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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-
voint, of recently completed structures in the Lower Mississippi Valley
Division. The purpose of the studies is to compare fleld experience and
rerformance with design predictions, and from such comparisons and ob-
servations gain information and experience that will be valuable in the
design and construction 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 Louilsiana State Highway No. 30. The structure
1s located adjacent to the Mississippi River approximately 35 miles
horthwest of Baton Rouge, Louisiana, and 3 miles northwest of Morganza,
Louisiana.

The Morganza Floodway Control Structure was designed by the Missis-
s8ippil 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
¢ivil 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 1954k, Pile tests to determine the size and
allowable loading for the pile foundation beneath the structure were
pPerformed during the summer of 1949. Preload £1lls 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
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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
1052 and highway traffic will probably begin in the latter part of 195k4.

Observations of settlement plates and hubs, plezometers, 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 1s planned to continue these observations and to
analyze and report any future pertinent data in the form of appendices
to -this report.

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 S. 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, LOUISTIANA

PART I: INTRODUCTION

Description of the Structure

1. The Morganza Floodway Control Structure is located adjacent to
the west bank of the Mississippi River approximately 35 miles northwest
of Baton Rouge, Louisiana, and 3 miles northwest of Morganza, Louisiana.
It consists primarily of a gated concrete weir, approximately L0OO ft
long, for passing excess floodwaters from the Mississippi River into the
Atchafslaya 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
haV1n8 a span of 31 ft 3 in. center-to-center of piers. A partiasl plan
and elevation of the structure is shown in fig. 2. Each piler 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
& 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 maximm 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 &
mAximm 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 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

the structure was 28 ft.

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.

 MISSISSIPPI RIVER ' | MORGANZA LA, . MONGANZA FLOODWAY GUIDE

.

FLOGDWAY.

Fig. 4. Aerial view of control structure

L. The control structure is connected to adjacent guide levees by
embankments each approximately 9500 ft long.  The embankments are about
30 £t 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 Floodway 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 made to determine the size 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 fileld 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.



PART IT: FIELD EXPLORATIONS AND FOUNDATION CONDITIONS

T. The site of the projJect 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
Tigs. 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
8dvanced 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
8% 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 went 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 Areas, 1948

Area "D" Area "'C" Area "B"
Depth in ft March Auvgust 28 October 1T November
0-k 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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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 made
with a 1-.3/8-1in. ID, 2-in. OD Raymond type split-spoon sampler. The
sampler was driven with a 140-1b 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 1lb per cu ft.

17. Consolidation tests on samples 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 CHARACTERSITICS

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 1

Summary of Laboratory Test Data - Embankment Foundation, 1046 Boringa

Unconfined  Quick Triaxial Consolidation Tests®
Mechanical Ci Teots Tests or -
Borin, le 8ol Anslysts Atterberg Mat. _7%"&—5_ 7N P turden
— —"Eﬂev — Depth Classifi- "{_—?_—f Limite WC 15/  tons/ 1B/ tons/ . tems/ tons/
Station Renge _ No. w0l _ Wo. mol __fe  _ cation  Sapd 8flt cley IL PL P %1 cufe sqft cufe ¢° sgfe c sgft sqft SpOr
574430  127.5' M-10  35.3 8 25.1  8.4- 9.6 Clay, org, 9 3 58 82 22 60 &9 70 0.13
weat dk brown
CL RR 16 16.7 18.0.19.2 Clay, org, 10 23 67 B4 25 59 k6
eray
1T 15.6 19.2-20.3 Clay, org, 39 0.293
dk brown L
20 12.0 22.8.24.0 Clay, org, 1 24 65 T7 23 Sh
blue
26 5.7 30.0-31.2 Clay, org, 1 3% S5 79 20 59 47 69 O.20
brown
577+50 CL RR M-7 8.1 5 43.1 L4.5- 5.5 Clay, org, 8 12 8o 96 28 T2 S
brown
16" 31.8 15.8-16.8 Clay, org, 9 26 65 71 22 L9 L4 6 0.48
ToWn
23 24,6 23.0-24.0 Clay, blue 13 24 63 93 26 67 k6
26 2l.5 26.1.27.2 Clay, blue 48 3 0,26
29 18.0 29.5-30.7 Clay, blue 5 21 ™ 52 T (Existing faglure plane in sampls)
3k 12,1 35.4-36.6 Clay, blue 7 et 72 8 26 63 by T3 0.36
38 7.5 40.0-k1,2 Clay, bdlue 7 1w 83 107 25 8 s52 68 0.9
12750 8 3.4 8 257 8.9-10.5 Clay, brom 10 28 62 86 28 58 A7
vest 13 18,8 15.8-17.k Sandy silt, 30 55 15 28 2 6 31 9 0.23
CL RR brown
17 13.0 21.8-23.0 Clay, blus 11 19 70 85 27 58 4
19 9.9 24.8-26.2 Clay, blue Sk 0.1‘(3 (Rxtating failure plane in sample)
21 T.2 27.5-28.8 cClay, blua T 13 80 87 29 S8 47 66 0.123
ok 3.0 31,8-33.0 Clay, blue 45 0.20
28 -3.2 37.5-39.7 Clay, bius 15 21 58 73 20 53 k9 67 0.08
255° -9 27.3 4 2.7  4,0- 5.3 Clay silt, 21 53 2 ko 25 15 33
west org, brown
CL KR 12 11.1 15.k-16.7 Clay, org W T2 95 33 61 55
blue
15 6.9 19.5-21.3 Clay, blue 7 16 77T 100 26 T 60 61 0.1k
589400 CL RR -1 59.0 7 51.3 7.2- 8.3 Clay, ak 1717 66 91 28 63 U6 73 056
aray
9 §9.0  9.4-10.6 Clay, org, 12 s 19 42
dark gray
17 k0.2 18.2-19.% Clay, dark 12 13 75 T7T 21 56 43 hid 0.31
ey
25k 31k 27.1-28,2 Bilty clay, 17 32 51 68 17 51 W Th  0.27
arg dk gray
32 23.6 34.8-36.0 Clay silt, 7 16 b 91 22 69 49 T2 0.20
oray
37 17.8 k0.b-41.9 Clay, brovn 4 83 0.8
133 13.1 U5.3-46.5 Clay, bdlue 5 8 & &5
9.6 48.8-49.9 Clay, blua 7 T 8 50 71 0.30



Table 1 (Continued)

Unconfined Quick Triaxial Comsolidation 'l!-t-z
Mechanicel Tests __ Tests P T~
Bori le Botl Analysis Atterberg Nat. 74 Y, C ¢ ‘urden
Btacy o o T Classtri- Lintts  WC 15/ tons/ 16 tons/ o toms/ toms/
22208 Range Xo. w0l No.  mGl T cation Band Stlt Clay LU PL PT 41 cuft sgft cuft £ oogrt e eg ft sq ft 8p Gr
& N2 U5,0 8 36.0 84.9.6 Clay, rs, 12 28 60 19 19 6 39 18 0.7
. brown
CL R 13 30.0 1h.4-15.6 Clay, ore, ™ 86 o.27
blue-gray
18 26,5 20.9-22.1 Clay, brown 8 17 15 9T 24 Zg 1%4 T2 0.32
28 11.5 32.9+3b.1 Clay, blue 8 11 15 95 37 M o2
33 5.5 38.9-40.1 Clay, blue 49 3
34 k.3 b0.1-41.3 Clay, blue 51 0.20
37 0.6 43.7-45.1 Clay, biue 7 25 68 82 22 60 52 68 6,08
2‘2; -3 331 9 23.0  9.6-10.8 Clay, br 3 1 83 93 30 63 53 64 0.6
sray
CL RR 18 12,1 20.k-21,6 Clay, blue 7T 11 83 83 28 60 T 66 0.08;
. 20 9.7 22.8-24.0 Clay, blue 46 0.12
B0 CLER M sg b 556 3.2-4.3 Clay, brove 6 33 61 Bh 35 k9 ko R
10 48.4 10.4-11.5 Clay, br 8 29 63 B9 3u 55 W6 70 030 72 3 o.50
gray
17 40.0 19.0-20.1 Clay, org, T 2H 69 8 U k2 46 72 W o.k0
r gray
18 38.8 20.1-21.1 Clay, org, 4 72 0.36
br gray
20" 36.6 22.3-23.b Clay, org, 59 61 0.38
T gray °
26 30.1 29.0-30.1 Clay, org, 56 72 0.29 64 W2 o0.25
gray, brovn
29 26.4 32.6-33.7 Clay, arg,
gray, brom [3 31 63 [+
30 25.1 33.7-34.8 Clay, org, 31 81 0.
gray, brown
32 23.0 35.9-36.9 Clay, org, 5 17 8 sz
gray, brown o
33 2.0 36.9-38.0 Clay, org, 8 19 73 83 2 61 46 70 0.23. 69 2 0.25_
gray, brown
35 19.6 39.2-40.4 Clay, ora, 1223 3 89 66 56 2% 035 0.68 1.80 1.8
&ray brown
36 18.% 40.4-1.6 Clay, org, 6 7 m 113 38 o0.27
dark gray o 4]
37 17.1 41.6-42,8 Clay, org, 5 20 75 116 26 90 53 64 2% o.0” 0.56 1.80 1.88
dark gray
Lo 13.7 W5.2-46.2 Clay, org, b 7% 0.2k
dark gray
b2 1.4 47.4-48.6 Clay, org, 8 12 8 107 2% 83 49
dark gray o
45 8.0 50.8-52.0 Clay, arg, 6 15 79 112 29 83 47 3 0.38 T2 6° 0.36
br, gray
46 7.0 52.0-53,1 Cl;y, org, S 15 80 108 3T M k2 o.k2 2.2 2,06 2.69
dark gray
K M5 Wy 5  39.b k7. 5.8 Clay, browm 7 23 70 Bk 20 6k kg
‘é"‘ 13 30.6 13.5-14.7 Clay, brown s 1k Bl 102 18 9% UuB
L Ra 21 2.7 22.5-23.6 Clay, brown 7016 1T 99 19 B0 k8 70  o.2
2 18.8 25.0-26.6 Clay, org, 7T 18 75 110 45 65 58 63  0.17
gray
29 11.5 31.6-33.0 Clay, gray 3 17 83 L8 1 0.18
32 9.k 35.8-36.8 Clay, blue 8 22 70 90 28 62 50 70 0.2
35 L.6 39.4-40.8 Clay, blue 9 31 60 75 22 53 L1 0.35 1.90 1.kl 2.73
36 3.4 40.8-41.9 Clay, blue 63 20 43 b1
is <7.1 51.2-52.L Silty clay, L sk k2 5B 22 36 k9 73 o.20
blue
k9 -12.1 56.2-5T.4 Clay, blue 12 11 77 103 20 B3 62 €3 0.55 1.00 1.80 1.81
(shells)
iz°' -6 30.8 6 2b,lb  5.9- 7.0 Clay, brom 10 W 76 90 15 75 52
ot 9 20.8 9.4-10.6 Clay, org, W4 52 92 107 W1 0.25
CLM brown
15 13.6 16.6-17.8 Clay, blue 6 18 80 B4 15 69 54 3
17 11.2 19.0.20,2 Clay, blue g 0.13
19 8,8 21.4-22.6 Clay, blue 7 23 70 96 29 67 ki 76 0.31
63000 2k 5.6 2k.7-28.6 Clay, blue 12 11 17 51 12 39 33 .
CLRR M1 302 7 224 7.2- 8.4 Clay, org, 67 0.3
gray trowm
8 21.2  8,5- 9.6 Clay, org, 68 58 0.2
aray brown
9 20.0  9.6-10.8 Clay, gray 7 29 6h 73 20 53 45 73 0.17 0.k6 0.57 0.2k 2.68
brovn |
13 .8 14,8-26.0 Clay, br gray % 0‘21§
15 12.4 17.2.18,4 Clay, br gray 46 0,16
16 1.k 1B.4-19.3 Clay, br gray 8 1k 8 8 2k 60 4k T 0.06 047 1.80 0.8k 2,71
24 1.1 28.5-29,7 8ilty clay, 7 W k5 59 17 k2 W1 79 0.2
br gray 3
29 +5,6 35.2-36,4 Clay, br gray [Y3 0,32
k) -7.6 37.6-38.1 Clay, blue gr L1 75 0.k
648 33 -10.4 ho.1-61.2 Clay, blue gr 51 0.20
CL RR M-12 30.6 3 25.8  4.1- 5.5 Clay, brown 8 2 710 75 2 51 62 59 0,13 0.2 0.30 0.11 2.63
14 (top) 25 83 0.38
1 (md) 12,7 17.3-18.5 Clay, org, 33 83 0.36 }Tests made for camparison
blue
1k (bot) W 8 o3
16 10.5 19.6-20,8 Clay, blue 85 24 61 k6 72 0.36 0.38 1.90 O0.AT 2.66
2 -0.8 30.3-32.6 Clay s1lt, 10 6 25 33 85 0.25 0.31 2.0 0.7 2.69
brown, gray
30 -10.9 40.8-42,3 Clay, blue 10 10 8 B8 25 57 37 O.hl 2,30 146 2,70
3L o125 k2I3-4h.0 Clay, blue i 0.153
. 32 .1 Lhi0-k5.h Clay, blue b5 0.133
CLRR M3 31,5 3 28,5 2.4 3.6 Clay, org, br 15 25 60 83 24 59 59
8 22,4  8.5- 9,7 Clay, org, 6 18 7% 75 22 53 kg 3 019 0.40 1.00 0,21 2.70
trown, gray
17 11.0 19.8-21.1 Clay, org, u 9 87 101 23 78 S3 68 0.2 0.38 1.b0 o0.48 2.67
brown, blue .
20 7.2 23.7-24.8 Clay, br, blue ") 0.163
2 2.k 28,5-29.8 Bilty clay, & 7 55 38 k1 18 23 30 98 a.30 0.25 0.90 0.70 2.70
31 ~6.3 37.2-38.4 Clay, blus 8 23 70 75 25 50 @6 0.30 0.59 o.ge 2.73
Bo1e00 32 -T.5 38.k-39.6 Ciay, blue 3 0.283
CLRR w566 8 4.1 8 -9 sutyclay, 15 k2 43 kg 12 37 36
org, blue
15 41,1 15 -16  Clay, browa T W 5T 69 23 k6 37
19 37.1 19 -20  Clay, brown, 12 3k S 60 26 3 31 93 0,51
blue
I P -23  Clay, org, 12 32 56 64 1 S0 36
‘brown, blue
28 27.1 29 -30  Clay, org, 9 3 6 8 18 68 39 78 o.25
brown, blue
29 251 3 -32  Clay, arg, 28 91 6 o.20
brown, blue
31 23.1 33 -3%  Clay silt, 9 6 27 W0 13 27 32 8 0.26
brown, blue
35 18.1 38 -39 Silty clay, 6 51 %] 55 21 3% 30

