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PREFACE
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expanded and sponsored by the U. S. Army Engineer District, Chicago.

Preparation of the final report was sponsored by the Dredging Operation

Technical Support (DOTS) Program. Mr. David P. Hammer prepared this

report under the general supervision of Mr. C. L. McAnear, Chief, Soil

Mechanics Division, GL.
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cal Engineering Consultant, was manager for the DOP Work Unit. The DOTS

Program Manager is Mr. Calhoun.

The Directors of WES during the work and publication of this report
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

cubic feet 0.02831685 cubic metres

feet 0.3048 metres

horsepower (550 foot- 745.6999 watts
pounds per second)

inches 0.0254 metres

mils 0.0000254 metres

pounds (mass) per 16.01846 kilograms per cubic metre
cubic foot

pounds per square foot 4.882428 kilograms per square metre

pounds per square inch 6894.757 pascals
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EVALUATION OF UNDERDRAINAGE TECHNIQUES FOR THE

DENSIFICATION OF FINE-GRAINED DREDGED MATERIAL

PART I: INTRODUCTION

Background

1. Dredging to maintain or increase the depths of navigable chan-

nels and harbors requires the use of land-based dredged material dis-

posal areas, which are usually formed by encircling the area with dikes.

Due to environmental and economic constraints, suitable areas are be-

coming increasingly difficult to locate. In addition, site conditions

may severely limit heights to which retaining dikes can be constructed

thus limiting the capacity of the area. Therefore, it is imperative

that a disposal area be utilized to the maximum extent possible. One

way of accomplishing this is to treat the dredged material to increase

and/or accelerate its consolidation (densification) thereby creating

additional storage area.

2. This was essentially the overall objective of Research Task

No. 5A of the Dredged Material Research Program (DMRP) of the Corps

of Engineers (CE), i.e., to test and develop promising techniques for

dewatering/densifying dredged material using physical, biological,

and/or chemical methods. The study reported herein was initiated as

work unit 5A15 under Task 5A and has as its primary objective the field

evaluation of various underdrainage techniques. The Dredging Operations

Technical Support Program (DOTS) helped fund the completion of this

study and analysis of the data.

3. Although the principle reason for densifying dredged material

in disposal areas is to increase their storage capacity, secondary

benefits can also be accrued that can sometimes be of considerable

importance. As the dredged material is densified, its engineering

properties are improved, thus making it more suitable as a source of

borrow for other projects, or resulting in the disposal area site
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becoming attractive as a site for subsequent development.

PurLpose

4. This study was conducted to provide an engineering evaluation

of dredged material densification by different underdrainage techniques

to determine which, if any, of these techniques could be used as a means

for increasing storage capacity of disposal areas.

5. This study is limited to the evaluation of certain dewatering/

densification techniques as applied to fine-grained dredged materials

having high-water contents after placement in disposal areas. Evalua-

tion of these techniques applied to coarse-grained dredged materials

that drain rather rapidly after placement is not included. This report

is limited to documentation of the design, construction, operation, and

results of the experiment. It does not include analytical analyses of

the various techniques evaluated.

Conduct of Experiment

6. This experiment was conducted in six basic phases or steps as

outlined in the following tabulation and subsequently described in de-

tail in this report. it was originally planned to evaluate the effec-

tiveness of selected underdrainage techniques on only one lift (6-ft*

nominal thickness) of dredged material, but upon completion of this

evaluation the U. S. Army Engineer District, Chicago, requested that

the techniques be evaluated using two lifts of material. Therefore,

a second lift was placed, and the experiment was ext ended fOr tano ther
year.

* A table of factors for converting 17. S. customary units of measure-

ment to metric (SI) units is presented on page 4.



Phase Durat ion

I. Initial Site Preparation May-Sept 1976

2. First Lift Placement Oct 1976

3. Data Collection-First Lift Oct 1976-Oct 1977

4. Second Lift Site Preparation Oct 1977

5. Second Lift Placement Nov 1977

6. Data Collection-First and Second Lifts Dec 1977-Feb 1979
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PART II: SELECTION OF DENSIFICATION

TECHNIQUES TO BE EVALUATED

7. To initiate this study a comprehensive review was made of

Johnson, et al. (1977), a recent state-of-the-art survey of the appli-

cability of conventional densification techniques for soft, fine-grained

dredged materials. Of the many techniques discussed, six were chosen as

being the most applicable from a practical as well as theoretical stand-

point. These methods were then categorically rated (Table 1) as to

which exhibited the most promise for prototype application. As a result

of this evaluation, as well as overall study of Johnson, et al. (1977),

the following methods were selected for field evaluation: (a) under-

drainage, (b) seepage consolidation, (c) partial vacuum in underdrainage

layer, and (d) combination of (b) and (c), i.e., seepage consolidation

with a partial vacuum in the underdrainage layer. Advantages and dis-

advantages of each method are given in Table 2. The following para-

graphs briefly describe each technique selected.

Underdrainage

8. This technique consists simply of providing drainage at the

base of the dredged material. Water from the dredged material flows

downward into the underdrain by gravity. Stresses for this condition

before and after drainage are shown in Figure 1.

Seepage Consolidation

9. In this technique water is ponded on the surface of the

dredged material and underdrainage is provided at the base of the

dredged material. Downward seepage gradients then act as a con-oli-

dating force causing densification (Figure 2).

Partial Vacuum in UnderdrainagLaver

10. As in the previous techniques described, drainage is provided

at the base of the dredged material, but in addition, a partial vacuum

is maintained in the underdrainage layer by pumping from the laver with

8



DREDGED MATERIAL.

UNDERDRAINAGE LAYER

a. CROSS SECTION

- 0 + 0
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WATER LEVEL LOWERED TO BASE OF DREDGED MATERIAL

Figure 1. Underdrainage technique
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PORE WA TE R PRESS URE (U1 EFFE CTiVE STRESS

bSTESSIN DREDGED MATERIAL

Figure 2. Seepage consolidetion technique



vacuum pumps. This results in greatly increased effective stresses in

the dredged material as shown in Figure 3.

DREDGED MATERIAL

UNDERDRAINAGE LAYER WITH PARTIAL VACUUM

a. CROSS SECTION

0 + -0 +

S 28 pcf 'SA T 91 pcf

U, - 315 Psf D E G D140 IIf 11'S [15

~ MATERIAL
Uf -72 0 Ps(

PORE WATER PRESSURE U> EFYECT'VE 58RE%
b. STRESSES IN DREDGED MATERIAL

NOTES 1 EFFECT OF SURFACE bRY1% NEGLECTED

2 PART!AL VACUUM OF 10 1- IS ASSUMED TO BE MAINTA NED :N
UNDERDRAiNAGE LAYER BY PUMPNG WITH VACUUM PMPS

Figure 3. Partial vacuum in underdrainage layer technique

Seepage Consolidation with Vacuum

11. This technique combines the effects of seepage consolidation

with those of an induced partial vacuum in an underdrainage layer.

Stresses for this condition are shown in Figure 4.

Underdrainage Provisions

12. It should be noted that all of the previously described den-

sification techniques require underdrainage. This is generally accom-

plished by making use of a naturally occurring pervious foundation or a

constructed sand layer. However, these drainage layers must be provided

with collector pipes for removal of water. If collector pipes are not

used, head losses within the drainage layers would be excessive, thus

10
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AA'ER 

OREO(ID 4MATER;AL

UNDERORA'NAGE LAYER h)TH PARTIA, VACUUM

a. CROSS SECTION

0 +

Uf 405 PsI U, 45 psf 140 ofr
e, -- DREDGED"

MATERIAL

SEEPAGE GRADIENT 2

.-t____

PORE WATER PRESSURE U) EFFECTIVE STRESS

b. STRESSES IN DREDGED MATERIAL

NOTE PART)AL VACUUM OF IG PS. iS ASSUMED TO BE MAINTAINED IN
UNDERDRAINAGE LAYER BY PUMPING WITH VACUUM PUMPS

Figure 4. Seepage consolidation with partial vacuum in

underdrainage layer technique

prohibiting the drainage layer from functioning as intended. The above-

mentioned requirements virtually rule out the use of these techniques

for dredged material already in existing disposal areas, thus limiting

their use to new areas where installation of drainage layers can be

accomplished prior to the deposition of dredged material.

No Treatment

13. A disposal area with an impervious foundation functions

essentially as a "bathtub" since there is no drainage other than, per-

haps, surface drainage. To provide a basis for comparison, stresses

for a disposal area receiving no densification treatment are shown in

Figure 5. A comparison of the effective stresses shown in Figures 1-5

is given in Table 3.
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DREDGED MATERIAL

'- IMPERVIOUS FOUNDATION

a. CROSS SECTION

- 0 + - 0 +

U, "15 SAT = PCf 'suS e 28 pcf

= Uf 1 315 pspsf

DREDGED MATERIAL

PORE WATER PRESSURE (UI EFFECTIVE STRESS (U)

b. STRESSES IN DREDGED MATERIAL

NOTES 1. EFFECT OF SURFACE DRYING NEGLECTED

2. FINAL STRESSES ARE NOT ULTIMATE STRESSES BUT STRESS
CHANGES OCCUR SO SLOWLY FOR THIS CONDITION THAT FOR
COMPARATIVE PURPOSES THEY CAN BE CONSIDERED FINAL

Figure 5. No treatment
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21. Eac h test section had to be of suff icient size and the

dredged material deposited therein of suf ficient depth to avoid scale

effects, thus providing as accurate a simulation of prototype behavior

Js possible. Also, each test section had to contain sufficient instru-

mentation to property monitor material behavior. The detailed test sec-

tion design developed to satisfY these basic requirements is described

in the following paragraphs.

;eomet rv

22. It was decided that a nominal b-ft depth of dredged material

deposited in an excavation having a bottom arca of 30 by 30 ft would pro-

vide suffitcient volume to avoid scale effects. Test section side slopes

were designated is IV on 2H primarilv for ease of construction. The

lower underdra i nage Iaver used in all Lest sections except for the con-

trol set tion (which had none) was to be 2 ft thick. A plan and profile

of the test sections are shown ii Figure I0. Cross sections for all

?. IC 24 ' 10' 2 .4 ' 24' 10' 24' 9 '. Id' 2G' 2- 6 D0' 16' 5'

S ALA , I I N,

A F

14

Figri i . P1.111 and prot i Ic
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five test sect ions are shown in Figure 1 1.

