore pressures in the embankment, and on well flow and 

substratum pressures beneath the control structure. It is~recommended 

that such data be analysed and reported in the form of appendices to 

this report. 
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