trows, blue
43 9.1 L7 48 Clay, blue T B 75 76 16 60 A4S

(Continued)



Table 1 (Contimued)

Unconfined Quick Triaxial

Consolidation 'X‘e-tle

Mechanical Tests P er -
Bort. e 801l Analysts ¢ burden
Bev 7 ) Clmssifi- tons/ ¢ tons/ tons/
Station Range No, w01 Ro. oGl It cation Sand 811t Clay sq Tt ¢ Bg ft sq ft SpGr
819483 CL KR 15 Shob 9 45.3  B.5- 9.7 Clay, gray 7 3 6 o 6
15 38,6 15.2-16.3 Clay, arg, 10 25 65 1 0.45
blue
17, 36.3 17.k-18,8 Clay, br, ¢ 5 28 67 5° 0.36
22 30.9 23.0-24.0 Clay, br, gr
26 26,1 27.7-28.8 Clay, arg, &@ 5 19 716 °
29 2.7 31.1-32.3 Clay, gr, br 10 30 60 35 0.2
32 19.7 34.0-35.3 Clay, br, g¢ 8 41 51 4° o0.38
3 17.3 136,5-37.7 Silty clay, 10 57 33
brovo, gray
39 1.0 42.9-63.9 Clay, br, g¢r 6 28 76 9 2 68 Lo T  0.20
As 4.0 #9.B-50.9 S8ilty clay, 13 53 3 k0o 16 2& 26
Yrovn, gray
81947  A3' n16 k2.5 2 35.0 7.5 Clay, brovn 7 33 6 T2 21 51 35
wvest  (Auger) & 27.5 15.0 Clay, drown 9 30 6 83 2 59 bl
CLRR
B21460  M3! N-17  AL6 1 39.1 2,5 Clay, brown 8 32 60 T2 19 53 39
st ) 3 30.6 1.0 Clay, org, 6 30 6 b2
blus
13 25.6 16,0 Clay, brown 12 21 67 90 28 62 53
2315 A3 W18 A3.0 2 375 5.5 Clay,brom b 26 70 79 23 56 50
west  {(Auger) 3 33.0  10.0 811ty clay, 10 50 Lo 83 28 55 55
cLm rom
L) 271.0  16.0 Clay, broom 11 36 53 67 20 7T 43
Notes: ; Water contents are those of test specimens. Water contents are based on dry weight. '; Bamples liated following tjis notation are foundation samples.

Bample thickness » 1.20 1n., draived top and bottom.
Average time for 508 consolidation of clay samples tested was approximately kO

w

minates for & load of 1.5 ton/sq ft.
S=-1a.~diameter test specimens.

Table 2

Summary of laboratory Test Data - Embaniment Foundatton, 1948 Borings

Ultimate strengtbs by quick direct shear teats
Boring M-L sample 20 § = 69, C
Boring M-k sasple 37 § = 3. 5° C= o 50 tml?-q ~.

Consolidated quick triaxial camp, te

ing M-15 sample 15:

¢ -8,

= 0,60 ton

st
Cuo0. 55 tons/eq ft.
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Tuble 2 (Continued)

Recbanical X
18 et ear Tests Conssljdation Tests —
Baort o1l Lintts v v 7 T Y. o v 1
Ty B camitieeuos et g ooy TR T 3 mpe ¥ nibn £ mar S tein 80 po § ol e
M-25 Clay, gray, firm 52 UG bb ] 0.25
(Conta) Gl ay, timm 6§ 11 81 95 25 T W K 4 18 0.29 0% 1.k 13 270 Wbk
Ground 6 21 61 19 0 4 W o B 8 0.h3
olev Clay, gray, firm [ S 41 M7 ow k2 % 0.25 0.3 1.7 1.9 2,70 ko 20
.7 mal Clay, gray, fira ¥ W ol 8 o bk
W-26 Clay, gray and 55 w5 6 0.2
brown, soft
Oround. Clay, grey and 8 18 T 90 29 6 B w 5 T2 0.35
*lev brown, firm -
N.2 a1 Clay silt, gray 13 & 23 1w o 93 0.4
e oy 6; 18 u.2
fandy silt, gray <} 2% 31 .
Clay, grey and 7 & & h w . ™ 0.39
brown, firm
, grey, firm 11 22 67 90 Z1 63 S5k U U9 T 0.4k
Clay, gray, firs 11 3k 75 50 W &7 el (2]
8l1ty clay, gy, w37 83 b
firm

sion test) @ = quick trimxial test; QT = comsolidated quick trisxial test. v§ from strength and consolidation tests is vater content defore
testing. Tach UC test valus 13 the sverage of tvo l-in.-dismecter test specimens. Tso 48 evarage time for 506 consolidation under loadings of 0.4, 0.8, 1.6, and
3.2 tons par sq ft. Py based On water table st depth of & ft,

* Remolded e 2.8.1n, test iwen, Birength value for one tast only.

Table 3
[ of Laborat Data - Control Structure Foundatiom, )
Techanical 5
—DBoring % ¥ mf_'l .h'l' X s Bh;:r it c v ¥, e To 108
ol 8a11 Limg v < ° v
Basber. Station No. msl  _fr Classification Sang 811y Clay IL. micuse  egrr S T/agte T/egrr gpar $_ min cmw/sec
-1 121400 ¢ Clay, gray, fira 10 25 65 k4 ké) [ 51 0.%) 1.3 0.5 2.7 51 39
o 1 firm 5 0,38
Tound by 15 0.kb
d 19 17 28 55 8 m 0.3 0.36° 1.8 0B8- 21 kG- 2o
32.5 may F ki 0.z
27 3 59 1 9 QT 8 96 2’ o3
35 Clay, gray, soft 8 17 75 112 3k 18 & w70 57 0,16 0.73 1.2 1.3 2.65 69 38
4o Clay, gray, firs 12 12 % 9T 32 65 kS uw 0.36 0.40 2.5 1.5 2,72 b 16
131 Clay, gray, firm 8w 5l 67 ok
2 Bilty clay, &ay, fira 16 37 Wy 65 23 k2 26 uC [ R1Y 0.42 1.3 1.8 2.67 ko 8
4s Bilty clay, #ray, firm 8 b2 50 sbo2k 30 4% w 3 8 .38 035 2.9 2.0 2,70 6 8
M-2T 67900 T .0 T.T Clay, gray and brown, 8 19 73 100 28 72 55 uC L6 3 0,33 0.8 Lk o 2,66 48 53
firs
10 21.0 10,7 Clay, gray and brown, w3 86 .56
or suier
ot 1 202 1.5 Clay, gy, firs MW 3 T2 L O
n A 13 18.1 13.6 Clay, gray, firm 6 15 19 Sk QT M7 T 3 0,25
Tan w73 0.25
16 15.5 16.2 Clay, gray and brown, 8 w39 80 0,46
furs
20 10.7 21,0 Clay, aray and brovn, s 17 18 50 0.51 1.2 0.7 2,712 56 25
it 0.53¢ 0.9 2.72 52 90
21 10,1 21.6 Clay, gray and brown, 8 27 65 91 0 61 T U 45 75 0.37 0,38 Lk o1 2.65 ks 47
firm
2 T2 2.5 Cly, gar wsd brow, B Qv 32 8 2° o030
m
25 5.8 25.9 Clay, gray mod brown, 33 w28 o 0.64
otief
% 5.2 26,5 Clay silt, @ray, soft 26 S5h 20 12 5T
1n =0.1 318 Bilty clay, gray and 43 uw o 80 0,39
trovs, fira
k] <3.2 34,9 Clay, gray and brown, 8 30 62 W2 w37 82 Q.52
otirf
8 7 fira 8 2 68 51 uc b9 T2 ., 0.38
&0 -8.6 fira sh @ T2 0 o.ko
A o001 firs 10 33 57 &8 0.63 L5 L2 270 53 12
0.53 0.6 1.2 2.70 55 58
k2 107 firn 6 12 8 LM M T T2 W 73 56 .21 0.TT* 1.5 1.2 2.62 65 17
ko128 firm 73w T0 57 0.39
AT 158 , firs e 376 0.39
50 -23.2 Clay silt, gray, soft 12 59 29 38 23 15 A0
52 .30.3 8 21 33 39 20 19 31
%2 683100 3 27 9.0 Cly, erer, firm 1238 50 25 k9
Ground elev 12 .11.8 43,5 Clay, gray, soft 8 T 8 13 33 80 67
1.7
K-31 699400 8 21.5 10,5 Bilty clay, aray and 64 231 M1 k2 wC 32 85 0.23
1 brown, soft K . o
19.5 12,5 Clay, soft 51 U k3 T .72
Oroung i w B T2 0.33¢
3; o 12 17.7 .2 Clay, gray snd brows, b uc B T 0.20
+0 msl . sort w oA 7 o 0.28
W 15.7 16,3 Clay, gray and brows, Y /T 43 16 I 0.35
firm
16 13.6 18.% Clay, gray and brown, 52 w 5L 70 0.20
wofy
B L5 20,5 Bilty clay, oray and 43w M8 n 0.27
browm, f
20 9.5 22,5 Blltyclay, gray, soft 12 56 32 M 2L 21 3} 350
22 7.5 2,5 Clay silt, gray and 2w 32 Bg [ X¥]
brown, firm
23 6.5  25.5 Clay silt, gray and i 61 28 32 6
brovn, sof
2 1.6 30.4 Sandy silt, gray 13 70 17 3 580
31 -4.0 36,0 Silty clay, grey, firm 3 52 [} 70 23 A7 ul v AL a2 0.35
35 -9.0 A0 Clay, gray, firm 6w 55 65 0,260
36 -10.5 k2.5 Clay, gray, fire w20 81 0.25
B 2.6 M6 Cly, gay, soft 5 8 87 102 31 T 6 w T0 0.2k
39 -1k.5  ¥6.5 Clay, grsy, soft & w 57 o.21e
4o -15.5 7.5 Clay, gray, firm 5T e &7 58 0,23%
41 -17.2 49,2 Clay, gray, firm s uec 85 61 0.b2
43 -5 Sh.S Clay, gray, firs 20 66 B9 30 59 4 vc k9 72 0.36 0.3 1.5 1.5 272 43 8
M-33 70900 2 25,0 1.5 Clay, brown, firm 9 3% 56 91 29 62 ko
Ground ¢lay
32,5 me1
35 TITe50 2 244 B0 Clay, brown, firs 8 29 59 42
Ground elev
32.4 el
W37 700600 3 28,3 3.7 Clay, gray and brown, 4w L2 it .22
sofy,
4 27.3 M7 Clay, gray and brown, 5 21 ™ 95 25 70 45 u bk T2 0,24
.0rty
Ground 11520 6 23,0 9.0 Clay, gray and brown, 3 25 67 »oow 37 81 0.8
eley west of firm
32.0 mal l‘::::crr 7 20.8 1.2 Clay, gray and browm, 8 39 53 70 23 AT 43 ¢ 3 85 0.46
a
' rati- 9  16.0 16.0 Clay, gray snd brown, oW W 12 0.9
Tosd fira
10 13.8 18,2 Clay, gray and brown, 10 16 Th 3w s 70 0,24
soft
b X) 10.3  21.7 Clay silt, gray, firm 16 55 29 Wow 29 92 0.38