Impervious liner

23. In order to assure that there would be no flow of water be-

tween the sand foundation and material in the test sections, each would

be fully lined with two layers of 8-mil-thick polpropylene plastic.

Access bridges

24. To provide access to the test sections, primarily for instru-

mentation, sampling, and in situ testing, hridges completely spanning

each section were necessary. These bridges were designed to consist of

8-in.-diam black iron pipe to which metal framing would be welded whicl,

in turn, would support a plvwood deck.

Underdrainage Laver

25. As previously stated, the underdrainage layer in the bottom

of each test section (except control) would be 2 ft thick and consist of

a pervious medium with a collector pipe system. The underdrainage laver

for the seepage consolidation and underdrainage techniques would serve

to drain water flowing from the overlying dredged material by gravity.

The underdrainage layer for the test sections used to study consolida-

tion with a partial vacuum in the underdrainage layer would also servo

as the medium through which the vacuum would be developed. This would

be accomplished by installing a closed co Ilector pipe system containing

vacuum pLImlS. I)eta iis of the Ulnderdrain;ige laver design are given in

the following paragraphs.

I)rainq;ge maLterial

20b. In order to aid in the determini ion of whi ichi tV pe of drIina ge

material was best suited for this prlrptost, laborat orY filtration teqtls

were performed ill 9-in.-diam Itcite cvlinders, uki og dredged materi a

from the Upper Polecat Bay lDispOsal Area and uti il iZing five d iffIrutnt

drainage m.Iteria ls (Figure 12). Since time for performin hese tests

was minimal, they were not extensive but involved on1y mlea, lremet t of

the rate at which the water was draining from the dredged material

through the drainage material, also, visual observaions were made of tile

18
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Department of the Army 19b5) that was not met.

t Collector pipes

27. All collector pipes were specified to consist of slotted,

schedule 40 PVC pipe. Table 5 contains details on the collector pipe

system design and Figure 14 shows plan views of the system for test sec-

tions 1 and 4 (gravity drainage) and test sections 2 and 3 (vacuum drain-

age). Collector pipes for the vacuum system were designed by Wellpoint

Dewatering Corp., New York, N. Y., as a part of their contract to design

and install the entire vacuum system.

28. All collector pipe systems were to be connected to a solid

PVC pipe at the inside toe of the test section slope. The solid pipe

then would extend under the slope and discharge at the outside toe of

the section slope.

Vacuum pumps

29. Both test sections 2 and 3 were designed to have their own

separate vacuum system with provisions made (i.e., piping and valving)

to run both sections with either pump if one pump or the other became

inoperative. The vacuum pumps themselves were designed to handle approx-

imatelv 20 cfm of air, each to be driven by a 3-hp electric motor. The

vacuum pumps were to be located at the outside slope toe of test sec-

tions 2 and 3.

Data Co11ection and Instrument:ation

30. Types of instrumentation to he inst alled and the measuremeiiL,

each was intended to make are summarized in Table 6. The f 1 1 owing

paragraphs conta L n in ahrief d iscussionl of each t'pe of inst rument

Pore water pres-sture

31. Hi roe tvpes of piezometers were sel td in order to provide

two compl ete systems, each capable of inC IsLr iIln ei tier liegat ivC or pos i -

t ive pore water prossure. rlhe porous stone piezomet or s to mcas ure posi-

tive p,)re water pres-sure and the tensionmoters to measure negat ive po re

w,i ter pres sure together iiiide o no comp I etc sc s t em, wh i I e ttie '. S . Arm\

Elogineer Waterways Experiment Station (WES) tr. in sdCter pi oc',met( r, which

22
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is capable of measuring both positive and negative pore water pressure,

comprised the second system. All these piezometers were designed to be

hung on instrument stands in the middle of each test section at the

nominal levels shown in Figure 15.

STANDS

TOP OF UNDERDRAINAGE LAYER LEEN
BOTTOM OF TEST SECTION 5) E

0 D POROUS STONE

A TENSIOMETER

0 WES TRANSDUCER

INSTALLED APPROXIMATELY 4 MONTHS AFTER EXPERIMENT BEGAN.

Figure 15. Nominal piezometer locations

32. Porous stone piezometers. The porous stone piezometers con-

sisted of a porous stone approximately 6 in. long, plugged with a rubber

stopper in the bottom, and connected to a l/2-in.-diam PVC riser pipe at

the top. The entire stone was to be surrounded by sand contained in a

filter cloth bag to prevent migration of the dredged material particles

into the stone and to allow backflushing of the instrument if needed.

This type of piezometer is described in detail in EM 1110-2-]908 (Depart-

ment of the Army, Office, Chief of Engineers 1971b).

33. Tensiometers. These instruments consist simply of a porous

ceramic cup on the end of a 1/2-in.-d am plastic riser tube. A gage

capable of reading soil tension is ins taled on tihe upper end of tile
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riser tube. These types of instruments are commonly used in agriculture

to measure soil suction.

34. WES transducers. WES transducer-type piezometers are also

described in EM 1110-2-1908. These instruments measure pore water pres-

sure by means of a pressure transducer mounted in a waterproof brass

housing. A high-air-entry ceramic porous stone protects the transducer

diaphragm. Instrument readout is through an electrical cable attached

to an ohmmeter.

Vacuum

35. Instruments to monitor vacuum in the underdrainage layer of

test sections 2 and 3 consist of a 6-in.-long, 1.5-in.-diam piece of

slotted PVC pipe (same as that used for collector pipe), capped on one

end and connected to I/4-in.-diam piastic tubing on the other end (Fig-

ure 16). The tubing was to be brought out to an accessible point where

it would be connected to a vacuum gage readout. Twelve of these instru-

ments were to be installed at middepth of the underdrainage laver in both

test sections 2 and 3 at the locations shown in Figure 17.

Settlement of under-

drainage layer and foundation

36. Settlement plates were to be used to monitor settlement of

the underdrainage layer and foundation. These plates consist of 4-ft-

square metal meshing attached to an angle-iron frame. A riser pipe con-

sisting of 4-in.-diam perforated PVC pipe would be attached to the plate

to provide access to the surface. A crossbar would be inserted through

the top of the PVC pipe to provide a point upon which level readings

could be taken. These instruments would also serve as stands upon which

the WES transducer piezometer could be hung.

Underdrainage discharge

37. Test sections I and 4 (gravity). The discharge from test

sections I and 4 was to he deposited in a covered sump containing an

electric sump pump with automatic on-off floats. An hour-meter would

be attached in the electrical line so that whenever the sump pump was

operating its time would be recorded. The cuimp pump had been previously

calibrated so that its pumping rate was ki . Thus, knowing the pumping
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SLOTTED PVC PIPE7

Figure 16. Vacuum monitoring device

~~INVSTRUMENT LOCA TIONS

COLLECTOR PIPESI I

I I

x x x

I I

Figure 17. Location of vacuum monitoring devices in under-
drainage layer of test sections 2 and 3

26



rate and the length of operating time, the quantity of discharged water

could be calculated.

38. Test sections 2 and 3 (vacuum). Flow meters similar to those

employed to measure household water usage were to be attached to the

discharge line of the vacuum pumps in order to monitor their discharge.

In situ measurements

39. In addition to the permanently installed instruments previ-

ously described, in situ measurements to determine soil properties were

also planned. The following paragraphs contain a brief descrition of

each measurement.

40. Water content and density. In order to obtain in situ values

of dredged material water content and density, the decision was made to

utilize a downhole nuclear moisture-density meter, though there was

recognition that it might not be effective due to the anticipated wide

range of water content and density, and the organic matter contained in

the dredged material.

41. To properly utilize this instrument the installation of a

2-in. steel casing into which the instrument would be lowered for read-

ings would be necessary. The casing was to be held upright by being

bolted to a 3-ft-square metal grate. Two casings per test section would

be installed.

42. Vane shear. Due to the softness of the dredged material

which would make undisturbed sampling virtually impossible in the earl"

stages of the experiment and very difficult even in the later stages,

a 6-in.-high by 4-in.-diam filed vane (Figure 18) was to be used for

determination of in situ shear strength of the dredged material. The

vane was to be utilized with 3/4-in.-diam rod and rotated by means of a

torque wrench.

43. Surface settlement. Measurements were to be taken to deter-

mine tie elevation of the dredged material surface in each test section

in order to monitor the consol idation of the dredged material in each

test section with time. This was to be accomplished by taking level

readings with a level instrunent and rod at several different locations

on the surface of the dredged material in each test section.

27



Figure 18. Vane shear device

Sampling and Laboratory Testing

Disturbed samples

44. Samples of the dredged material in each test section were to

be taken on a regular basis with every 1 ft of depth. These samples

would then be subjected to laboratory water content tests. This proce-

dure would result in a record of the change in water content of the

dredged material with time. In addition, disturbed-type sampling would

also be actoriplished for the purpose of performing Atterberg limits and

specific gravity testing.

45. Two types of samplers were to be used to obtain disturbed

samples, the slurry sampler developed during the DMRP and the Hvorslev

sampler. The slurry sampler would be used to sample very high-water

content material (i.e., material still essentially in a slurry state)

while the Hvorslev sampler would be used for lower water content or

firmer material.
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46. Slurry sampler. The lower part of the slurry sampler is shown

in Figure 19 and consists of a piece of 2-1/2-in. aluminum conduit con-

taining a 1/4-in, plunger rod on the end of which was attached a rubber

stopper. To operate, the device is lowered to the elevation at which

the scmple is desired. With tile stopper in place against the opening

in the lower end of the outer pipe, the inside plunger rod is pushed to

force the stopper out. Slurry then flows into the outer pipe. The in-

side pipe (plunger) is then pulled up forcing the stopper into the outer

pipe and trapping the sampled material inside. The whole device is then

pulled and the sample allowed to flow out into a container.

47. Hvorslev sampler. The Hvorslev sampler is a hand-operated

fixed-piston vacuum sampler which obtains a 1-7/8-in.-diam sample (Fig-

ure 20). This sampler and its operating instructions are described in

EM 1110-2-1907 (Department of the Army, Office, Chief of Engineers 1972).