Wotes: W - unconfiaed compression teet; qT = quick triaxial tast; QT = coneolideted quick CrIAXIAL test. vh from strength and cousoliincion tewte Lo vever somtant befare
testing. Ruch UC test velue 1s the average of tvo l-in.-dlamster test specimens. Tsp is everage time far 508 consolidation under loadings of O.N, 0.8, 1.6, and 3.2 toos
. PRT 8q ft. P, based on water table at depth of 6 ft.
Remolded specimens,
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Classification

_ 20. Atterberg limits tests, mechanical analyses, and water content
tests indicated that most of the solls underlying the embankments and the
control structure are fat, highly
plastic, inorganic clays, with high
so %] water contents. The range in 1liquid
IDERY 374 limits and clay content (particles
2% smaller than 0.005 mm) obtained

e from samples taken from the founda-
2 tion soils beneath the embankments

o«
o

~

-]
3

-4

o
o

CLAY CONTENT IN PER CENT

and control structure is shown in

0 o [} NWTHWSYRUCTWETW:
\TH THE STRUC’ h
HHs A Soumorsrcrore ] fig. 10. The correlation obtained

40 ]

between clay content and liquid
304o 50 (Y 70 80 90 100 1" ze 1limit 1s also 1llustrated by this

LIQUID LIMIT

figure. Typical grain-size curves
Fig. 10. Clay content versus

liquid limit for foundation soils are shown in

fig. 11.
Shear strength

21. Forty unconfined compression tests on undisturbed samples fraom
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 £t 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 tests on samples from the foundation along the
sﬁructure indicated an average strength of ¢ = 2° and ¢ = 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 6f
0.35 tons per sq ft; two unconsolidated, undrained triaxial tests from
these borings gave an average strength of ¢ = 1° and ¢ = 0.40 tons per
8q ft. The average shear strength of the foundation borings under the



Klﬁﬂv;“‘ A . ut&--u—-n- - Nonbwwmater llﬁ_]v.ﬁ » . N Illnw—_ - Mylamoter
T ¥ T v
orrr-T NI - T T WL * b 11 L L O 1 A ’ *
- 1 , N 0
N \} I~ N
\ N » \ NN L2t-13 |,
\ < N —1/9+35 DY N1 -24-16
N
N =—+24-25 " i I . X N} 24-34 "
| e Boringo ¥19 and ¥e2 T AN TITEM | §ol Borings 126 bad 127 AN Yitera .}
+ Elev \ AN 1 4 * H Elev AN \ i)
! n; Ssmple =Gl Classification 3 b5 © i ! wH Sample mG) Classification X I L i
' M19-9  19.L Clay, gray, firm ! ; M6-16  15.6 Clay, grsy and browm, firm ANARN
En,. Mm9-27 1.1 Sasdy silt, brovn \ 'l “[T w6-25 (R Cm:!ut, gray and ;rm, firm - AN 27-%50 -l
| M9-35 -13.6 Clay, gray, soft T we6-27 4.8 Sandy silt, gray NN 2,
®i- M9-49 -61.0 Sand, gray, mediwm to fine { AN YT » »} @7-13 18.1 Clay, gray, fim X S¥] »
L 25" 28,3 Silty clay, gray, soft \ £ U we7-26 5.2 Clay-silt, gray, soft N -46
»| Me2-25 3.5 Clay, grey and brown, firm 1 h ® »{ ®7-3%  .3.2 Clay, gray and brown, stiff ! . Nt 28-47 -
r \ 19 S~ | wer-k1  -10.1 Clay, ersy, fim ; N
M ] M- - W] ®T-50  -23.2 Clay-silt, gray, soft o
: - il eyt hr
° ! i Skl ] ag_‘hL_% i ._L_IIL#T [ IH_ILTI [ 1 jNIH 11 RIEERN ALl ™
T GRAVEL 1 Mhm—h Qrain $i2 W Millsreters
[ cmm T [ T fe | Came 1 ¥ee { SUT o G j Iﬁo—- T m"j‘: N I| Cowne % ) "{ ST or cY ]
Il“lﬁm.’-)*' N U»qu‘—w L . u.[ﬂ—l;“..’w N ll-l".-i~“ - L] R
1 I 1 ‘l T [( T " Y T 7 T, w0 ["[ lv , T ]‘l T T T r N 1 m j
. ~ —_ » R N T <t =38 [,
N 3 N N
® TN\ b - 8 la \ N, 2 *
» NN -5-a7], VENANER! -
- Bo ings MOl _and OS5 A X . \
Y. 5 B -
i"' - 2p-10 "! i"' Boring K31 \\ \%\ » F7.XTER
[ el \ A\ N 2524 T 1\ \
w| Sample mGl Classification N © ™ Elev [
! L ! | Sample _mO1_ Clsssification 1\ N\ | +arts
ol 1R=3  23.6 Siity clay, gray, fim AN (-124-3 1, ' \ N "
whL-8 -1.5 Clay, gray, fim E ®F 31-8 21.5 Bilty clay, gray and brown, soft Y NN 37123
I M25-10 2k,2 Clay, gray, fim X - F M31-23 6.5 Clay-silt, gray and brown, soft \ \ N
=52l 7.5 Silty clay, erey, fim 752" wf K126 1.6 Sendy silt, gray Fllsrze _|"
| w526 5,0 Clay-silt, brown and gray LT 25-26 | 131-31  -h,0 Bilty clay, gray, fim
o} M5-47 -25.8 Clay, gray, firm T - »| ¥B1-38 -12.6 Clay, gray, scft \ -
¥ S . M31-52 -50.0 Send, gray, fine N L-13/152 N
[} - ~ L
%% 6 (Y] -l e 9 % 3 i*l L—m :Auw
ha‘“ Grain Stze In Miimeters -
T T ST o CUY ] S L | ST o GAY ]

Fig. 11. Grain-size curves of foundation soils

Puvcant Cosrser by Weight



22

north embankment, the control structure, and from station 672 to 680
under the south embankment ranged from about 0.30 to 0.40 tons per sq
ft. This same range of shear strength was indicated from the ground
surface to about elev -20. A shear strength of ¢ =0° 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 ¢ = 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 wes 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 (Cc) of 0.40.
Tests on samples from the thin high-water-content clay stratum (elev -9
to -16) gave an average C, of 0.68. The preconsolidation pressures (Pc)
as determined from the test data indicate that the soils above elev O
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 made 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 107 e per sec. As some portions of the
stratum are more granular than the specimens tested, a horizontal perme-

ability of 1000 x lO-8 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 10-8 cm per sec. A maxi-
um value of 2.5 x 1078 cm per sgc was used in the underseepage computa-

tion. 4 permeability ratio of E; = 16 was assumed for the upper clay
Btratuln .

Specific gravity

25. The specific gravity of the samples tested varied from 2.62 to
2.72 with an average of about 2.70.
Effect of remolding

6. A comparison of the shear and consolidation tests that were
Tl on undisturbed and remolded specimens indicated that the foundation
¢lay has a sensitivity ratio of about 1.0. Consolidation tests run on
Temolded samples indicated compression indices almost identical with
those of undigsturbed 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
downwarg drag on the piles.
EEEEEEI,Of foundation sands

27. The sand underlying the clay strata along the control struc-
ture is & uniformly graded fine sand composed of subrounded to subangular
€rains. Driving of a standard 1-3/8-in. ID split-spoon sampler with a
30-1n, drop of & 140-1b hammer indicated that the sand has an average
driv1ng resistance of about 55 blows per ft. The relative density of
the sang 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-
lents consisted of fat, inorganic plastic clays and silty clays having
8 high vater content. The only exception was the materials in borrow
8rea "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 40 to 60 per cent. Some
materials used in construction of the berm had liquid limits as high as
85 per cent. A summary of the laboratory tests on the borrow materials
is given in table k.
Campaction

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 optimm water contents of about 23 to 30 per cent, and

maximm dry densities of 98 and 89 1b per cu ft for the silty clay and
clay materials, respectively.

Shear strength

30. Bhear strength tests were run on soil specimens compacted at
water contents ranging between natural and optimum; the strengths ob-

tained are plotted against water contents on fig. 1l and are summarized
in table k.

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 1450 1b per sq ft was selected as the design strength of the embank-

ment south of station 672 and 500 1b per sq £t 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. 1k.
This would indicate that as long as the lumps of borrow material are
pressed together by the compactive process so that the void space 18

negligible, a shearing strength of between 400 and 500 1b per sgq 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 L4

Summary of Laboratory Test Data, Embankment and Borrow Materials

Mechanical 15-Rlow Proctor Shear Tests
Analysis Atterberg Opt. Nat. Test
Sack Sample Boring Soil '3 S 1 Limits w Ya w w Ta c Shrinkage
Number Number _Classification Sand Silt Clay IL PL PI _% I1b/CuFt Type _ % %  Ivfcurt g° T/sqFt Sp Gr __ Limit
1 MB-24 Clay 8 39 53 62 28 3k 29 91 uc 38 28 91 - 1.03 2.69 13
uc " 29 91 - 0.63
® " 35 82 - 0.29
QT " 36 82 2% 0.15
2 MB-31 Silty clay 1 55 3 4 23 21 3k
3 MB-36 Clay 9 38 53 61 25 36 28 90 w35 28 91 - 1.35 1
T " 32 87 14° 0.20
" 35 82 20 o.27
wx " 36 82 - 0.34
4 MB-48 sSilty clay 16 49 35 42 21 21 23 98 x© 34 23 99 - 0.62 1k
oC " 23 98 - 1.14
w " 26 ol - 0.52
QT " 27 96 20 0.33
QT " 31 89 o° 0.16
e " 32 86 - 0.21
MB-55 Silty clay 8 48 4 sy 23 31 35
MB-66 Silty clay b3 k3 43 57 23 3% 24 97 uc 30 2k 97 - 1.19 2,70 15
uc " 24 96 - 1.25
Qr " 29 91 1° 0,22
QT " 29 91 U 0.13
7 MB-69 Silty clay 12 kg 39 47 23 24 21 100 uc 35 20 97 1.32 17
oC " 25 97 - 0.9
w o 30 90 - 0.28
QT " 31 89 20 0.16
uc " 3k 8k - 0.16
8 MB-T6 Clay 8 29 63 T5 26 ko 31 87 e 35 27 87 - 1.17 2.69 14
L " 31 88 - 0.62
oc " 32 86 - 0.65

Notes: UC = unconfined compression test; QT = quick triaxial compression test; Q T = consolidated quick triaxial compression test. wh from
strength tests is water content before testing. Each UC test is the averdge of two l-in.-diameter test specimens taken from the top
and bhottom of ths campaction mold.



PART IV: EMBANKMENT FOR IEVEE, HIGHWAY, AND RATLROAD

Design of Embankments

Shear strength of founda-
Xion and embankments

32. A foundation shear strength of ¢ = 0° and ¢ = 0.30 tons per sq
Tt was selected for the design of all embankments north of station 672;

& foundation shear strength of ¥ = 0° and ¢ = 0.25 tons per sq £t was
“mployed in the design of the embankment south of station 672.

33. An embankment shear strength of 500 1b per sq ft was used for
the embankments north of station 672 and 450 1b per sq £t for the embank-
Tents 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
8lopes ang 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-
tlon of the berms was relatively unimportant because they serve only as

counterbalancing weight.
£tebility analyses

35. The circular arc method of analysis was employed in the design
o the embankments. The maximum depth of sliding was taken to be at
®1eV -20, the bottom of the high-water-content clay stratum below which
there 15 gn increase in the strength of the clay. On the basis of com-
f;:t:OH test results and expected water contents, the unit wet weight of

Mbankment material was taken to be 110 1b per cu ft.

36. Since the embankment material is subject to considerable
::zz:tage: and since cracks may develop that will reduce the effective
analysiof the failure arc, the minimum factor of safety used in the
" 1 55 of shallow slides confined principally within the embankment
found;t;O Such cracking does not significantly affect the analysis of a

0 failure. In order to reduce surface cracking to a minimm,

al.
. 1/2- to 3.p¢ layer of sandy or silty material was used to top the
Tbankment, ,
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37. For deep slides, a minimum factor of safety 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 materiamlly 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 1b 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 taeken to be
600 1b per sq ft. Factors of safety for these sections are also shown

on fig. 5, page 5.

Construction of Embankments

LO. 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 campletion dates of each, is
summarized in table 5.

Preparation of embankment foundation

k1. 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
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Table 5

Construction Phases and Costs for Construction of Embankments

and Relocation of Highway and Railroad

Starting Completion Quantities
Phese Description Date Date cu yd Unit Price Costs
I Initial embankment 27 Oct 1949 3 Oct 1951 3,180,000 $ 0.34 $1,295,400
IT Railway subgrade 27 June 1951 8 Nov 1951 92,000 1.09 103,225%
IIT Railway location Sept 1952 April 1953 Job ——— 432,395%*
Iv Completion of embankment
on east side 16 June 1953 Dec 1953 1,140,000 0.37 421,800
v Highway relocation 20 Oct 1953 2 March 1954 117,000 0.85 99,450
VI Completion of highway*¥** April 1958 e ceeeeam ——— 350,500
Approximate total cost $2,702,770

* TIncludes cost of seeding and sodding.

¥%* Through Dec 1953.
not included.

*%% Highway under construction at time report was prepared.

Small outstanding costs and maintenance costs to April 1954
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embankment was thoroughly disked and scarified before any f£ill was
Placed.

Borrow areas

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
Plts. 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 £ill

b4, Fill for the embankments 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
€nough for compaction when the ground and embankment were dry enough to
SBupport the equipment used for hauling and spreading the material with-
out unreasonable cutting up of the embankment already in place. After
the material had 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 equipment.
This procedure resulted in about as good campaction as could be obtained
Considering the high water content and plastic nature of the clay £ill
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.

k7. No water content or density determinstions 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 £t at a distance of T7 £t 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 msin embankment was overbuilt 2.0 to 2.5 £t
to compensste for future settlement of the foundation.

Table 6

Estimated Settlement and Overbulld of Railroad Portion of Embankment

January 1951

Couwputed Foundation Assumed Embankment Estimated Total
Settlement for Consolidation and Foun- Settlement Eatimated Overbuild Estimate As Constructed
Net Embaniment dation Settlement Due of Railroad Settlement by January 1951 Groes Overbullt Gross Grade
Sta Section | to Overbuilding Crown 1 January 1952 Computed Recommended Grade 1t October 1953

630 b2 e * 0.5 ft b7 £t 1.5 £t 3.2 £t 2.5 ft 64.3 2.7 62.4
664 3.5 1t 0.5 ft 4.0 £t 2.1 £t 1.9 ft 2.0 ft 63.6 2.0 62.2
758 k.ot 0.5 ft 4.5 £t 1.7 ft 2.8 £t 2.5 ft 6.l 2.8 63.2

798 5.0 ft 0.5 ft 5.5 ft 2.5 £t 3.0 ft 2.5 ft 6.2 2.6 63.1

Note: Net grade of embankment (top phase IT) before ballest = 61.6 msl.

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 made, overbuilding of the embankment during the final phase of con-

struction was estimated to increase the total foundation settlement to
k.5 to 5.5 ft.
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Pore Pressure in Embankment and Foundation

4g. In order to determine pore water pressures caused by construc-
tion of the f£ill, five piezometers were placed 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 of these stations 30 ft from the landside toe of the embankment

Table 7

Location of Engineering Meagurement Devices

Initial Elevation

Distance from Settlement Plate Initial Elevation
Engineering Center Line of Railroad or Piezometer Tip Top of Riser or Gage
Measuring Device Fumber Station Ft Ft - ML Ft_- ML
Embankment and
foundation plezometers 1 630+00 16 US -10.00 31 19 (eage)
2 20 US +20.00 .79
3 18 Us +35.60 31 79 "
i 62 DS -10.01 31.79
5 58 DS +20.00 31.79 "
6 290 DS +20.00 + 31.43 (riser)
1 664 +00 16 Us -10.01 32.16 (gage)
2 20 US +20.00 32,16
3 18 US +36.20 32.16
& 62 DS -10.03 32.16 "
5 58 DS +20,00 32.16 "
6 290 DS +19.30 32.38 (riser)
1 758+00 16 US -10.01 34.61 (gage)
2 20 US +20.03 3461
3 18 US +38.77 ‘ 3b.61 "
I 62 DS -10.00 .61 v
5 58 DS +20.00 361 "
6 290 DS +21.44 34.55 (riser)
1 798+00 16 US -10.00 35.14 (gage)
2 20 Us 420,01 3/ "
3 18 Us +39.50 35.1k ¢
i 62 1S -9.99 3506 v
5 58 DS +20,01 35.1 "
6 290 DS +22.05 35.24 (riser)
Settlement plates
beneath embankment 1 630403 5 US 29.92 60.10
2 630+03 18 US 29.96 65.00
3 630+03 60 DS 29.75 $0.8L
i 664 +0k 95 Us 30.33 60.20
5 664+04 18 Us 30.76 65.81
6 664 +04 60 DS 30.52 54,54
15 758403 95 U3 33.05 61.66
16 758+03 18 Us 33.3b 67.0L
17 758+03 60 DS 3k.56 58.66
18 798+03 95 US 33.87 61.26
19 798+03 18 Us 33.96 66.33
20 798403 60 DS 34.17 57. 5k
Settlement hubs .
°n structure 1, 2,3 &4  See fig. 39 See fig. 39 See fig. 39 -—-
Pi"-Olnet’.ers
deneath structure Ay B, & C See fig. 39 See fig. 39 See fig. 39 See fig. 39
Settlement plates
etneath veipr A&B See fig. 39 See fig. 39 See fig. 39 See fig. 39
Settlement plates A 690+00 Plates A, B, and C are 29.69 32.18
eneath riprap B 700400 20 ft upstream of up- 28.85 31.35
c T10+00 stream edge of weir 29.18 31.69
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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 8-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/h-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 plezometer 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 tipé. Al]l 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
Wwhich might permit the collection of air. Material used for backfill
a&round 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-
bacting the backfill in the trenches cut for the tubes to the piezome-
ters tips. ,

51. Tubes from the piezometer tips were brought into the terminsal
well through a steel pipe in the wall of the well. After the installs-
tion was complete, the steel pipe was filled with asphaltic material.
Just inside the terminal well, the brass tubes were changed to 1/L4-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
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gages could be connected onto the end of each line. The gages used were
4-1/2-in. Asheroft, Type 1014, which were capable of measuring pressures
up to 30 psi in lfQ—pSi increments, -and yvacuums up to 30 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 enmbankment.

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 plezometers, 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 enmbankment) from the gage pressure converted to £t 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
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Fig. 18. Embankment and foundation pore pressures - sta 758 and 798
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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.
Seasonsl variation in the water table beyond the embankment is attrib-
uted to desiccation rather than to a draining action. Therefore, with

no drying possible beneath the wide-base embankments, the water table
beneath them probably varies little with the 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
Plezometers 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 pilezometers 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
& constant height of f111l. Phase IV construction during the fall of
1953 caused another increase in pore pressure and, as was expected,
Plezometers 1 and 2 indicated higher pore pressures than piezometers b4
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 f£ill 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
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of the plezometers at station 798 were not functioning properly when the
maximum 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 £ill just before
the height of f£ill was increaged during the summer of 1951. Similarly,
the foundation was about 70 to 80 per cent consolidated under the in-
creased £i11 height just prior to starting construction phase IV. These
latter data closely check the percentages of consolidation a&s determined
from the -observed settlements.

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 plezometers are referenced to the tip elevations, as are the
heights of £ill 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 £111 height pressures were obtained, whereas in the north
embankment the maximum pore pressures were only 13 and 3 per cent of the
£111 height pressures, respectively, at station 758 and station 798.

61. The high pore pressures in the south embankment occurred just
after the f£ill height was increased during the summer of 1951. Equally
high pore pressures (in per cent of £11l height) also occurred in the
south embankment in the fall of 1950 after the initial f111 was placed.
The pore pressure in the base of the south embankment decreased to sbout
15 to 25 per cent by the time the phase IV addition was made.

62. Very small pore pressures developed in the north embankment and
they decreased rapidly shortly after the £111 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 cbserved during
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construction, all sections of the embankment proved stable both during
and after construction. 8tability analyses of the embankment at station
630 utilizing the cross section and pore pressures as observed on 16 July
1951, and an estimated slow shear strength of the foundation of = 16°,

¢ = 0.15 ton per sq ft indicated & factor of safety of 1.7.

Settlement of Embankment

64. Observations of settlement plates placed during construction
at the base of existing embankments adjacent to the project provided 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 anmlyses 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 f£t. Computed set-
tlements at specific stations elong the embankments are tabulated below:

Table 8
Estimated Total Settlement of Embankment

Estimated Total Settlements, ft

Net Emb Sect Net Emb Sect Overbuilt Sect +
Station (May 1949) (Jan 1951) Enb Consol (Jan 51)
634450 4, 4.2 b7
672+00 3.9 3.5 4.0
728450 ) 3.1 b1
758450 L4 4.0 4.5
178450 3.7 3.9 .k
798+50 k.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 leboratory pressure void ratio curves for soll samples

taken in the first 30 to 35 ft, whereas the straight line portion of the
lsboratory consolidation curves was used for samples below this depth.
The reason for this is that the upper 30 to 35 £t of the foundation mate-
rial is considered to be overconsolidated, whereas the solls below this
depth appear to be normally consolidated. The ground-water teble was
assumed to be at a depth of approximately 6 ft below the natural ground
surface in the settlement computetions. Although the clay stratum be-
-neath the north embankment is thicker than that beneath the south embank-
ment, the more compressible foundation clays beneath the south embankment
and the larger sections required for stability of the south embankment
resulted in settlements of the same magnitude for both the south and
north enmbankments.

66. The presence of layers of silty soils of various thicknesses
interspersed within the predominantly clay foundation affords 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 of consolidation of the
new embankments was attempted, the effective thickness of the foundation
scrata was caomputed on the basis of time-settlement curves obtained from
the embankments previously constructed by the Louisiane Department of
Highways, and time-consolidation data from laboratory tests. From these
camputations, the effective thickness of the foundation clay strata was
computed to be about 11 or 12 ft. The time-settlement curves shown on
figs. 19 and 20 were computed on the basis of the following:

North Embankment South Embankment

a) Total settlement h.6 £t h.7 £t
(sta 798450) (sta 634450)
b) Laboratory time for 29 min 47 min

50% consolidation of
a 1.2-in. sample

c) Effective thickness of 12 £t 11 ft
clay stratum
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d) Terzaghi's theoretical time rate for uniformly loaded stratum
e) Construction rate: first season, 60%; second season, 40%

Overbuilding 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 baged on the theoretical mnalyses and an analysis of the actusl set-
tlement that had occurred beneath the preload f£ills at the abutments of
the control structure and at four stations along the embankment. The
following assumptions and estimates were made in determining the re-
quired overbuild:

a. The railroad portion of the embankment would be completed
between June and December 1951.

b. 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 £ills at the abutments for the control structure, ex-
cept between stations 790 and 800 where the camputed 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 0.5 ft was made for consolidation within
the embankment and settlement due to overbuilding which
will occur after completion of the railroad portion of the
embankment..