Undisturbed samples

48. Undisturbed samples of the dredged material would be taken

after enough consolidation had occurred to enable such sampling to be

accomplished. This type of sampling would also be accomplished with the

previously described Hvorslev sampler for the purpose of performing

laboratory unconfined compression and Q-triaxial tests. Also, plans

were made to use the a!r sampler, but fitred with a larger diameter

sample tube, to obtain samples for laboratory consolidation tests.
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52. Fine grading was accomplished with a dragline and small

dozers. Each test section was built to grade except tor thc back slop,

where the original drainage dit ch was located (lFigigre 22). This slop,.

I I -' imt ' .,-. 7

F i .,iirL- 22 . pic il tt t -. ct i n i

Wa, lI tt o+pen for iii ttll;t ion ot tl - ie i' ,

t 1;'C < st L-11 wh i Ch wou ld I lr'rv w lto II roml !t 1t. klllk , { ,Ii I), I~' I ,

"xit point. Fikurt, 21 shm'o a test " j,t i t t tt .,,lt ,t

p ipc and c Io- urt o I tt. '-cct ion.
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')3. Following h~ind rakin t , ;,.., t 1.11- ,, I 1_1
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liner was p~rool-tes-teLd bV IF Iill ii thell test SeCt ionls With WateLLr and mioni-

toring wate'r levelAs for approximately a weeLk hefore draining.

3)4 . Aftter the imperv ionls I in er was ill place-, aCCe.s, hr idges, fah-

r icat ed onl site we.re' moved hv a crane into p1lace across the te-st sect ionl

(F i gure 23)
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Figu'Lre 26. Placement of drainage material in test sect ion I

Tst ect i-ons 2- and-3-

-)0. The s and and erd ra i nage mat cr ila 1 was p I acecd f i rs-t focr t h,~ t wev

teL'-st se;(ct ions (vacuum) Trenches were then dug in the sand, theL S let teC!

col Ilec tor p ipes 1)laced (Fi gure 27) , the' t renchies back f i I led , and thei(

-tau smothd t fial levtio. Fgure 28 shows a t pic ca test ste-

inn w ith completed Lind, rdrainage laver. Tahie 7 summarizes f inal

m rface, elevat ions of the underdrainage lavers for test sections 1-4.

'Cuu an LM;11d _Sumlj J1IuMJ)S

37. Following complet ion o f the, uinderdrainage laver wi th cel lecteor

vtmsLump)s and ,Siimp puImps. we-re installed in test sect ions I and 4 ;int

Vumpumps i n t es t sections- 2 and 3. All (if these' pumpIIs were I oratC(I

it the out side toe of their re-spect ive test s'ection op. Viu

Antd W) sh'Iow Lvp ical 'ompIeLtL-d sys..tems of sumlps and sumlp pums nd

VaC111rn j'umps,, resipect i ye x.

35



i~~c~ II r I o(

t t t i

-saw



L:7"W

4A-



I I

- W I W

I I I] F' I zi'~tc Is ii I th A 1



(1 0 t I I l s1it t I k

I t-

t I I1 I s I I itt s vts I k I Ii I I t

isli1 ts I It II

dir~ i Iii i ' I ;l I .;, ( I s I (- L t i i 1iiI t IC s I t s t

I-;I j t tj Ila :1. 1 t t I III) i i) I t I- i, l I I c It itIts t nifillsI)t st. I ' I r is 1s

39



Figure 33. Instrument readout box for
WES transducer piezometers and vacuum

gages

Settlement plates

61. One settlement plate to measure settlement of the under-

drainage layer and foundation was installed in each test section. A

typical in place settlement plate with riser is shown in Figure 31 (on

left). As previously mentioned, these devices, which were carefull\'

plumbed and leveled, also served to support the WES transducer piezom-

eters. A hole was cut in the side of the bridge for the riser pipe and

strapping was carefully placed around the riser to help hold it in place,

but not bind it. Zero settlement reference elevations for these devices

are given in the following tabulation.

Test Section Zero Settlement Reference Elevation (ft msl)

1 21.88
2 21.81
3 21.84
4 23.60
5 23.63

40



Nuclear moisture-
density meter casing

62. Two casings for the nuclear moisture-densitv meter were in-

stalled about 11 ft apart along the section in each test section (Fig-

ure 34). Each casing was carefully plumbed during installation and

checked for s ize with a dummv torpedo to ensure passage( of the

instrument.

4--

Figure 34. Casings for nuctlear
moi sture-densi tv meter

Fii ng of Tes t Sect ions w ith Drudged Material

Dredg i n

63. Dredging f rom the borrow area in OIhe e'Xit ing (I i.LpoSaI areCa
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alid piunrp irni t lic riater i a Il i to tl. t sc !I- si, a. z wip isC. cd h a

-ont ract with) l~d NmrConst rtirt ion, Co lor k 11C L , Ala 10 d((

used, commonly known as a Mud Cat. dredge (Figure '35), was powe2rd by I

175-hp d fesel eng1ine, and it i iZed anl S-in.-d ia. pjpl,inL' I-r tr-ansporta-

t ion of the dredg-,ed material to t[ te t Site

Figure 35. Mu i Cat dredg e working in borrow arca

64. Since a uni form material was- d-s i red, it was nect-ssar': Ior

the dredg to strip and waste the uipper vk,',t t iion and stif f cruil o

material in the horrow area. This Ailowed thet lower, sotft(-r mat r ial,

whi ich more near ly s imu la ted the t vpv of miater ial o t a ine-d fromi rot ot v

maintenance dredging operations, to be ut iiizod ill the tes t sc o;

T'his also causevd theC res'ulting material in thej tj.st sect ou)JI to V or

uni form because the Crust material "balle] d up" '11ori I rubY and Im-

a hIterogi eoris mixture ot clay hitaid sluir r.

Dred t disch ar c

6. Due to concern t hat the h igh t-,.i t vi (vi t vo Ii lth, drkdgikd 11ii-

ter ial as it L di scharged inItl the( t'-t i l-,l worlId 510111v t h(- 11ithc

dra inage layer , an energv d i ssi hatr las s i; i iid arid1 coll-I t t d ,arid

special procedures were 11511 a filling ope rat ions hcgarIn.
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66. Energy dissipator. Figure 36 is a photo of the energy dissi-

pator used. The dissipator consisted of a barrel with peripheral slots

Figure 36. Energy dissipator for dredge discharge pipe

cut in its lower half and mounted on a 4- by 8-ft raft. The raft con-

sisted of a plywood deck mounted in a metal frame with flotation pro-

vided bv three styrofoam sticks. On top of the barrel a special collar

was welded in order to receive the dredge discharge pipe which was pro-

vided with a 90-deg elbow on the end. This device worked extremelv well,

not only in dissipation of the force from the pumped dredged material

but also in permitting movement of the discharge within the test section

so that a more uniform material resulted.

67. Special procedures duringinitial filling operations. To

further ensure prevention of scour of the underdrainage material a large

piece of polypropylene was laid down in the area immediately under the

dissipator and water was initially pumped under low operating rpm (Fig-

tire 37). The low rpm pumping of water continued until the sand was satu-

rated and the dissipator was barely beginning to float. At that time

dredged material was pumped tinder a slightly higher, but still relatively

low, rpm until about 2 ft of sluirv was in the section. Dredging was then

discontinued and the polvpropvlene pulled out by a dragline (Figure 38).
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Figure '38. Removall Of pI)OVI-1VCI Sfl cm ht ilW
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Dredging was then resumed with the dred,c apI,.rat in1: at .i!, ,r,,>imit.v . v i -

half of its maximum rpm (Figure 31)). Afti.r ahao t nlotht- It -A ut u

had been deposited, the dredged was allow,.d to o ,tlitcd at it llt:.i m1

rpm (Figure 40).

Figure 39. Dredged material discharge with dredge

operating at approximately one-half its maximum rpm

Filling sequence

68. Since the slurry being pumped by the dredge contained 15 to

25 percent solids it was necessary to fill each test section several

times before the 6-ft desired depth of dredged material was attained.

The general procedure for accomplishing this was to pump full, allow the

solids to settle out (generally 24 hr was allowed for this), pump the

clear water off, and fill again. This procedure was repeated until each

test section contained sufficient solids for the experiment. Generally,

about +6.5 ft of dredged material was in each test section when filling

was terminated. This overfill allowed for some continued sedimentation

wh ich occurred tint i I the mat ur ial started into the coosol idat ion phase

of densification. Figuc, 41 contains an aerial photo showing the test

site after completion of construction.
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made t o L low the I d redged mate LLr i i I ur tacecs t o dr,. ill 3rde!r to0 dketevrm ii t!

i f thle die LS if ,,t iIo n t etImI I e (I beS inlg L'val U ud mighI t haVe tin et f e( t I'l

a ccelIeratLing or inIlrCL1,h la;Ig th ma ' 1,gni tude' of Sur fae d2Lir\ inIg ind r-nSl It int]

cracking. Vo Il IIOW t I i S to h1Iappen tile -,LMPS were I owerud to coirn ide

w ith the dredged ma tvr ia I Suir I ace . As Sur face dry ing hvgain ind is c ractks

were formed t the Sumps we~re pe riod ical 1 Iv l owered t o thle approximit e

depth of c rac king to prevent Ic cumula t ionl ofI ra inwater .

Maintenance of Ponded Water in lest Sect ions 1, and 2

71. Fihe. - V ginal P1l waIs to mainita in thle ponided wateur SUrface

inl t hose test sect ions e~va lua t ing Seepage conso 1 idat ion (tLest SetL ions I

and 2)) aIt a constant e Leva t ion rathle r than try to ma intLain a constant

load (with respect to the dredged Material Surface). This was accom-

pi islied wi thin a to lerance of about a foot with el 20 being the tairget

veleva tion. A plot of the water depth over tile dredged Material surface

for thle durat ion of pond ing (about 8 months) is Shown in Figure 4 3. Thle
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illb r Ai-w I in t he WI 'o Ir U1i L'1 h1 roInI t I in1 i t i 3 ws du-1 C le Il mrt i I

se ttL leent 0f the dredged mtria trl eic th . -i erstrfa11C II -,',I

ionl Wa SMa illta ined relt i veI v' os tan t

Mlainltenan1ce of \'a utim in lest, sec t ions 2 and J

72. A plot of tile average vacuum nma iot miiied in the tinde.rdrlinalgc

lavers of tes t sec ti ons 2 and 3 ik shown in Fi gu re A. As c in 01 seen,

trom this plot , thle average vaIcuum for hoth test sect ions gradua li

diminished withI time. [liswsdue somewlt~ t to lr% I and to th eu1

tailt cracking of thle d redged mater in , hat for L ife mo ,t part tihe d imi n-

ished VACUUM was due to the pumps- losing off it jenw;. from weair ind lea k;

f it tings . The vacuum -,sstem was, not Lma i 1tL.1iocd vur, -,ell Ii to a

l imi ted budget , and in alIt f ai rness t he stti ement rnuist e, ma fde t hat uinde r

tife c- irk-umstinces tile stmperformed wel I iie 1) i vg os t d ra %h!ak was

thadt thle vacuLum sVstem waIs etl tri( al I and oftten wunL down from powe r

failures caused liv thunder sto0rm-; 1 it h prope-r mantin ndw/r per ha ps).

hfe e Of pumpsI powe,-red ))V ifiterna3 ICOMIus1-t ionuengines;, it is4 fel1t thatL

such1 a vaIcuuLm stmwould he more praict icai for prototxpe appli:iationi.

ita ( 11ec t ikon

731. Inlstriument reidi gs %,ere iltill1 y performed onl a dai l ass

thenl weekkiv semimon tik v , onliilv , anld finail Iviimn hi 'v . in si

mesud-lremenrIt s we re taike ai fnd saimplIi ng wais pt.r to)rmed on al WCoKi V asi

i TI i t iii I I t tenl -eM ifltont h I , , m llf1 , l , :itid I i na~ I 1 1j mon hll i I x . Al I Idot,

oh )t Ii ineid a t thie site wekret re~dued, ple, 1)1 d i id baeked p)r j r to 1eivinl,,

t het i tet, ii order t, red tIuce er r or.,

Iin t it mek2 iru ret fL, t

\'it h~i r m t ,itoi re(ltittiit s' were , t ,ii t . v t 1 1 1I

t rmigl t ile et--t i re, iili ticS , of tL'I i l ft. ith te-t at illl ,A s I. tsted

inl tw' d tfcrentlt 1.c', iud t lereut sr i vert t- :d id i1O t-

it si eve k r mait r iii1 1 1 11 Io m gkIIL tie it i es m glt 1, 11, 1, k- t' od

/ *'
t

t an rttoi i t isw;l ng t heL 1M I e l II' in , 1 kit r -itt', I V 1v tet or to
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detcrmine in situ density and wjter content were- abandoued, initial

readings and one subsequent reading had been taken when the equipment

malfunctioned and was sent to the factory for repairs. After approxi-

matelv one month tie equipment was returned and three subsequent sets

of readings were obtained. Following an examination of these data,

readings were terminated because of data scatter which was of such magni-

tude as to render the data virtually useless. This may have been due to

the organic content present in the solids.

Sampling for water

content determinations

7b. Like the in situ measurements, samples for water content deter-

minations were taken every foot of depth. Initially the slurry sampler

had to be used for all sampling except the bottom sample (i.e., the mate-

rial immediately overlying the underdrainage layer) which was taken with

the Hvorslev sampler. However, as time went on and the material consoli-

dated, the Hvorslev sampler was used at higher and higher elevations

until it was used exclusively except for surface samples in the seepage

consolidation test sections. This occurred approximately four months

into the experiment.

Sampling for index

property determinations

77. A complete set of samples was taken in February 1977 and sub-

jected to laboratory testing for Atterberg limits and specific gravity

determinations. These samples were taken at 1 ft intervals through each

test section.

Sampling for strength determination

78. Three different sets of undisturbed samples of the dredged

material immediately overlying the underdrainage layer were taken. Tihe

first set was sub jected to Q-triaxial tests while the second and t 1i rd

groups were tested in unconf ... d compression. AMI samples were Liken

with the Hvorslev sampler ani. 'ere firm ellough to hIe tes ted tex(ept

those from test section 5 (control), which were too soft and siumped

badly upon extrusion from tile sampler.
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lens iome ters

79. No accurate readings could be obtained from the tensiometers

due to problems with keeping the system full of de-aired water and with

the mercury monometer readout devices. After several attempts the use

of these instruments was abandoned.

WES electrical transducers

80. Pore pressure readings from these instruments were erratic and

seemed to run consistent lv on the high side, some impossibly high. Read-

ings were taken throughout the experiment, but due to unexplainable

results, they were not used in the analysis.

Porous stone piezometers

8L. These instruments continually gave consistent, reliable re-

sults. This fact, coupled with the lack of results from the other pore

pressure measuring devices, led to their exclusive use for pore pressure

data.

82. Because of settlement of the dredged material surface, the

piezometers at the 5-ft level became exposed (i.e., were above the

dredged material surfa,'e) after about two months of operation. In order

to have enough data points to define tile pore water pressure profile

with depth, additional porous stone piezometers were installed at a

nominal 1.5-ft level.



PART VI: ADDITION OF SECONI) LIFT

Background

83. During the summer of 1977 the U. S. Army Engineer District,

Chicago, became interested in this work because they were contemplating

an underdrain installation at one of their disposal sites. They were

particularly interested in the vacuum application since it seemed to be

the best of the four methods being evaluated, and because their project

was of such a nature that addition of a vacuum system could be accom-

plished at relatively low cost. One of the questions they wanted an-

swered was: Could vacuum-assisted underdrainage be effective on more

than one lift of dredged material; if so, what measures would have to

be taken to ensure its success? Therefore, at the request and funding

of the Chicago District, this study was extended for another year in

order to facilitate evaluation of the different techniques for a second

6-ft lift of dredged material.

Design

Configuration

84. The following scheme of study for the second lift of dredged

material was agreed upon by the Chicago District and WES.

85. Test section 2 (formerly vacuum-assisted seepage consolidation).

A 1-ft-thick sand layer (hereinafter referred to as an intermediate

drainage layer) would be placed on top of the first lift and connected

to the original underdrainage layer by four 8-in.-diam vertical sand

columns (Figure 45). The purpose of this configuration was to see if the

vacuum in the original underdrainage layer could propagate through the

sand columns into the intermediate drainage laver thereby providing a

vacuum at the base of the second lift. Also, by connectin,, the two sand

lavers, an exit would be provided for water collecting in the intermediate

layer.

86. Test sect ion 3 (partial vacuum in nnderdrainaj- _laver)_. The

first lift in this test section had undergone the most c(. L'M; ive cracking
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Figure 45. T(,t. section 2 plan and profile (second lift)

and had, in fact, several cracks extending through its entire depth.

It was therefort- decided to again place a 1-ft intermediate drainage

layer between the two lifts, hut without the sand columns planned for

test section 2. Instead, the sand would be flooded after placement in

order to facilitate filling of the existing cracks in the first lift

W i th sand , the rsIi; oromid i g a corie't ion he t ween Htn two d ra inag(' lavers

( igure 46 .

87. cts i en 4 (),,r;iv j -t %, snder(r.i in -iqi )* XI j ial provisions

wonl h( e matdf for tII, t- [tt *It len, i . e.,a3sOL' ed ' t etsd b0 pu1M11ed



INTERMEDIATE DRAINAGE LAYER ___________________________________________

LFTLT2 6'

LIFT I 2.50

2.0'
TEST SECTION 3

LIFT 1 .. 2

TEST SECTION 4

--- r LIFT? 2 6'

LIFT?134

TEST SECTION 5

Figuru 46. Profiles - tet sect ions 3, 4, n
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in on top of t he i rst (F igure 46). Essentially, this would determine

if the original underdrainage laver would have anv effect on a second

lift, merely by gravity drainage.

88. Test section-5 (control) . As was the case with test sec-

tion 4, a second lift would be pumped directly on the first lift as

shown in Figure 46. This section would provide a non-treatment base

against which the effects of the treated sections could be measured.

Site prepa~ration

89. In order to accomplishi the preceeding plans some additional

site preparat ion would be necessary. The site grade would liav( to be

raised, mostly, at the end near test section 5 and none at test section 1,

which would not recetVC a second lift. After surveying, a 3-ft c~rade

raise was requ ired at test sect ion 5, which could taper to zero at test

sect ion 2. Also involved would be raising the access bridges an appro-

priate amount (i.e. 3 ft for test section 5, 2 ft for test section 4,

and 1 ft for test szect ion 3) . Tbhis could be accomplished easiest by-

using timber cribbing at the bridge abutments.

90. The clear po lvpropv I ne plastic used or i ginal lv to I inc the

p it s had doter iorated bad lk above theo d rodged mater ia) W ~he rt
eopo.sed ) due to the offCL- of oc s0 unlight and wi nd . Be( au so of thleis, and

because of rais tog thet 'raldc, thet pits would have to be relined ab~ove

bet le~vel of lift one,' It k~as, dec ided to list, at thiicke~r, black plastic,

reinforced with nlon fibers, lor relining.

tnstrUxML ent t l io

9.Based on thI o pr torfMnce of ins.trumenits, do-c log men it or ing of

thel fIrs,'t ' i I t , thet WFS t ransdttcers and the tensiome tors, we-rCel ci nmated

anld oil\" po roui-st - Lone- t pte piCZO111Jters, would lie installe(d for pore pire~-

,uurt iasuemu inl thet secon01d l ifIt of dredg,,d atrl. the slIot tecd

pore-p i pe-t vpte list rum-ent et- to mtasuure %y;icuum inl the uiderdrainliac

live(r would be instal Itul in tht' i Intevd atdanaeaet M o ';I vacutM

fTlea su iremen'lt s- .

92. S t t 1l m -n t li t- ieni i r t o thIeI i 11 t ;i I I ;) r'i oIu IlI o I

.llu rCmf-lit of fuuuidait imn e t t 1 u-ru ud \ouuuild bi . -in ~l IttI oi tilt su io

tit 114~ ttt imt (,Iru 'i~i tlu , t t lii I l t I~ i r - l-c .
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of tie second lift Sur face reading,,s wou Id b taken on 1 if t 2 to moni-

tor its settlement.