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

e. Total settlement of the rallroad 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 given in table 6, page 34. The amount of overbuild
required could not be computed closer than +0.5 £t from the data avail-
gble. It was estimated that the amount of overbuild recommended would
Insure that the grade of the railroad will stay above 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

Qverbuild*, £t

Foundation Overbuild Required to Com-

Settlement pensate for Settlement by

1 Jan 1952, ft As Dates Shown (Estimated in
Estimated Estimated  Con- January 1954)

Sta (Jan 1951) Observed (Jan 1951) structed By 1957 By 1965

630 1.5 2.5 3.2 2.7 2.8 3.1
664 2.1 2.3 1.9 2.0 2.4 2.8
758 1.7 1.9 2.8 2.8 2.7 3.6
798 2.5 2.1 3.0 2.6 3.1 3.6

¥ Al) 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 &nd 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. 8Settlements 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
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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 cbtained 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.

Tl. A comparison of predicted foundation settlements as estimated
on the dates indicated is shown below:

Total Foundatlion Settlement in Feet
Station Est May '49* Est Jan '51%¥ Est Jan 'SL¥*

630 5.2 .7 4.6
66k .4 4.0 4,2
758 k.9 4.5 y.g
798 5.1 5.5 k.6

¥  Above estimated settlements include 0.5 ft for
settlements resulting from overbullding.
** Foundation settlement estimated to occur by 1965

from fig. 25.
The estimates made in January 1951 were revised on the basis of 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.
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PART V: PILE LOADING TESTS

T2. 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 soll 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 not amount to more than 5 to 15 per cent.)

General Test Procedures

73. As the clay overlylng the sand was very compressible, compres-
sion tests were made 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-
tionsl 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 sbove the proposed base of

the structure.

Types of Piles and Driving Equipment

T4, TFig. 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 Size and Description

Cylindrical pipe 3/8 in. wall thickness
18-in., 24-in., 30-in. dismeters
1.5-ft-, 1.9-ft-, 2:4-ft-long conical points

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

Monotube, constant section No. 3 and No. 7 gage metal
12-in. diemeter, 9-in.-long conical point

“Precast concrete 22-in. square, point tapered to 8 in. in
2 £t

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-1b,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 £t-1b, 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 & 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 Jjacks were used.
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Fig. 27. Test setup for 24-in. pipe pile driven into sand

Loading procedure

T7. "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 40-, 80-, and 160-ton loads and
8t 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. "p" 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 400 tons without
failure. Rebound of all piles was allowed at the end of the test.

Measurement 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 dats 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 pPro-
cedure resulted in a curve that represents (up to the 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 31l.

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 "db" pile load. This method is not exactly correct,
as the load carried by & 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

8L, The determination of the "failure load" of a test pile is

usually arbitrary. Therefore, various procedures were utilized to ob-
tain & value for each pile. The procedures used for selecting a failure

load for each compression pile were as follows:
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Determine the load which produced & 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 Ioad.

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 & maximum load of 400 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

e

are indicated for any pile.
Average bearing capacity 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 &s the bearing
capacity of the tip of the "b" piles. The second method utilized the
tip fallure 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 Test Pile Failure Loads

Method of Fallure Load Determination Inspection

0.25-1in. Fet Tangent Inspection Slope of Inspd;ction 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 Type Tons Tons Tons Tons Tons Interpretation Tons
¢-1-a  24-in. pipe 134 131 125 132 130 130 ——
c-1-b 357 360 320 347 330 343 ---
Diff. 223 229 195 215 200 213 185
c-2-2 8-in. tip Monotube 80 78 78 76 3 77 -
c-2-b tapered 169 170 1k4s 164 155 162 -
Diff. 89 92 67 88 82 85 80
c-3-a 12-in, Monotube 60 57 56 57 55 57 ---
Cc-3-b Cons. Sect., 1kg 143 1h5 1148 140 145 —-
Diff. 89 86 89 91 85 88 90
C-l-a 18-in. pipe 89 78 80 85 T 81 ——-
C-4-b 254 258 230 240 240 24 ———
Diff. 165 180 150 155 165 163 165
C-5-a 24-in. pipe 139 135 137 135 136 136 c—-
C-5-b 304 307 305 302 300 304 ——-
Diff. 165 172 168 167 164 168 185
C-6-a 30-in. pipe 1Th 173 165 140 160 166 -
C-6-b* 450 62 450 kss Lhs 452 ——
Diff.* 266 289 285 295 285 286 280
Cc-T7-a 22-in, square pre- 139 138 135 130 135 135 ——
c-T-b cast conc. 293 290 285 283 285 287 ———
Diff. 154 152 150 153 150 152 140

* C-6-b was not loaded to failure; values indicated are based on estimated curves.

89
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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. 1b/sq £t
C-l1-a  Pipe 2k T30
C-2-a  Monotube, tapered 8 (tip) 694
C-3-a Monotube, constant section 12 543
C-k-a  Pipe 18 52l
C~5-8 Pipe 2L 660
C-6-a Pipe 30 650
C-T-a Precast concrete 22 (square) 589
Average -- 630

The average value of 630 1b per sq ft checks closely the average shear
strength of 660 1b 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 almost all of its
supporting stress by consolidation within the clay strata. If the total
load spplied to the pile 1is 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 ageinst 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 compression 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.
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on fig. 34. The measured tip bear- wotes: ‘o)
/. Failure loods from. tip load curves corrected
ing capacities of the piles, ad- for additional length of *b' piles in cloy and
adfusted fo a 5ff penefration info sand and an
857+ depth of the point on basls of Terzaghi A
s, ted b #
. urves compufe equations on figure 35 fo
sumed for computation of the #~30°% a 5t ,oen'::'lmfionyingo sand, and on 85¥¢
depth of the point.

Jjusted to the same conditions as-

curves (table 11), are also shown

300
on this figure. These data in-
dicate that method "A" (Terzaghi
and Peck) and method "D" (Jaky) gzoc
[
fit the test data reasonably well. z M S
2 V,
3 7703
Tension Test Piles a f0OF 77T .
+ 0,.-" ®
PY o~
Load arrangement .
[+
91. The tension piles were ° 10 20 30
DIAMETER OF PILE TIP IN INCHES
loaded by Jacking against 12 tim-
ber anchor piles, 6 in a row on Fig. 34. Theoretical and observed
each side of the pile. An 8-in. tip bearing capacity of piles

dri i
I-beam was embedded about 9 ft riven into sand

into the concrete filling the pile shell to make the tension connection

Table 11
Adjusted Tip Failure Loads
Corrected Adjusted
_ Tip Failure Tip Failure Tip Failure

Pile Size and Type Load,l ton Load,2 ton Load,3 ton
C-1-b  2h-in. pipe 185 176 160
C-2-b  8-in. tip Monotube 80 Th 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 2h-in. pipe 185 171 163
C-6-b 30-in. pipe 280 276 275
C-7-b 22-in.-square pre- 1ko 120 115

cast concrete

Tip failure load determined by inspection of tip load curve.
Correction made to loads indicated by tip load curves on basis of

3 greater length in clay of "b" piles than "a" piles.
Adjustment of corrected loads made 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 & 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 loading. 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
ok, Typical test data for tension pile T-l 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
vere 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

the average tension skin frictlion in the clay.

allowable tension
load. The second
condition was the
complete failure of
the plle 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 results of the analy-

gis of data from each test are presented in table 12.

Tension Test Pile Fallure loads

Table 12

Determination of Failure Load, ton

0.25-in. Inspection of Curve
Pile Size and Type Gross Rise Gross Rise¥* Gross Rise Net Rise
T.1 24-in. pipe 133 139 134 134
T-2 8-in. tip Monotube 80 5 125 122
tapered
T-.3 12-in. Monotube 53 52 88 87
constant section
T4 18-in. pipe 117 117 125 125
T7-5 2L-in. pipe 150 141 200 200
T-6 24-in. pipe 167 134 160 160

% Toad for 0.25-in. gross

rise corrected to an embedded length of 75 ft.
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Average load capacity
96. As the embedded lengths varied somewhat, the loads which pro-

duced a gross rige 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 i _wbk%amglrmedm

diameter of 13 in., the average of the tip g zzzgi?ﬂafbmﬂﬁd'

and butt diameters, which were 8 and 18 g 200

in., respectively. The average line drawn éﬁ o),
through the points indicates that a 20-in.- gloc 3///Ar
diameter round pile 75 ft long can carry : //,//,

the design tension load of 25 tons with a g R

factor of safety of approximately L.5. : ok L 1 J

Average skin friction in clay PILE DIAMETER IN INCHES

97. It is not possible to compute Fig. 38. Average tension
directly from the test data on the tension capaclty
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 frictlon of the sand of
300. 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
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Table 13

Corrected Skin Friction in Clay of Tension Test Piles

Tension Skin Friction Compression Skin

Pile Size and Type 1b/sq £t Friction, 1b/sq ft

T-1 24-in. pipe 608 730

T-2 8-in. tip Monotube 829 69k

tapered

T-3 12-in. Monotube T06 543

T-4 18-in. pipe 639 523

T-5 2h-in. pipe 651 659

T-6 2h-in. pipe 350 588
Average 695 623
Average of tension and compression tests 660

Note: Average based on piles T-1 through T-L4.
Average skin friction of piles C-l-a through C-7-a, 630 1b/sq ft.
Average coheslve strength of foundation clays as determined by
unconfined and quick triaxial tests, 660 1lb/sq ft.

by unconfined and unconsolidated und;ained 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 made 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 formulss as
given on the following page include the intended factors of safety as
indicated. The symbols used are grouped after the formulas.
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Engineering-News R =57 (F.8. = 6)
Engineering-News R = __iiligﬁiﬁ (F.s. = 6)
(modification 1) s + 0.1
Engineering-News R = _2%362_ (F.8. = 6)
(modification 2) 8 -3
Eytelwein (modified) R = ___2__»1_11_? (F.S. = 6)
Canadian National R-2Whnooe (F.8. = 3).
Building Code ST et )
n = W + 0.5 e2 P
- W+P
C = §K§ (2%%& + 0.0001)
Y
Pacific Coast Uniform R = b (F.s. = 1)
Building Code u u
s + —"——"A E

= coefficient; 0.25 for steel piles; 0.10 for all other piles
= 4 recommended by Pacific Coast code

A = average cross-sectional area of driven parts in square inches

b= I - B e = - Q

n o

= coefficient of restitution; 0.5 for ram striking steel anvil
on steel or concrete piles; 0.4 for ram striking steel anvil

containing a wood cushion
= modulus of elasticity of pile material
= height of free fall of ram in feet
= length of pile in feet
= weight of driven pile in pounds
= design carrying capacity of pile in pounds
= ultimate carrying capacity of pile in pounds

= set per blow in inches

W = weight of falling mass in pounds
The Canadian National Building Code and the Pacific Coast Uniform Build-

ing Code formulas are modifications of the Hiley formula.

possible to use the Hiley formula, as the rebound of the pile during

It was not

7
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driving 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 formulas 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 of the cam-
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 data presented that the pile-driving
formulas did not give capacities which checked either the total or tip
capacity of the test piles at the site of the Morganza Floodway Control
Structure. The only good agreement obtained was between the "ultimste
capacity" as computed from the Paciflc Coast formulas and the "ultimate
tip test capacity." In connection with the average ratios shown in
table 14, it is pointed out that formulas which give ratios greater than
1 are on the radical side, whereas formulas which give ratios less than

1 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 4.0). The formulas of the
Canadian National and Pacific Coast Uniform Building Codes indicated
conservative ultimate capacities, as the ratio of code capacity to test
capacity ranged from 0.4 to 1.0.