Const ruct ion

S i te . parat on

93. The site grade was rai sed as p lanned by casting sand up with

a dragline and blading with a small bulldozer. Following this operation,

cribbing consisting of 6- bv b-in. timbers was used to raise the access

bridges for test sections 3, 4, and 5. Th is operat ion cons isted of

raising one end of a bridge with a crane, placing the cribbing, and

setting the bridge back into place with the crane. This opcration was

then duplieated on the other end of the bridgc.

94. The next step was to place the black, nvlon-reinforccd liners.

This was accomplished hv lining one sidt of a test section at a time,

lapping over, and using a special tape to ti' the pieces together. On

the surface of the first lift, 5 ft of liner was laid down and sand-

bagged in test sections 4 and 5 while the intermediate drainage was

placed over the liner in test sections 2 and 3. \t the top of all see-

tions a sand ridge was bladed up, tht. liner laid over it, and the batck-

side covered with sand to provide auchora ge from wind. TVp i cal I i ncr

installations are shown in Figure 47.

Intermediate drainaje layers

95. In test sect ion 2 the sand columns wi rc placd first by driv-

in,_ four 8-in.-diam sttei pipA - through hb first I itt into the under-

drainage layer and thi material 's avated Iroll, ithin i ' in o.st-

hole diggers and by jet inc. Whn ,x ail n 'a4 kp.t, a di>t i i t

tissing rom tih e-xist in,, Vat il17 llc ou iiird. At thit point ti pip,

weret i i led witi sanud ind i l donl t t cooi(ii, ll, t I ion and .ici 1 1-

tat , compai't iOUifnl tt ; s .in. I h. ,,t ,I , . i pat ,i i .1

d i a 'n', gc I ' iv t ,; l t o r I ' t 1 ,I A M, I W -, 1ii 1 A l 111" h ,! I I I flit I i I

to t h dt . i rcd I - t I n)I kIli , lin d
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Instrumentation

96. Porous-stone-type piezometers wrapped in sand-filled bags

(the same piezometers as used for the first lift) were placed on instru-

ment stands and hung at nominal 1-ft levels for the second lift. Settle-

ment plates of the same order as those used for the first lift were

placed directly on the surface of the first lift in sections 4 and 5.

The same type of plates were placed on the top of the intermediate

drainage layer in test sections 2 and 3 (the thickness of the sand layer

being crefully measured under the plates prior to placement). Three

lines of vacuum measuring devices (one on the centerline and one 2.5 ft

either side of the centerline) containing three devices each (nine total)

were then placed in the intermediate drainage layers in test sec-

tions 2 and 3. Each device was placed between the bottom and the middle

of the layer.

Pumping of second lift

97. Exactly the same procedures and equipment used to place the

first lift were used to pump the second lift with one exception. There

were no sand layers to protect in test sections 4 and 5 so no special

procedures were required in these sections for protection of the sand.

Pumping began on 30 October 1977 and was completed on 22 November 1977.

A photo of the site upon completion of pumping is shown in Figure 48.

During placement of the second lift all drainage systems were left open

and vacuum pumps left on. Instrument readings were taken during pumping.

Figure 48. Test site upon complCtioln of
second lift placement
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ConduIc t o tExperiment

Control of surface water

98. Sumps were installed in the second I ift ot al t our sc'ct ions.

The sumps were set to remove all surface water thus allowing surface

drying. However, there was so much rain during the winter that very

little drying occurred. The sumps did prevent ponding of rainwater dur-

ing the winter months. It was only in the early summer of 1978 theft

dessication cracks began to show on the surface. However, frequ lnt

power failures during the summer rendered the sump pumps inoperative,

which allowed the ponding of surface water. Thus the effects of drving

were not as pronounced as would have been the case had the pumps been

operating constant lv.

Maintenance of vacuum

in test sections 2 and 3

99. Maximum readings from vacuum measuring devices in the inter-

mediate drainage laver were about 1 psi and occurred in one instrument

(out of nine) in test section 3 and two instruments (out of nine) in

test section 2. All of the remaining gages read zero in both test scc-

tions throughout tile study. However, a hiss could be heard from these

gages when the valves were sharply cracked, indicating a pressure less

than atmospheric did exist throughout the intermediate drainage laver of

both test sections.

Intrumentation

100. All porous-stone-type piezometers were read o an approximate

monthly basis in both lifts and appeared to rive reasonable readings.

Settlement plates were also read on a monthlv basis along with survevs

of the second lift surface.

In situ test _n__and_samp_linyg

101. In situ vane shear tests and sampl for waiter content det ,r-

minations were also performed on a monthly Bas is. Poth lifts wert, tested

,1ud sampled in test sect ions 4 and '), but ovl, !'i, se;cond lift was tested

.n1d sampled in test sec'tions 2 and i siiic, e t , rit n 1-11(di ato ,;ld Il ie -

r,v -n ttcd p t ol tt - t ion I,\- both tht, Viliit, : ,i 1 t l 11(1 th ,.
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sect t u~I l cm t it t iit- t i rs 1 i ft k ols 1sti S 0 1- I i S Cet t I CHlIClIt PI 11(1 i OtLTl A-

secoend I i I t set t Il'eent Ml 1)0 gross f i rs t I i i t s et t 1 enlen t (w i ic h i nc I tides.

t OLIndat ioni se t t I emen t ) .S1 i nc c or iginal 1 i I t h ii c knesse s \'a r het I somel- t$'

it was necessarv to normalI i teL thle set tlIement diit a w it h reCSp1)CCt t0 or ig-

na 1 laver thIiickness. Re sul ts arc therefore pre'sent id A" percentL s trainl

versus time, computed as follows:

,strain Tlii 1(0)

where

, H =net settlement, ft

Hi=original layer thickness, ft

Pe rcent s trainl values ve rsus t ime fo r i f t 1 are p resen ted i n Fi iu re 40

and in Figure 50 for lift 2.

L'ift I

103. Several obse rva t ioens call be mnade f ron,. examina t !in of Fig-

ure 49; these are :

a. Al L treated sect ions settLled more in tile t ime frame of
the experimnent than d id the c out ro 1 (tint reated) sec t i on.

1) . Belle fitLs ga ined by llnderdra i nage essen t il vI all oc -

curred (luring, thle first 160 davs.

C. The rate at which addit ional settlements occurredl inl
test section 0 I5 and -2 (seepage con so(lilatioll) was dif -
f erent t hanl those for test sect ions 3 aind 4.

d. The ma joritv of the total set t leMen't mea,'sured in test
sectL ions 2, 3, and 4 occurred pr ior to P lac leg1 tile

second l if t (i.e. approx imat elyv I year) wiile test see-

t iofs I (no second l ift ) and 5 (cont rol ) cont inued to
settle after this time.

(,i2
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Figure 50. Second lift settlement vs time

The following paragraphs contain a discussion of these observations.

104. The final differences in settlement (measured at the end of

the experiment) between the treated sections and thc control section

were actually reached about 160 days after the experiment and then -,,-

mained essentially constant or decreased slightlv fr the remainder of

the experiment. Only the percent strain curves for test sections I ind

5 show continued settlement in lift 1 after placement of lift 2 (i.c. in

the later stages of the experiment). This is becaust test section Ir-

ce ived no second lift and was therefore ;til]uected tt contiktuned surt t

drying while the first lifts of t(st sections 2 throu,gh ' (which did

receive second lifts) were not. The -irst lift of tt'st sct ion '5 can-

tinues to settle because it is settl ing at a ;I ower Iate an11d may evel-

tual lv equal the total settlement of the t I-lt d se It ions, altIhtiItj it

would probably take several 'ears. Also , i ite' less S'tt IeInt haid1 Oc-

curred in test section 5 prior to surcharei ng (p1lcit'nt at t Ite t'cnd

fh .4



lift ) it would seem likely the surcharging would have a greater effect

on test section 5 than tie others.

105. The fact that all bene fits occurred early in the experiment

is most likely expi tbed hY the fact that the majority of initial con-

solidation occurs in 'he material closest to the drainage face; as this

occurs, the material becomes denser and it. permeability lower thus

inhibiting the consolidation oi material above it. This would account

for a very fast initial consolidation rate, which would decrease fairly

rapidly. Other data subsequently discussed confirm this.

106. The settlement curves show initial settlements in Lest sec-

tions 1 and 2, which were subjected to a 3-ft ponding of water, occurred

at a faster rate than settlements in the other three test sections.

Howevur, about 90 days afte r experiment initialization the settlement

rates in test sections I and 2 had decreased, as evidenced by the slope

of their settlement curves becoming flatter while test sections 3, 4,

and 5 continued to settle at a linear rate up to about 200 days. A pos-

sible explanation of this observation is: In the early stages of the

experiment, the increased hydraulic gradient existing in test sections 1

and 2 contributed more to coinsolidation of the dredged material than did

the partial vacuum or gravity underdrainage systems in test sections 3

and 4, respectively. Also, no surface drying was permitted in test sec-

tions 3, 4, and 5 during this period. After surface drying began in

Lest sections 3 and 4 but s till was prohibited in test sections 1 and 2

due to the ponded water, the curves for 3 and 4 continued downward sur-

passiag those for 1 and ', which were leveling off.

107. Figurc 51 confirms tho fact that most benelits from the

met hod evalna ted inl test sections 1-4 occurred very early, up to about

90 days ater beginnin, the experiment Ior test sections 1 Ind 2 and up

to about 140 days for test sect ions 3 mnd 4. The ordima te of the plot

ic Figure 51 is the difleLren.C., between the percent strain oF test sec-

t iorn; 1-4 and the percent strain () test section 5. This dit fercnck was

maxi,ized at about 140 days I-or test sections 3 and 4 and thlc rcmained

e ,senLt i,] 1, constant for the r,,maindr of the experimet,. lest ",c-

tion 3 and 4 art dirctlr c :Np rahlv to test sL ctionl ) in this 11-11l110r

h l ll
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Figure 51. Percent strain difference versus time for lift 1

as surface drying was identical for all three. Even though prohibition

of surface drying in test sections 1 and 2 for an additional 135 days

makes a direct comparison of test sections 1 and 2 with 5 inappropriate,

the curves in Figure 51 do deserve some attention. During the time sur-

face drying was occurring in test section 5 but not sections 1 and 2,

the increased settlements in section 5 nearly equaled those that had

occurred earlier in sections 1 and 2 (this occurred at about 250 days).

Test sections 1 and 2 settlements increased steadily immediately upon

initialization of surface drying until they had almost regained their

earlier lead over test section 5. This would indicate that volume de-

crease due to surface dessication occurs at a decaying rate as the sur-

face dries and evaporation begins to slow due to a lesser amount of

water in the material being exposed to direct sunlight and wind.

108. Table 8 summarizes the first lift settlements for all test

sections at two different points in time: (a) after approximately

I year (just prior to placing lift 2) and (h) after approximately

2 years (the end of the experiment). Based on the summary prior to

66E



placement of lift 2, test section 3 (partial vacuum in underdrainage

Laver) experienced the most settlement followed by test section 4

(gravity underdrainage), then test section 2 (vacuum-assisted seepage

consol idation) , and lastly test sect ion I (seepage consol idation).

Test section 3 still showed the most percent settlement at the end of

the experiment, but test section 2 moved up to second place followed by

test sections 4 and I (which had no surcharge). This would indicate the

vacuum used in test section 2 began to have an affect over this period

of time indicating the vacuum is more effective when used independently

of the ponded water. Vhe effectiveness of the vacuum is further borne

out by the results of test section 3. Also, the surcharge of lift 2 on

lift 1 probably had a greater affect on test section 2 because at the

time of its placement test section 2 had not underone as much settle-

ment as test section 4.

Lift 2

109. Lift 2 settlement curves in Figure 50 indicate basically thw

same thing as did those for lift 1. The treated test sections (2, 3,

and 4) all settled more than did the untreated section (5), and the gain

was experienced very early after placement. However, benefits realized

from the treatments were not nearlv as great as were those real ized on

lift 1.

ll0. After early benefits were realized (up to about 90 days),

all the curves indicate setttlements in all four sections occurred at a

similar rate and began to decrease (also in a similar fashion) between

200 and 250 days. This phenome-non occurred somewhat later in the first

lift (at about 300 days), perhaps, bec ause surface drv ing was initiall\

prohibited for the first lift while for the second it was lot.

Il1. Table 9 presents a summary of lift 2 'ett tler nts. 'lest ;c-

tion 3 aiain experienced the most settloment tollowel close]y by ttst

s-ct ions 4 and 2 which, For all praet ieal] puirploses, exft rien'ed the same

'imount o1 settlement. As noted earliter, the ma it dtil o till' ercellt

increase of the treated >s',tions was 'onsiderably l.,;: r li t 2 than

or l i ft I eve, thouiii tie percent st t I tement s t II lie vs Ivs were ,touit tthe

same a s those I or t lie I ir;t lift. F, rt itr insipect ion rc'vea I I thmt tit

07



percent settlement of the control test section (5) is substantially

higher than for the first lift, thus causing the percent increases for

the treated sections to be lower.

Water Content

112. Water content determinations were made on a routine basis

throughout the experiment with sampling generally taking place every

foot of depth. However, lift 1 was not sampled after placement of

lift 2. Percent water content was calculated as follows:

WW
w !- x 100Ws

where

w - water content, percent

W = weight of water, g

Ws = weight of solids, g

Lift 1

113. Initial (November 1976) and final (September 1977) water

contents for the first lift of all five test sections are shown plotted

with depth in Figures 52-56. These plots indicate that consderable

dewatering of the dredged material took place in all five test sections.

It is interesting to note that the initial water content profile for all

test sections is roughly linear, while the final profile is more para-

bolic in shape. The linearity of the initial water content profile is

due to somewhat coarser material being located nearer the bottom (caused

by the coarser particles settling out faster during pumping), and be-

cause the load increases with depth. The much lower initial water con-

tents for the material located adjacent to the underdrainage layer in-

dicate that some consolidation did take place in the 19 dayvs between

filling and experiment initialization, probably aided in some SOCt ions

by leaky valves on the discharge pipes.

114. The parabolic shape of the final water content profiles is

typical of a deposit undergoing consolidation with double drainage

h8
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Figure 52. Initial and final water contents, lift 1,
test section 1 (seepage consolidation)
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Figure 54. Initial and final water contents, lift 1,
test section 3 (partial vacuum)
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Figure 55. Initial ad final water (ontents, lift I,
test section 4 (gravity)
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Figure 56. initial and final water contents, lift 1,

test section 5 (control)

(i.e., drainage taking place both in tile top and bottom of the layer).

Of course, consolidation in the top was aided by dessication. This means

the highest water content material is found in tile middle of the layer,

the furtherest point from the drainage faces. With respect to this,

it is interesting to note that for test sections I and 2, which did not

receive. as much surface drying as sections 3, 4, and 5, the highest final

water contents were nearer the surface, thus reflecting the effects of

surface dessication.

115. Figure 57 contains a plot of final water content profiles

for all five test sections. This plot permits comparison betweel the

treated sections iind tie untreated or control section and comparison

between the treated sections themselves. Figure 57 ildica tes that a Il1

treated sections had lower final water contents than did the untreatt,d

control sect ion. It iA',o shows thaIt test Sct iol I (part ial vacuum)

ullderwtllt the mot water coltellt retlct ion to IowCd bh te.st set ill 4
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Figure 57. Final water contents, lift I, t est sct ions I tliruti

(gravity), test section 2 (vacuum-assisted sepagc cons' I idit i on ,,lid

finally test section 1 (seepage consol idat ion).

116. Figure 58 shows the change in w;tier content Irom iitialI to

final, expressed as a percent of the iiti al water ontent, l1ii plot

normalizes the data with respect to initial wter cintcnt .ind t-tln iilk

yields the same results as Figure 57 except h.it tie l0wern,'t point ,t

test section 2 indicates the greatest percent reducti ,on .Al tist so.-

tions at this point. This value is due to in ,ihnormillv high VIluc ''I

initial water content, which probablv is nt .i true imdi(,Iti,n I ttie

initial water content for the material ad ,icent to thi drinag, t, C i

test section 2.

117. The water content data for lift I ir coils is tcii ,ith ti 1,

settlement data given in Table 8 for 321 days. No comipirinil tilI ht,

made with the 819-day data in Table 8 since lift I wa not inipled it! 'i

321 days.

72



W' x 00

W

WHERE

W CHANGES IN WATER CONTENT

W INITIAL WATER CONTENT

Wf INAL WATER CONTENT

SuRFACE

BOT Tom

0 20 40 r0 C 13 100
CiHANGE IN WATER CONTENT. PERCENT

Figuire 5,1. cliatge iin waiter citenft , i f t I , t tstL svc t I nls 1 thIIraUg h 5

I.ift t

1 18. 1 it iiiI (Navemhc r 19 77 ) a nd I inal ( Febhruairv 11 ~7 1 wa t er

n i taIr e sht'wni p)10Latted w ith dep1 thI in Figtiures ,- 02 . As with lift 1,

cis 1)1 at s indicaIte that cansideraie dlewtering of thet matriail ill

I f tt 2 tanok plakc in all four test (aC tI[0anS (ttei-t selLiol I didl Hot h1avI

Ai Sivnd1( lifIt) with the inlitiall and final praf iltL ;ilsa, showing lineair

lird pakrihal i- shiapes, respect ivel\v. File f inal prof ie l tor tes t S-

tins 4+ and 5 do natL exhihit- as parahal ic .1 sIp.Ij A', do t hse farC testL "

t aoi nd 3. 1hsi ests ittL I L iddit ina1. dr\ illn, is, inli ,It d

.I he l ift h botam~ over t hat i nd 1 at id InI tillt ldd IC e I:; -IIil ti :1g iH

.I imIre vert irAl pr1af jIi 11amI thel nIiddlI ta tilt a)t! am. li'111 al-i I ,

V ide c (I t2 11L .1 It' eCII'f i t aII litv ing ai( dr~iiiigcI I I-i I! 15 t I at t lit

is LL" t se t insII . 2 11nd I il~Vi l 011 ,, ii iI L t ad11 1 ( 1 Ii f * t I I

a r i . vid lit "A'% tilte I .il 01't i c I 'll r ' tt iii * d i d l"It

r ti t the- kt t i t Jr.s dr jg . it, di sii tl I' iS O



22

20

-J

0 t

j7

-

W

16

14-

0 50 100 150 200 250 300

WATER CONTENT, PERCENT DRY WEIGHT

Figure 59. Initial and final water contents, lift 2, test section 2
(vacuum assisted seepage consolidation)

22

20

MnITAL 1 1 '23 '77.

14
0 0 100 IS o '0 /0 iGo

WATER I ONTE NT. PE R1ENT ORT WEIORT,

Figure 00. [nit-ial tI~d f inal W;ltr leI IE , Iilt .' ( I Et sskioi l

74



24 -

22 -

0-

0 
INITIAL 11 2377,

-i

LIs

16
0 50 100 ISO 200 250 100

WATER CONTENT, PERCENT DRY WEIGHT

Figure 6t. Initial and final water contents, lift 2, test section 4

24 -

22 NITIAL 7 '23 77

J

F 2
, 

1

,.1

ILi
Ib



0

Li-

V)

~1 3
4 5

H 2

022

a

w

0

-A
Wi 3

4

0 20 40 60 80 100 120

WATER CONTENT, PERCENT DRY WEIGHT

Figure 63. Final water contents, lift 2, test sections 2-5

119. Figure 63 contains a plot of final. water content profi les for

all four test sections,. Thiis p1lot al iOW so I sh'Ita ll treCated secIt ions

drited more than the' Untreated or control sct Lion. tetsiv sa2(ithI

the intermiediaite dr inage2 la%"er conne. cd'( to the. I vet-(? dra inaglilk layetr)

e'Xhiihited theL mo10st drigtllvdh\ test - cttioj A ~ (1a10Y n inlter-

mediate driniage lwe),ad tina11 Iv test sCtion) i (nnv1onnjtedco1 ex\cpt

for i-racks,, intermediateC dra iingc la~c) . lt- I t-s( tw lion 2 sad

Int ;is ha iCg de itered t!Ie [110st 1L11j-,jIn tI) tIe:-c Isi tee littIl

di fl elc'iicti hit Wi-en to.cs s01 t i~l 1> 11)11 4.