Table 1k

Coumparison between Test Results and Pile Driving Formulas

1) (2) (3) (%) (5) (5) (5} (5} {5} 57
Total Design Ultimate Design Canadian
Ultimate Short Time Tip Test long Time Engr, News Engr. News Engr, News Eytelwein National Pacific Coast
Test Capacity (Test) load Capacity (Test) Load R (Mod. 1) R (Mod. 2) R R R R
Pile Size and Type Tons F.8. = 2.0 Tons F.S. = 1.5 Tons Tons Tons Tons Tons Tons
C-1-b  24-in. pipe 343 172 185 123 230 243 92 97 Ls 51
C-2-b  8-in. tip Monotube 162 81 80 53 109 123 ks 52 19 21
tapered
C-3-b  12-in. Monotube constant 145 73 90 60 118 183 L6 8 18 19
section
C-b-b  18-in. pipe 244 122 165 110 118 g2 46 37 29 29
C-5-b 2L4-in, pipe 304 152 185 123 230 244 100 101 L3 Sk
C-6-b  30-in. pipe Ls2 226 280 187 238 20L 92 T9 L8 55
C-7-b 22-in. sq precast concrete 287 144 140 93 230 56 100 19 59 39
(6) . Design Formula Capacity 1.30 o 0 0.2 0.28
Av. Ratio: poor o Short Time (Test)Load 1.35 -3 .25 .33 .27
; Design Formula Capacity .80 1.6 0.74 0.6 0.36 0.36
Av. Ratio: Design Long Time (Test) Load 1 9 T 9 3 3
) ; (N
. Ultimate Formula Capacity 0 6 I o
Av. Ratlo: 75531 Uitimate Test Capacity) k.05 3.9 1.65 1.5% 0.51 -55
gy (T
. Ultimate Formula Capacity 2 2 0
Av. Ratlo: Grerse7io Test Capacity 7.20 6.76 .96 .76 0.72 .96
(1) The total test capacity was taken from "Average Failure Load" - Table 1.
(2) Total ultimate test capacity s 2.0. In other words, the factor of safety against plunging uwnder a "short time" load 1s 2.0,
(3) The ultimate tip test capacity was determined by inspection of tip load curves.
(4) Ultimate tip test capacity ¢ 1.5. In other words, the factor of safety against detrimental settlement under a "long time" load is 1. S.
(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 & 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.-dismeter
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 & 2-on-1 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 £t in length are of octegonal 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 plles 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 pilers was steepened to minimize the effect of founda-
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 egainst structure and no up-
1ift 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.

104. The piles were made of concrete which had an average 1l4-day
compressive strength of 4300 psi and an average 28-day strength of 5000
psi. They are reinforced with 8 longitudinal l-l/8-in.-diameter bars
with 3/8-in. spiral reinforcement on a pitch of 6 in. The spiral rein-
forcement of the octagonal plles 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 subjJected 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
681450, station 693+40 to station 697+50, and station 715400 to station



82

T17+20, strata of clay exist that it was thought might cause differential
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
onerlying these clay strata and into the bearing sand beneath the clay.
Therefore, along these three reaches an attempt was made to drive the
plles 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 believed that overdriving the piles would
limit the differential settlements between monoliths to probably less
than 1/2 in. and not more than 1 in.

108. At a few locations where the compressible strata in the upper
part of the sand foundation could not be penetrated, it was estimated
that differential settlements greater than 1 in. might eventually ocecur.
It was realized that at these locations the gates between adjacent mono-
liths might be affected adversely and, a&s 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 plle foundation was begun, an estimate
wvas made of the settlement that might occur along those reaches where
clay stratae 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 paragrapha. 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 were embedded in the concrete
superstructure, abutments, and approach piers as they were poured. A
plan and disgram 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 had set around the pile heads. Another set of hubs
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APPROACH APPROACH APPROACH SOUTE | STATION J10+00 J00s00 690s00| |_Date _  Rlevit| Dete Elevt?] ATION PIZR XO. 1 IR PIm PIER PIER PIIR ¥o. 1
LOCATION PIER ¥O. 35 PIER ¥O. 15 PIRR ¥O. 2 PIR NO. 1 | p1gm wo, 3 PIER NO. 2 PIER NO. 1 ABUTIENT FLATE c ) A 12 qul 50 35.7 | 5Fed Sk 256 s 2 R0, 85 '%053 Ro: 61 R0 31 - 2
pr— 6913920 Bhe13.20 B1006.95 680+75.70 68044k U5 680413.20 679+81.95 679 +48.95 1952 3.9 [11Peb sk 19.0 STATION T1450.70 70720010 | 33.70] $99+50.70 | 692+00.70 684450.70
2UB o, T 2 5 % N 2 3 y 1 2 3 » 1 3 1 3 1 3 1 3 N 3 11 Pevruary 1953  29.18 28.85 29.68 3Dec 52 9.7 [l12Peb Sk 17.5 [(Prezowerer ) A, BT Gl Ak ph i e T A3 B:d T A B2 [AL Bl G-l
6 March 1953 29,14 28,81 29.55 11 Peb 53 214 25 Mar Sh 134 Elev top of pipe 64,35 64,35 64L.06] 64.38 64.38) 64.OT| 6k.BO 6,40 |6L.4S 6E4.hS |6h.4O 644D 6403
26 October 1951 —  27.765 — 27.802] — 27580 = 27.896| — —_ — — _— p— — —_— f— — — —_— ] — —_ 10 April 1953 29,18 28,85 29.62 6Mar 53 28,9 | 1Apr Sk 13.3 Water alev in pipe 29 Jan 1954 | 29,60 28,15 e . [ - 28.30 28.25| - e8.20f - 28,22 17.1)
19 March 1952 —_— —_— — —_— - —_ —_ —_— = 27492 —  27.977| - - - b _— - | — —_ — 30 April 1953 29,19 28.87 29.63 26 Mar 53 343 | T Apr Sk g Water elev in pipe 5 Feb 195k | 29.58 2B.03 o+ L o [ 17.68] 28.33 28.12 ( -  28.20 {27.08 2B.11 20.43
3 Decesber 1952 |64.926 —  64.059 27.865| 64.893 27.54k 64.037 27.854 64,869 27.462 64.028 27.932 | 64.922 64.043 614-2:6 64.000 | 64.819 63.997 | 64.851 64.031 | 64.912 6k.013 11 February 1954 29.138 28.820 29.529 10 Apr 53 33.7 Vater elev in pipe 12 Feb 1954 | 29.58 27.85 e . . 19.37] 28.33 28.12 . 28.20 |27.08 28.20 20.43
25 Merch 1953 |64.93 —— 6b.068 — | 64.098 — 6h.olg — [6u.80 —— 64033 — :'»920 2:'0:‘2* 2:.81: 22 2:::{ Zi-::; — :Zzs Zg 2’;-:‘;2 ::;’::: ﬁ: Water elev in pipe 25 Margss| - - 18.60| - 2150 - et - | - s - - -
23 My 1953 | 64.932 — 64,064 27.866| 64.89% — 6L.O4S 27.853 | 64.B62 -—  64.033 27.932 | 64.911 -0 . . . . Lo . . . . Veter elev in pips 7 Apr 1954 = 271,95 18.16) #8.03 - | 18.07|27.95 2830 | - 28.20 6o : 18.23
3 November 1953 | 66,929 —  6L.066 27.868) 6k.B9L  —— 64,03 27.857( 64,857 ——  6b.024 27.928 | 6h.901 6h.037 | 64.808 63.986 | 64.783 63.980| —— 64,013 |6k.BB2 63.987 3Fov 5y 5.1 o ? ’ 20:60 #re0
11 Februsry 195k |64.929 27.Ti2 64.066 27.868| 64.895 27.511 64.031 27.856) 64.857 27.399% 6h.017 27.925 |64.905 64.035| 64809 63.981 |64.784 63.573 | —— 64.006 | 64.674 63.983 2 Jaa sk A9
ELEVATIONS OF SETTLEMENT PLATES BENEATH CONTROL STRUCTURE PERMANENT BENCH MARKS « Bub epparently damaged during cobstruction.
2 EILEVATI ## Sand in riser pipe.
STATION 680+90 682+77 68U+65 686+52 688440 690«273 A692~1I~B A69m - At’>9s»»9oE A69M7s ‘699»65' ¥o. LOCATION T | SO ave s point under rail.
PLATE A B A B A B A B A B A
. .66. originel elev of P,B, M2 was 32,261, After being hit
eig. Eiev. Top of Rod | 31.3L | 37.15 |31.2u | 37.21| 31.20 | 37.12 | 3L.21 | 37.05 | 33.48 | 37.10 | 31.35 | 37.01 | 33.25 | 37.08 | 32.21 | 37.08 |31.52 | 37.03 |31.34 [37.11 | 31.39 | 36.99 1 | 350 ft downstresm from center line TSP Railrosd, Ste 581400 | 59.400 | -66.4 t b; S ractor, about April 1952, the alev became 3:3;.3.
Length of Rod 7.03 | 12.82 | 8.8 | 1k.47{ 7.01 | 12.90 [ 7.03 |32.93 ] 7.29 |12.97 | 7.30 [12.9k | T.0k }12.91 7.08 lf~93 ZZ.:; 1:33 7.20 {13.00| 7.28]12.92 2 | 150 £t downstream from center line T&P Reillrosd, Pler 6 , Sta 682+13 | 32,2034 -64.7 .
Orig. Piate Elev. 24.28 (24.33 {22.16 [22.74 | 24,19 | 24.22 | 24.18 [ 24,12 {24.19 | 2.13 [ 24,05 | 26,07 |2k.21 {2k.17 k.13 J2b.25 124.28 24.10 J2u.1h j2k.11 f2k.11 | 2b.07 3 | 150 4 dovnetrean from center 1ine TAP Railrosd, Pier 60 , Sta 699419 | 32,403 | -52.6 't &T?‘L?;ﬁ?cxir?i';{ru‘tﬁ‘#i.‘{;;&'&“ﬁ.‘"' L.
28 January 1954 31.23 {37.07 | 31.26 | 37.11 | 31.10 | 36.99 | 31.14 | 36.91 | 31.42 | 36.98 | 31.26 16.91 §31.15 | 37.02 | 31.14 | 37.01 [3L.46 | 36.95 {31.33 |36.96 | 31.3k | 36.97 4 | 150 £t downstresm from center line T&P Railrcsd, Pier 117, Sta T17+00 | 32.710 | -68.0 distance from Red River Landing gage to Bayou Sara gage.
- 5 | 350 £t dowvnstream from center line TAP Rallroasd, Sta 812+00 | 58.007 | -84.0
STATION 701452 103440 T05+27 107415 709+02 T1040 712417 L4465 A716+52 T18+ko Initiel elevations established 10 snd 11 July 1951. Zevo of Red River Landing gage = elev ;'::
PLATE A B A B A B Al B A B A ] A B A B B A B Zero of Bayou Sers gage = elev 3. Fi
Gria. Eiev. Top of Rod| 31,30 | 37.05 | 31,31 | 3700 | 31.32 | 37.09 | 31.17| 36.98 | 33.79 | 37.3% [ 31.29 | 37.14 [31.35 | 37.29 [ 3170 (37.12 303 | 37.09 | 3149 | 37.52 g. 39. Plan and diagram of settlement
Length of Rod 7.15|12.50 { "7.18 (i2.92| 7.1012.88| 7.11]|12.92 | 71.29 12.3: Z.og ;f.g: 2121’2 ;ﬁgz 23.33 é»:?& a2 2&.'?5 23.38 %.32?
Orig. Plate Elev. 24,15 | 24,15 | 24,13 | 24.08 | 24.22 [ 24.21 | 24.06 | 24.06 | 24.50 | 2h. 24,20 . . <34 1 24, . NOTE: Elevations refer to mesn ses level. . hubs, and settlement observa-tions of
28 Japusry 1954 31.22 | 36.99 | 31.24 | 37.03 ] 31.29 | 37.05 | 31.12 | 36,94 | 31,66 | 37.24 | 31.22 | 37.0L | 31.29 | 37.23 31.66 § 37.05 | 3449 137.08 | 31.45 | 37.48

NOTE: "A" settiement plates 37.9 ft upstresm of center line of railroad. "B" plates 43.9 £t upstresm of center line of railrosd. : ) control structure
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was embedded in the beam supporting the upstream crane rail and in the
downstream retaining wall for the railrcad ballast. Readings of these
settlement hubs are referenced to five deep permanent bench marks in-
stalled in the underlying send foundation at locations shown on figs. 1
and 39. These permanent bench marks consist of 1-1/b-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 sbout 6 in. into the
ground. FEach installation is protected by pipe guard rails supported by
L concrete posts 3 £t on centers.