)'re-le-r

Litft I

I "). P I ( ; oI il t -IlI ,idI jItI ['I oi- [I." 'Iti f ha(t aI I'

to L pi r tiorts iit i- lii tr pr-ei iicdi" i l~i i-s dI- li i st-

prio to l~i in t it, k-, nd il I. i 1 1,
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Figure 64. Initial and final pore pressure distribution, test section I
(seepage coasolidat iL-n) lift I
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statl Lic i n t ie ii ddc I u o f tile un1)t reatuI Id 0(IftrolI ) Le~ In-! Lnn fllodi *

t he greaiter diSSijpat i on f 4 rt resrt, i n th t1-LreatLed s ct iO. cii . I

the t rt-atLed sec t ions t homsoIvt2L, teL et 3 3shoved th I os vrc

1)r es s ure r ed u ct i (un fI L)IIowed !v (in (rdeur) teoS t et. ins -' , n ,, ii) 1

f! i d iff ere nLe btLwee n t est: se ctio ns -', 4, 1and( iif I is nu creIt n)it Li

if tt2renice betLween tes t sec t ions- 3 and 2 , and -. and 1 issntoti

Th is is in iccordance wi i II setL t I omen t ind wat~er on tuin rusu i t . pr en teCC

e ai r Iie r.

L ift -'

123 . Plots showing the pore pressure dist rlibut ion for eakch of tic

test sect ions receiving a second lif t are presented in FigUres -. 72

These plots are simiiar to those previous] %, presented for i f t I ind

show similar results. Initial lv, lif t 2' for allI test se'Ct ions iad p)ore

pressures in excess of hydrostat ic pressure hut tile f inal distLrihLutionl

curves indicate that only test sect ions 4. and 5 haid any excess renai ning.

All pore pressures in excess of hydrostatic had diss;ipate-d in test stec-

t ions 2 and 3, both of these sect ions having intermediate drainage i avers .

The actual amount of d issipation was greatest in test sect ion 2, foll1owed

by sect ions 3 and 4, with final pore pressures in test sect ions 3 anld

being rein tivo lv c lose to finnal hydrostaitic pressure. ls setion

,howed considerabl Y more dissipation thI anl sct ions 3 and 4.f>t.sc

t ion 5, (unot ronted section) still had pore p~ressure~s in) excess of n'd ro-

static. The effect of no draiinage ait thle ho0ttom1 Of test sectionl 5 is

read i ly evident from thles oe da En. These pore pressure dit a tc,

previously presented water content. resultEs. Previouls datal showed tcU,

s~ect ion 4 to perform si ighiv better than I viii le these daIta show the

opposite, but due to the very small difference between sesof diti afor

test sectitons 3 aind 4, the, data are cons-idered to he istt

801
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Shea-r Strength

12-4. As described earl ier inl this repo(rt, strength determinat ~ions.-
we re nude apprtx ima tel v every 2 mnttths wit h the vane shear devi ce. The

strengths Obtained in this mannier were unconsolidated, uiid:,'-iid (LU)

,tLretigthis and shon 1~d ilOt he considered as the true strength of the Mate-

r ial buht onk' as rca sitna hie es t ima t es, and ais suchI are a good has is for

judging" relative strviogt is of simi lar materials. Data for 1lift I end

lost prr L~ O placement Of l ift 2 Since the Sampler could not penetraite

Lire u,4 tilt in termiediiLte drainage Ii ye r p1laced he tween thle two I i

Lift -t

12-. Results; Of three intervals Of te'sting (inlitial, inte-rmelLdiajte,

adfinail) inl lift I ire shlown plotted with uevationl in Figures 73-;7

tor- test sectiolns 1-5, re.spect ivel v. It is apparent from all pils thsit

theu dredged mterial inl ail test sect ions gained strength as the cxlteri-

ment progressed. All plots sIIOW' a nlegi igibie inlitial Strength going to,

a more or less linear strength profile., increasing from top to btot tom,

to finially, a palrahol ic Shape indica ting maximum s trengt its near thle

hot tom and Surface with himinimum st rengthis near the middle oif each li1aver.

Ini most cases, h ighiest strengths were at the bottom Of eacit liver near

the underdraitiage laver. Al though direct correlatons VCi-(- not made

with the water ctitnt data, thle Strength gaint and moisture loss do

parallel each otLher in t hit ot Ii sesof curves arc similar itl gtteVrilI

sha~pe . lThe lesser almt1 of sort c e dry log received ill test sect i ots I

artld 2 is- evideint i ron coniparisittiS of thitlr I iial I strength profiiles wi th

those for test sectijols 3, 4, and 5.

120b. Fotr eas ofcomparisont all filial Strettgtht prof iles are

ploted itn Figore. 78. 'lhtis plot clearly Shotws tilt, gre.ater streitgtit glut

ttitaitied ill test Sectiotn 3 (partii va cotin ilt unctderdraittage laver) Over

aill tie Others. It alIso) slo1(Ws1 thalt ail I rea;ted1 O secionIs tad isai

tii 1\ lgreiter stretigtii ga itts tuit dLid the tuntreat ed coot rtolet oi

(, 1 t i i y inl t lie mtiddl IcOf each la;iyer, les I(-SLsct iotti I, Ind -4i hive

essetit illIy tie sante profile tIe 1 letU t i 11g t It Ie'Cf feCe(t S' os si r tati d r i tui

excepIt titit test >ect ion 2 (vactitin-ass istd set'pigt' iotsolL itl)

8l3
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Figure 73. Initial, intermediate, and final shear strengths, lift 1,
test section 1 (seepage consolidation)
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Figure 75. Initial, intermediate, and final shear strengths, lift 1,
test sectiOn 3 (partial vacuum)
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Figure 77. mliti;il, intermedi itc, mid final shear strengths , lift 1,

test section 5 (control)
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Si IOWe UC U h S tanl t ini I I V grea t cr i nc reasa near t I)e und erd rii nage I ave r

A i niat ter of tact , 11 th (.',t sec t ii)ns Ihaiv i g pajrt t Il vacuum ill ti he

iderdra iiiage layer exhiIi t ed al most doube th Lle st rengtle- iii t hea mate-

r ai near thle unde rd ra inagc [it cr t han d id t li ot her I ruca ted a ect Li ons

which had 110 applijed viiCuuCm.

i-A f-t -,

127. Plots of elevat ian vcrsna shear ,-trength for lift 2' art- pre-

senited inl Figures 79-8-' Hic Ihei t iaii prof iI c.s for t hi.L I Iift werC C';t a

I ished fromt va ItioS Obtained from test iug neairl v 2 mont hs aftter 1p1 ementt

liiCOMbined with Lte fact- thatL more i nit i dri inage wi- iv~ji i I It

(due tO heitig p1 cd ani eXist ing dredged matteriai ralt her t nanl iln illipttr-

v ionUS bottom), ansetd ant appairentL highe-r mti at roilngth tO occu Lr Ilear

the hottl am han wats ilid icait d iii t h, init i~i a Otriit1;a I i I t I

ll26 [lle f-inali s t reng thI11 prat ilc fr I i ft 2 maiter iaI are 1'n r c

Vyenr i Ca I (e CCep)t t V r tecst aCO( t i'i .i t in itrilhol it in shap1e 1) ,. I a) i L-

eCan *LIeL- t heL rk'tthiict ionic rdlrai i i lce amid lI( t -n r t a t, dr\ lug fI inn I

iamp I ngWAS inl FeOhrUarvi and fol lowed prolonged raiins-). [hte shaipe at

the tfiial att rcugth prI1 ic(. tar test aiect jan 2, cou~pled With the I11

s trengt ha-, is somewhait ol ni? enligma whenl Viewe'd in) light o )f i t a set I U

melit , ptlre p~reissure, mid water ccit cut datai. It is paOSSibh l that tie

results altatiled at ci 16. 3-j were inord inatel v low for one reaisal or

ant her, which could chiange the shatpe of tihe curve as well a s in) case

the finnii average calns iderih lx.

129 . A Il f iial strength proflies for lift 2 are plotted iii Fig-

ure 83. [his plot shows, that all treated sections exhibited grea.te'r

f inal. strengths thant did the(- untreated control section. Italosw,

as has aill the other data, thait se-ctions 3 and 4 performed shjilI.irkI

but, uri Like the other daita, test sect ion 2 pecrfolrmed the j,)rest of t[ie,

treated sections.

Summary of shear st rengj

li30. A summary of al I F inalI a ve raige CSt r 11g t his , .I t e d ill

T;h 1I) 1 L(. The average st rengt h is anl averaige of Al I t rcngth h ~ikihug lip

the f-inl prof il et xcetpt theit surf it( a, t reiigt hI. Vile !oiirf 1(e t sI nt-nut )r'

we-re omliIt teCd fIWetliiis t he Plirlh:t ad t lie simillrv is ta it I l ow -npir illit

87
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Figure 83. F itil shear strengths, I ut f -, 111 tA 4st t i LlsII,

fi strenIgt hI-I ill order Lo bet ter ev.I alune tI heeff t i v it a, tile jIjder'--

driinagu techiiiques, themel,-uves. Since L tjiLt -sunlIL e tilt ir( .1 rI--Il

of s4ur fan e d r v j g, Wi il ii w ( s e TIWli;I t iti wi i-1. !,.sI t t it I n, 1 I
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Fil 33.t i L acua Iltv siiowed thla t all t echiuseautdwr

efe t CCL i ini aced era t ing dcii-; if icatimn of L ie dredged mateurial h ut, iii

f,, Lc, on[IIV [1 on me1t hod, pacrt ii I vacuum in the i underdraiiiage I aiver, rca; 1 Iv

s t od Out as clIear 1Y superior to thle others. Th Ii s was pa r t icuIa r Iv% t rUeC

or I i f t I and is- suhs-taiiL iated 1l\iv vi tuna~ I onservait ions prior to pumipinig

I 1 ft 2', Wili(c i r eV(alI d ext(ens lye C Crck king iirou-glioti t the en t ire deiit li

of miater i ii. uOveral I1, there asvery I i t Ic, dif ference2 in the, other

iiictiwld-. evai mated with the f irst iftL.

1 34 . For I i t 2 hoth L est sect ions 2 md 3 Can1 heL cons. idered ajs

represe ntit lvc ot ;i patrt Lal. vacuum in tie iunderdrainage Laver hema'iisc

the onlPy d if fere isce inl die' two( Was t1ie fet hod of p~ropaZgact iLug tihe vacuumL-.

Iro m tri Loe 0,l nrII,.a ! ilag LLe L'ti the iiteiLd i;Ite drai ina ge Liver

Le dataL f ro I Lift 2 - i ndicated thatL bothi these test sectionis.,,e r c I u

ef fuctLive thain the others, JL th-1ough no0t hv' aS Wide a margin)1 as , irred

w iLIIt lift I thiis is prohahly hecan st the applied vaeCuuii Was much

sina I Icr for tIi f t 2 thin for if t 1.



PART VI I I SUMMRY AND CUNCIIJSION!NS

135. 1ll underdra inage techniques 1-VZO mated were' e'ffeCt ive Lt

varyi.ng degrees in acce lerat ing and/or inc reasilng dens itico tion ofi

b-ft layer (first lift) of highly Plastic dredged mater ial.

136. All techniques evaluated using a second 6-ft-ticik lift also

resulted in more densificat ion than did thle untreated sect ion. However,

Lir effectiveness was not nearlv as pronounced in thie second I if t ais

in the tirst.

137. Of the techniques evalua ted, thle method of app lying a portill

vacuum in the underdrainage layer was the most effective, whiile seepageU

consolidation was the least effective.

138. Benefits realized from appi icationi of thes~e uiiderdroiinagc

techniques occurred in the early stages of the experiment . hIsI- is due

to the very quick consolidation of the dredged materijol imedia to N% over-

rving the dra inage layer thiat resul ted in thie format ion of ai l(1%,, reo

tPilitv layer that es-sent i II control led the dro ma cge rite of thu c rtdged

materiail above it. [nis is alSO theC mJost I ikelv rcisol) Li thevcpo'C

Cono Plo"iidit ion iactLulod vis leas( i- t e2ffect iyv sinc I omto I t2hM1Li01 ILIIis"- Ii

petmean Mi% itv i,:cr wutld most 1f1Ct theill' 'os c~i a ''h

IL 1U t I vo ij I met1.11 n ~ijs, could 1W iircl i>,i

P 1 i . "u 1'i pr,,v ki 11 d c 11 to r ir . I Lag ito 1 ht Vuk t i II d r l '1 .

Ih I nih ho ~ 'r I I uh P. i~t i L t- ;i-

'i ic !It' C 1it ii Li 'k i ' 'I 1 rc'hc- moL: :0 [~t Iu I IInIlI c .I

li c!c~Il 1t crm hi ia iige VOit i tLoi . con:

M I3 A Id I I 1 0L 1 4 i I I: t n sC I- di I i i i '5- Ic
e'f fi I c I- IIK i pIth cd I t Lukw x ' r, i c ' 11)i p t 1' 3 c ,,.c C t i

dil- ik" l ll'!t i-U[ 0t cri i a
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method does work if it is installed in a closed system. Also, the only

additional first cost would be that for the pumps and valving, which

is considered minimal when compared to the overall cost of the underdrain

itself. The only drawback is the fact that energy is required to operate

the pumps, and the system would require additional maintenance.

141. The design of an underdrainage system similar to the ones

evaluated by this experiment will definitely be site specific, but

calculations for designing the system (i.e., collector pipe size and

spacing and drain thickness) can be made without difficulty (Cedergren

1977, and Department of the Army, Office, Chief of Engineers 1971a).

Also, preliminary design and installation procedures for these systems

are given by Haliburton (1978). Rough criteria for the prediction rate

of dewatering are also given by Haliburton (1978). More precise proce-

dures are given by Hayden (1978).

142. A considerable amount of field data concerning the behavior

of the dredged material under the various applied loading and boundary

conditions exists as a result of this experiment. These data have been

examined herein only from the standpoint of evaluating and comparing the

effectiveness of the techniques studied. However, these data could pro-

vide an excellent basis for an engineering analysis of the behavior of

the material with the end result being the development of an analytical

model, which would be extremely useful in the planning and design of

these systems. It is therefore recommended that this work be

accomplished.
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Table 3

Comparison of Effective Stresses

Densification Effective Effective

Technique Stress, psf Stress Increase, psf

None 140 0

Underdrainage 455 315

Seepage
consolidation 770 630

Partial vacuum
in underdrainage
layer 1175 1035

Vacuum assisted
seepage
consolidation 1490 1350
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Table 6

Instrumentation Summary

Parameter to be Measured Instrument

Positive pore water pressure in Porous stone (Casagrande type)
dredged material piezometer, WES transducer

piezometer

Negative pore water pressure in Tensiometer, WES transducer
dredged material piezometer

Positive pore water pressure in Porous stone (Casagrande type)
underdrainage layer piezometer

Vacuum in underdrainage layer Vacuum piezometer

Settlement of underdrainage Settlement plate
layer and foundation

Discharge from underdrainage Hourmeter on sump pump
layer in test sections 1 and 4
(gravity)

Discharge from underdrainage Water meter
layer in test sections 2 and 3
(vacuum)

Table 7

Final Surface Elevations of Underdrainage Layers

Design Elevation Final Elevation,*

Test Section msl, ft msl, ft

1 12.0 11.85

2 12.0 11.72

3 12.0 11.80

4 14.0 13.74

5 14.0** 13.53

* Prior to filling with dredged material.

** Bottom elevation (test section 5 had no underdrain-
age layer).



Table 8

Settlement Summary, Lift 1

Original Current Net Percent
Layer Layer Cumulative Percent Increase Over

Test Thickness Thickness Settlement Settlement Test Section 5
Section ft ft ft (or Strain) (untreated)

After 321 Days

1 6.26 3.94 2.32 37.1 4.2

2 6.35 3.78 2.57 40.5 13.8

3 5.48 2.78 2.70 49.3 38.5

4 5.72 3.25 2.47 43.2 21.3

5 6.18 3.98 2.20 35.6 0.0

After 819 Days

1 6.26 3.30 2.96 47.3 15.1

2 6.35 3.14 3.21 50.6 23.1

3 5.48 2.62 2.86 52.2 27.0

4 5.72 2.93 2.79 48.8 18.7

5 6.18 3.64 2.54 41.1 0.0

* Computed from n x 100
s5

where
S n percent settlement of test section n(l, 2, 3, or 4)

n
S5 = percent settlement of test section 5.



Table 9

Set-tle-meont -Summatry, Li ft -2

or ig inalI Cu rren t Net
1.av.r Layevr Cuill la t i ye Percon t Perecn t

Ue st Th i c kne ss 'I'l i ck ness Se t t I emcn t Set t I 0een t increaSe 0%e r
SeCt i-0n1 ft t ft (or- S t ra.in) 1~ Se9 -o - 5

2 5. 37 2 .87 2.50) 46.6 9.1

3 5.76 2.97 2.79 48.4 13.3

4~ 6.12 3.25 2.87 46.9 9.8

5 6.44 3.69 2.75 42.7 0

Table 10

Summary of Shear Strength Data

Test Sect iOn AvergeFinal Stropn_ 4h, ,f F*n

Lift_1

1 197 1

2289 2

3 455 1

4 229 3

5 132 5

Lift 2

2 181 3

3 260 1

4 244 2

5 118 4

*Neglecting surface strengths.

I*1 highest.



Table 11

Ra-nk inpg o f :e-vyin(L Eva luat ed Based

On Summrv of Field Data Results

Teo-f Dat-a*__
Tes t Wa t er Port. Vane

Seect ion TeehnII i(ILIe Eva I at Sett 1 emen t Content Press ure Shea r

Li-ft1

1 See'Page consol idat ion 4 4 4 4

2 Vacuum aSSi.sted seepage 2 322
consolidation

3 Partijal Vacuum in 1 I I I
underdrainage laver

4 Cravitv drainage 3 2 3 3

Lift 2

2 Partial vacuum in under- 2 1 1 3
drainage laver, verti-
cal sand column
connectors

3 Partial vacuum in under- 1 3 2 1
drainage layer, sand-
filled cracks

4 Gravity drainage, no 2 2 3 2
intermediate drainage
layer

*1= best; 4 worst.



In accordance w~th lotte;, fr,,a DAXiW AEN-ASI dated
22 July' 1977, Sanct: Facsur.ic Catalog Cards for
Laboratory T'e-nnical Publications, a facsimile catalog
ca.rdl in .ibrtry of Congress MARC format is reproduced
he Ioh.

Us'rirer ,a'

Evaloat n lerdr:~inwfc, teds nquo; f-or the
dens;i.fioait .;t i1n-<raneddded material : final
resort /' by . horrar ( looteoihnical Laboratory,

U ,m Ws 'tsrw-y., Expe' iment Station)

monitor, b by'rv- ronmencat i Laborator y, U. S. Army Engineer
Waterway: :t-t ion ;sresar-3-. for Office, Chief
of A t rm, and IJS ArImy, Snritneer District,

Chi-ae;u -. o'b' ' 3 tAmy Engineer
Waterwa:,, Exiem* Sprngield, Va. :available
from J=7 f

94, [)I ill. , m a ( niual report / U.S.
Army Engineer 'k"eways I.Yserimn r' r tion E-li

Cover title.

"Formel Wor k -, icol No .
Bibli-or.raphy 9!.

1. Erainage. ~.Dredging. ?. Seepage. .4. Soils-
density. 5. Water, on-lerg-rsun,'. 1. United States.

Hammer, Oard 1'.

Evaluation or lisderdraioag-e techniques :..1981.
(Card 2)

Army. Corps of Fnr7ineers. Office of the Chief" of
Enginers. '. 11ited SIateq. Army. Corps or' Engineers.

Chicago Mltrict. 171. iU ited [tatPer. Army Engineer
Waterways Exrerimest rato:.,roo.;aLaboratory.

TV. United States. Arm;. Englineer Waterways, Experiment
Stton. Enviro-nmentnI Lriboratory. 7 . Title V1. Series:

Tec hnica -l repos-t (Unite!f StatbsE. Army Engineer Waterways
Exper-iment S'tation) E-13
TA7.WFS4 ns.EL-t -3

-------------- s



,DATE