111. Settlement observations made 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. 4O-kl.
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 plers 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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SITTLEMENT IN INCHES SETTLEMENT IN INCHES SETTLEMENT W INCHES.

SETTLEMENT N INCHES

SETTLEMENT N INCHES



SATTLEMENT i WCHES

BETTLEMENT IN SNCHES

SETTLEMENT 1M WCHES

SETTLAMENT W ICHES

SETTLEMENT W WCMES

952 1953 1954
° SANUARY MARCH MAY JULY SEPTEMBER NOVEWDE R SAMUARY T m . T sy T AR j \1mu¢n L] JANUARY MARCH
D PIER NO. 95 Tom oF STAUCTURE— O
P ] STATION 710+13.20
for N oz
~
¥ ~ .
~ -
~oa Y ) s
x P~
H =~
- or
2 BASE 348 POUNED 19 MOV 1981 =~ L
> a8 1‘\ 2 .
3 ~p———da 1 / o
B e e S O R M ey
o
T PIER NO 12
H Sl ] STATION 7IS+44.45
sol Ql; os
H M —— | ¥ B N
z ~d . X .
tos o gl % p—h
H e 3 5 iy .
] B45E S4B POURED 17 DEC 31 il TSR | I 3 o | — sase or STRUCTURE:
os Fme—— === - ae
§ ! i Sty T s o705 S PN
" == e
° =t " °
e et e ]
Rkt =re—— —
Eal__ | =t - oz
8l 8 e ————
! §| — ; " - --I.\'N
— 08 OF STRUCTU — ==
x. H —— ! K L4 - .-
; "l P S N
; il NOTE UNSTREAM SETTLEMENT WD DAMAEED DUNINE CONETRUCTION b @ *
sos oe
¥ I PIER NO. 125 1
STATION T19+450.70
° - °
Doy \-\_\
F S T
%oz Er 51 == “
¥ i[ ¥ ~L__ —
z § il S T —]
== roe or o
§ [ - N ..__‘.(‘ T \'ﬁ
H N B i e
Eoe EI i F LTS =
3 NORTH APPROACH PIER NO. 2 iiiad TN
STATION 720+475.70 '
.
LEGEND CAP COMMLETED '
2 SETTLEMENT OF DOWNSTREAM EDGE OF TOP OR BASK “-}\v—
z 02 —— am me = SETTLEMENT OF UPSTREAM 2DGE OF TOP OR SASE __E = — o
P a SETTLEMENT OF ms N | & s Iy Sppmt
z L] SETTLEMENT OF HUBNG B _—il e ===l ———]
04 ° SETTLEMENT OF HUB NO. 3 COMPUTED PROM OBSZAVED adunde T
SETTLDMENT OF +8 MO, | Y Tom oF . Lt e S
. SETTLEMENT OF WUB MO, 3 13 ¥ e a
H . SETTLEMENT OF HUS NO. &
- 0 . SETTLEMENT OF MUB NO. 4 COMPUTED FROM — oa
SETTLEMENT OF Ya 0. 3 NORTH ABUTMENT
I NOTE: MASBERS N CIACLES ARE HUS MUMBERS | STATION 7214 08.70
1 1 L | H L | 1
o | Panuany uaRCcH Ay Sy e revEsaEa lanuary uANCH Ay Ly MPTEMBER | NOVEMSEA ANUARY uaRCH
; 1982 1983 - 1954

Fig. 41. Settlement of pilers s piler 95 to north abutment



STATIONING ALONG CENTERLING OF CONTAOL STRUCTUAL |
Jroge —_— bt s Tioqee it hadPR AAA et Rt 1o, seop® X Mt s %
L) " w "‘u\i
[ir 2y % 3 2 g 3 33 3 . 33
o 1d @ 3 2 3 3 ¢ ¢ 2 3 Y
Nyxk € < 1 < (X R0
° Lia i)y 1 : N i : e | 1y sl
o
—— SETTLEMENT OF TOP OF | ‘t\
CONTROL STRUCTURE T rdanary
0.2 y \ ot
| ot BEBAVARY 1084 \
o.4 -
o o Planink talndnalS [_ SETTLEMENT OF BASE
T o= Yooy g o= ¥ < CONTROL STRUCTURE s
] - — - \
=L 2 ‘ ~_-
. 3 £ . N . o
i 3 K =~ ="
i d [P, 3 . ~ee= z
§ - o = 7 "... i
¥ : ! §
g o 3 - os
H : 3 e H
£ g 7 R §
§ ro : - %, SETTLEMENT OF EARTH BENEATH ks o 4
g ) : -, CONTROL STRUCTURE® e E
= “ ; . o 1
N DU T3
e
. .'. \Ilwl'“
12 £ 2
1.4 - .4
Le AN ARERENEEEEEE N | ETEGANEEEEN NS NSRS prp sl g aig it (NSRS ENNEE S | ES NN NN llllllll‘ BENUNENEAS NN NN 1111881 e
20 ito 100 .0 0 70 80 S0 40 0 20 " 1
PIER NUMBER

NOTES:
(D SETTLEMENTS SHOWN FOR BASE OF STRUCTURL ARE AVERAGES OF Hu8S 2 no
4 IN BASE OF STRUCTURE. SETTLEMENTS SMOWN FOR TOP OF STRUCTURE ARE AV-

ERAGES OF MUBS 1 AND 3 ON TOP OF STRUCTURE.
LOAD ON PILES BENEATH PIERS | AND 126 APPROXIMATE HALF THAT OM PILES
BENEATH OTHER STRUCTURE PIERS.

@ SETTLEMENT OF CARTH BENEATM CONTROL STRUCTURE 1S AVERAGE oF ™™o
SETTLEMENT PLATES 6 FT APART, 4 INO-ES BELOW THE BOTTOM OF THE BASE SLAS.
THIS SETTLEMENT INCLUDES FOUNDATION SETTLEMENT CAUSED BY WEIGHT OF 4-FT
BASE SLAB BEFORE CONCRETE IN MONOLITH SET, SETTLEMENT CAUSED BY WEIGHT
OF BASE SLABS OF ADJACENT MONOL [THS SUBSEQUENTLY POURED, AND A CERTAIX
PORTION OF STRUCTURE SETTLEMENT AFTER THE CONCRETE I THE BASE SLAD MAS

SET UP AROUND THE PILE HEADS.

Fig. 42. Settlement of control

structure and earth beneath structure



89

batter. For an average dead load of 65 tons per pile and a pile length
of 90 ft, the elastic and plastic deformation within the piles themselves
has 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.l-~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 deformation of the piles could account for a considerable portion
of the base settlement; and (4) the settlement of the base of the piers
has 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 has occurred, or is
likely to occur, except for that portion of the structure south of pier 2
and north of pier 117. So far, settlements of the piers at the ends of
the structure have been well within the originally estimated 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-40, 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 £t 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 -lIl; it was believed that
the piles slong 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 kb, pages 97 and 104, 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 0.4 in.
for the south abutment (see fig. 42). The settlement of these plers 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 L to Ll; therefore no overdriving

of the piles for these piers was attempted. No measurable settlement of

the top of the structure along this reach has occurred, and settlement

of the base of these piers has apparently stopped (see figs. 39 and 140).
119. Piers 42 to 54. Borings M-53, -5h, and -56 indicated a com-

pressible stratum of clay and lignitic sand within the sand. A settle-

ment of 1.5 in. was computed at pilers 46 and 47 1f the tips of the piles
were not driven through the clay. Accqrdingly, 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 f£ig. 46, page 106). |

120, Figs. 39, 40, and 42 shov 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
plers 55 to 110. Accordingly, no settlement of these plers was antici-
pated and no overdriving of the plles was specifiled.

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 pilers 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. has 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.k4 in.
were estimated with the tips of the piles at elev -6k.

126, Observations made on top of piers 118 through the north abut-
ment show that settlement of as much as 0.6 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 plers 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 1.4 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 instalied gfter 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 Settlement in inches

Number Station 6 March '53 10 April '53% 30 April '53% 11 Feb T5h
A 690 -1.6 -0.7 -0.6 -1.8
B 700 -0.5 0 +0.2 -0.4
C 710 -0.5 0 +0.2 -0.h4

Average -—- -0.9 . =0.2 -0.1 -0.9

¥ 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 agssumed 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-1b hammer,
or 66 blows per ft for a 32,500-ft-1b 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
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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 +4 ft (+4.4 ft on batter) from
the average for any pier were noted, except for piers 98-110 where a
variation of +6 ft (+6.7 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 asg
the average penetration into sand for design purposes. Thisg penetration
was required unless the driving resistance exceeded 325 blows per ft
(with a 32,500-ft-1b hammer) before & 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 plles 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 £-on-1 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. L3.

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 Varistion in Top of Sand

99

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) - coe e e e e
Maximum difference in elevation of average top of sand
between any piers . . . . .
Maximum difference in elevation of top of sand between
any plles « ¢« v v e v e e d et e e e e e e e e e
Pile penetration into sand

Average penetration of piles into sand:

Nonoverdrive piers . . . ¢« « ¢ ¢ ¢ ¢ v v 4 v e e e w

Overdrive piers . . . e« e e e .
Maximum penetration of any pile into sand

Nonoverdrive plers . . « « v ¢« v ¢ v o ¢ 4 ¢ s o o o

Overdrive pilers .« .« « « o ¢ o v o v« o 4 e e e e e o4

Variation in top of sand

Average "minus" variation in top of sand:
Nonoverdrive piers . . . . . .« ¢« « « . . .
Overdrive piers . . . . e e e v e e e e s
Average "plus" variation in top of sand*

Nonoverdrive piers . . .« « ¢ ¢« & ¢ v ¢« 4 ¢ 4 4 e e 4 W
Overdrive piers . . . . v e e e e e e
Maximm "minus" variation in top of sand at any pier
Nonoverdrive piers . . . . . . . . e . . e
Overdrive piers . . . . . e e e
Maximum "plus" variation in top of sand at any pier:
Nonoverdrive piers . . . . . . . . . c e e e e s
Overdrive plers « « « « ¢ ¢ ¢ o o o ¢ o o o o o o o o o

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

86.1 £t
110.0 ft

7.7 £t
-36.5 £t
-31.1 £t
-61.5 ft
-68.1 £t
20.3 ft
25.0 ft

37.0 £t

6.3 £t
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penetrate through clay strata below the top of the sand (see fig. h3),
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 made
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 £t for octagonal piles and 550 blows for square piles. A re-
view-of available information on hard driving of 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 1s 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

Comparison 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

Piers Pilers Pilers Plers All non-
L 41 55.97 98-110 119-126 overdrive

Top of Sand

Difference in observed

and original estimate in
ft (vertical) 4.6 2.1 4.8 2.8 3.4

Difference in observed

and revised estimate in
ft (vertical) 3.2 0.6 k.0 2.2 2.1

Design allowance for varia-
tion in top of sand, ft

(vertical) +4 +h +6 +h4 —

Observed variation, ft

(vertical) +3.6  +2.3 +h.1 +2.4 +3.0
-3.7 =2.2 -5.5 -2.9 -3.2

Penetration into Sand

Observed, ft (slant) k.2 2.9 3.4 2.8 3.4

Allowance for Variation Plus
Penetration into Sand

Design allowance, ft (slant) 10.0 10.0 12.3 10.0 —
Optimum allowance, ft (slant) 7.6 5.0 6.7 5.6 6.3

Pile Lengths

Original design, ft (slant) 93.2 95.2 105.9  98.7 96.1
Length driven, ft (slant) 82.2 85.8 91.5 87.7 85.3
Revised design length, ft

(slant) 89.8 9k.h 102.1  95.8 93.8
Optimum length, ft (slant) 85.7 87.2 94.9 90.5 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

Sample Classifi- Pile Driving
cation vs Split- Pile Driving Data Data vs
spoon Driving vs Sample Classi- Split-spoon

Average for Pier Group Data fication Driving Data
South abut. - 3 +1.0 -1.1 -0.2
L -1 +4.5 -0.8 +3.3
42 - 54 49.3 -0.h4 +9.9
55 - 97 +2.7 -1.5 +1.9
98 - 110 +3.2 +1.2 +4.7
111 - 118 +4.5 +1.h ¥%.9
119 - north abut. +2.2 +1.3 +3.5
All plers +3.9 0.0 +h.2
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 16 ft was indicated.

The observed maximum variations of the top of sand from the average top
of sand at each pler 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 +6 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 1k and 26
which are only about 8 ft apart. Total variations of about 19 ft were
observed also at piers 15, 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 ocecurred 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. 1In actuality, the piles in the nonover-
drive reaches had an average penetration into the sand of 3.4 ft. The
penetrations ranged from 0.8 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-L9. These figures show graphically the mag-
nitude of variations in driving into sand at individual piers. The mini-
mum, average, and maximum penetrations into sand at each pler 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 overestimste the
lengths of the piles by 3.7 ft than to underestimaste 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 plle 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 variation 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 ana the assumption that the 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 gilven piler 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:

c =(5.50) - 27 - X + 113 N, + (5.50) =S
“where -C =-cost -of plles 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
of plles cast had been based on X

7S = 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 plles 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 ZS 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 straight 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 1s indicated on fig. 43.

146, The original estimate that the most economical length of pile
at any pler would be thgt of the longest one required for that piler was
largely borne out by computation of the optimum lengths. At almost two-
thirds of the nonoverdrive pilers 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-
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est pile at a computed
cost, C, very little dif-
ferent from that of the

8
:

longest pile.

147. The apparent

COST PER PIER OF MILES BELOW
AVERAGE TOP OF SAND, C, IN DOLLARS
»

discrepancy on fig. 50 of

computed optimum allowance

2
>RGe bl.dbnog

being greater than the

b
10 12
ASSUMED ALLOWANCE FOR PENETRATION INTO SAND
PLUS VARIATION IN TOP OF SAND, X, [N FEET

maximum penetration into

sand, as lndicated at sev- NoTE:

€ = COST PER PIER OF PILES BEL.OW AVERAGE TOP

ersal piers can be readily OF SAND IN DOLLARS =148.5X+113Ng45.53 5.
) X & ASSUMED ALLOWANCE FOR PENETRATION INTO

SAND PLUS VARIATION IN TOP OF SAND IN FEET.

exp lained. This graph Ng= NUMBER OF SPLICES REQUIRED PER PIER IF
. LENGTH OF PILES CAST WERE BASED ON X.

does not take into account 2% TTPILES CAST WERE BASED O x| LENETI

the variation in the top of Fig. 51. Computation of optimum allow-
sand at the pier. As a ance for penetration into sand plus

variation in top of sand
rule, at those piers where

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 that 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 11k.

149, The average optimum allowance for penetration into sand plus
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 sg;wed that 1t 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
pler or group of plers 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.

tractor attempted to determine the

Here the con-

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.
sented show that variation in the

The data previously pre-

top of sand and penetration into
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 £t at some bents.

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 & minimum of splicing.
Overdriving of piles

152, 1In 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-
mated "top of bearing sand." However, at each pier one or more of the
plles did succeed in penetrating the strata with low driving resistance
so that the tips were in "bearing sand.' Study of the detailed 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 plles 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 "sand" 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 pille
tips. |

Pile Driving

153. 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. O modified with a 10,000-1b ram to
deliver 32,500 ft-1b 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 &85 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 harmer used, the top of the sand was con-
sidered to be reached when the driving resistance became 7 blows per
0.1 £t. 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 "refusael”™ for piles to be overdriven were 50 blows per 0.1 ft for
octagonal piles gnd 55 blows per 0.1 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 £t 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 0.1 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 & study of records
of hard driving of precast concrete piles on other projects. This study
showed that reinforced concrete piles would not be damaged if the driving
energy was restricted to less than 5000 ft-1b 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 £t-1b 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 4LOOO 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 Lk. 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 £t into the sand. Pile 13 penetrated a total of 12.2 £t 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,
inforcement steel by the deflection observed in pile 13 showed the fol-

A computation of the stresses created in the concrete and re-

lowing maximum stresses in the steel and concrete:
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Stress in psi

Concrete Steel

Load on Pile Type of Pile (Compression) (Tension)
None Octagonal 1290 18,800
None Square ko 2k ,000
100 ton Octagonal 1265 2,560
100 ton Square 1480 6,950

Stresses considered allowable are 1560 psi for the concrete and 2h,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-
ddtion conditions and driving.

162, A portion of the complete pile foundation for the structure
is shown in fig. 58. A rapid rate of driving the pilles 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
wag 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 pilers.



Fig. 58. Pile foundation for control structure
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PART VII: ABUTMENTS

16k. 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 plers 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 1l-on-20
berm on the side slopes 1s warped to a 1l-on-10 berm on the end slope.
The wing walls shown in fig. 59 act as retaining walls for about 8 ft of
£111 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
111 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 plers 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 prelcad f£ill for the north abutment until July
1950 because of weather conditlions 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 £ill 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. Time w veans

This figure shows that 2.6 ft of
settlement of the foundation at
the south abutment was achieved
before driving the piles for the
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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
was materially reduced.

169. In May 1951 the following analyses of the expected settlements
of the abutment plers were made. The data were based on settlement anal-
yses made during 1950 and observations of settlement plates which hsad
been placed beneath the preload fllls at both abutments. The data gliven
below were considered applicable to both the north and south abutment
plers for the structure. The following is a surmary of the analyses made:

(a) Ultimate settlement of clay stratum be-
neath preload fill at abutment 3.8 £t

(b) Total settlement of clay stratum beneath
final section of embankment at abutment
pier 4.0 £t

(c) Settlement of clay stratum beneath abut-
ment pier beneath preload £iil by the

time piles were driven 2.8 £t
(d) Settlement of clay stratum beneath abut-
ment pier after the plles were driven 1.2 £t

(e) Total settlement of clay stratum beneath
first approach pier for final embankment

section 3.0 £t
(£) Settlement of clay stratum beneath first
approach pier after piles are driven 0.2 ft

(8) Vertical settlement at mid-point of clay
stratum at abutment of pier after piles
are driven 0.2 ft

(h) Settlement of clay stratum beneath
second and third approach piers after
piles are driven 0.0 £t

(1) Total settlement of clay stratum beneath
wing walls from about the center of wall
to the end of wall 0.2 to 0.5 £t

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. This additional settlement
would be due in part to the incomplete consolidation obtained under the
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prelocad fills and to the additional fill required to bring the embankment
to final grade. As a result of the additional settlement of the fill, it
was thought that there would be some drag on the plles, with some result-
ing settlement, of the abutment and first approach piler and wing wall.

171. On the basis of the above data, i1t was decided that the piles
beneath the abutment piers would be driven vertically and on a 20-on-1
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 £ill, the number of pliles 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 piler. It was also decided that the piles
beneath the first approach plers 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
exlsting highway and rallroad, and at a point on the center line of the
exlsting 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 declded 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. As a
result of the preload f111, it was estimated that little or no
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settlement would occur under the downstream wing walls. The additional
preload £ills 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
£i11 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 shown 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

‘Plste Distance from Settlement in ft
No. Station Center Line RR in ft L May 1951
8 680+10 2Lks east 0.22
9 680+40%* 170 east 0.48
10 680+10 210 west 0.14
11 T20+45 24ks5 east 0.32
12 T20+20% 170 east 0.80
13 T20+45 : 210 west 0.36

* TFill was already in place at these locations, so the reference point
was established by anchoring a 1l-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 foundation 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 adequate
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
backflll 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 VIIT: 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 1t was desirable from the standpoint of struc-
tural design to keep uplift pressures at a minimum, a drainage system

was desligned 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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tube surrounded with a filter of sand F, and a riser pipe of 1-1/2-1n.
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 (kv = 2.5 x 10'8 cm per sec) 20
ft thick extending to an infinite length, an impervious downstream top-
stratum, agd the 10-ft semlpervious sandy silt stratum with kh =
1000 x 107~ 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 required 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 tremle 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 and 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 made 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 dralned. 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-
palred their efficlency.

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 of 2.5 ft on the wells.
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 195k.)

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" plezometers, to
measure the hydrostatic pressure midway between wells in the sandy silt
stratum, were placed along the line of wells on about 800-ft centers at
stations 684451, 692401, 699+51, TOT+Ol, and T14+51. Three 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 plpe was of Carlon B plastic pipe. The risers for these
plezometers extend up through the piers and are capped and referenced

as are the other piezometers. The "A" pilezometers 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 1L 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 1l-in. galvanized pipe which was brought up in a pler 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
stages 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 founde-
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
i8 not sensitive and does not become more compressible when disturbed.
Also, the clay beneath the structure 1s 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 & 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 plpes 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 £t on centers were provided
in the weir downstream from the gates to permit periodic inspection for
gettlement 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 T18+40. Details of these inspection
holes are shown on fig. 65. The holes were formed in the concrete with
l-l/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 l/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 0.8 in. Settlement of the earth beneath the con-
trol structure as plotted on fig. 42 is the average settlement of two
settlement plates 6 £t apart and 4 in. below the bottom of the base slab.
This settlement includes foundation settlement caused by weight of the
L-ft pase 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 under its own weight as a result of re-
molding caused by pile driving, and possibly & certain portion of struc-
ture settlement after the concrete in the base slab had set up around
the pile heads.



143

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 belileved
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 settlement plates 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. The clay foundation was divided into various strata; the
existing overburden pressure, p; , 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.

Instantaneous strain
Increase in consolidation pressure
consolidation pressure were made for each sample tested.

lo

Plots of Vs

Instantaneous strain
Increase in consolidation pressure
from these curves for p)'s corresponding to the different
strata.

Values of

e

were taken

=1

Values obtained in ¢ were then multiplied by the increase
in pressure, Ap , created by the wet concrete on the
various strata and the thickness of the corresponding
strata.
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The sum of the values obtained in d was taken as the
maximum possible instantaneous settlement of the wet
concrete.

o

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 has 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 clays to & 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 water, 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 1s 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 volds under the structure, although probably small
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Designation of grout pipe "A", "B", and "C" refers to the

three holes in each bay, the "A" holes being the southernmost pipe.

Number of grout holes refer to bay numbers beginning at the south end of the
Location of the grout holes in the veir is shown on figure 62.

Inside diameter of grout holes = 1.61 in.

control structure.

1.
2.
3.

NOTES:
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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 PROTECTION

. 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 1b to 60 per cent or more weighing 500
1b to 2400 1b. '

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 Floodway 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 original 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 lsboratory shear and consoli-
dation tests revealed the true characteristics of the clays beneath the
control structure and embankments. It has not bee. possible to check
predicted coefficients of permeability for the clay and silt stfata 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.
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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 elther during or since construc-
tion, it is of course lmpossible 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 periodlcally 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.

204k, Placement of embankment fill created a rapid increase in pore
pressure in the underlying fat clay. During the period of most rapid
£ill placement, average maximum foundation pore pressures amouhted to
approximately 40 to 60 per cent of the pressure of the overlying £ill;

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 IV. 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 advence 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 spproximately 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. 1In this
connection, it is pointed out that approximately the same unddnfined
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 reasonsble
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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 reacheg of the 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 1s 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 approximately 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 had been predicted on the basis of field explorations.
The originally estimated variation in the top of sand at any one pier
was ih ft, except at piers 98 through 110 where a variation of 16 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

15 £t, respectively, for these piers. The test piles penetrated an average
of 4.3 £t 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 £t into the sand. The penetrations ranged from 0.8 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 made 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
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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.

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 0.1 ft for 0.3 ft, and others as hard as 400 blows for the last 0.1
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 amounting to
0.3 to 1.9 £t 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 19,000 psi. 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 1 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 f£ills.
Preloading the abutments reduced the tendency of the f£ill 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
amount 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

N
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piezometers are functioning satisfactorily.

219. Piezometer readings obtalned 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 after
hardening of the concrete. It is believed relatively little if any set-
tlement of the clay away from the base of the structure has occurred as
the result of the underlying clays consolidating to a lower void ratio
because of 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, although 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 of 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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