~u PR

JTIG riLtE COEY

MISCELLANEOUS PAPER GL-86-38 @

SOFT SOIL STABILIZATION STUDY
FOR WILMINGTON HARBOR SOUTH
DREDGE MATERIAL DISPOSAL AREA

by
Robert M. Koerner

Drexel University
Department of Civil Engineering
Philadelphia, Pennsylvania 19104

Jack Fowler
Geotechnical Laboratory

DEPARTMENT OF THE ARMY
Waterways Experiment Station, Corps of Engineers
PO Box 631, Vicksburg, Mississippi 39180-0631

and

Christopher A. Lawrence

Drexel University
Philadelphia, Pennsylvania 19104

DTIC

=LECTE
MAR O b 1967

D

Final Report

Approved For Public Release; Distribution Unlimited

prepared for US Army Engineer District, Philadelphia

Philadelphia, Pennsylvania 19104

Ry © 19 O3



Destroy this report when no longer needed. Do not return
it to the originator.

The findings in this report are not to be construed as an official
Department of the Army position unless so designated
by other authorized documents.

The contents of this report are not to be used for
advertising, publication, or promotional purposes.
1 Citation of trade names does not constitute an
‘ official endorsement or approval of the use of
| such commercial products.

o e . A




SECURITY CLASSIFICATION OF THIS PAGE

Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188
Exp Date Jun 30, 1986
1a. REPORT SECURITY CLASSIFICATION RESTRICTIVE MARKINGS
Unclassified '7
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION / AVAILABILITY OF REPORT
Approved for public release; distribution

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE unlimited
4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

Miscellaneous Paper GL-86-38

GG.SNAMESOF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

(rigeieyy

Geotechnical Laboratory

6¢. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
PO Box 631
Vicksburg, MS 39180-0631
82. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
S Army Corps of Engineers
8¢c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
PROGIAM PROJECT TASK WORK UNIT
WQshington. DC 20314-1000 ELEMENT NO. NO. NO. ACCESSION NO

11, TITLE (Include Security Classification)
Soft Soil Stabilization Study for Wilmington Harbor South Dredge Material Disposal Area

12. PERSONAL AUTHOR(S)
Koerner, R. M., Fowler, J., Lawrence, C. A.

132, TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) |1S. PAGE COUNT
Final report rrom 1985 1o 1986 December 1986 106

16. SUPPLEMENTARY NOTATION
Available from National Technical Information Service, 5285 Port Royal Road, Springfield,
VA 22161

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FELD GROUP SUB.GROUP Dredged material (WES) Soil stabilization (L.C.)
Soft soils (WES) Ceotextiles (WES)
Seagirt Project (WES) Vertical drains (L.C.) (over)

19. ABSTRACT (Continue on reverse if necessary and identify by block number)
~—paHigh-strength geotextiles coupled with polymeric vertical strip drains have essentially
replaced the use of sand drains in the consolidation of soft clay deposits. Soft soils
described in this report were saturated fine-gt,jned organic silts and clays with an
undrained shear scrength of less than 100 1b/ft”! These materials were typical of mainte-
nance dredged materials that are dredged by the US Army Corps of Engineers from rivers, port
facilities, and harbers. This report contains a critique of the state of the art for soil
stibilization using geosynthetic miterials. It describes the implementation and performance
of a high-strength geotextile and vertical strip drains in an ongoing project, Seagirt Proj-
ect, being constructed by the Maryland Port Authority, Baltimore, Maryland. The Seagirt
Stabilization Project consisted of a l1l13-acre dredged material containment area that con-
tained 18 ft of fine-grained dredged material 50 to 150 percent above the liquid limit to
depths of 20 to 33 ft. This surface contained ™alligator cracked crust™ 3 to 12 in. deep on-
(Continued)

20 DISTRIBUTION / AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
Gl uncrassireounumtep O same as #oT  CJ omiC USERS

L Sl s, TR et o linclasaified
22a NAME OF RESPONSIBLE iNDIVIDUAL 22b TELEPHONE (include Area Code) ] 22¢ OFFICE SYMBOL

DO FORM 1473, 84 Mar 83 APR edit:0n may be used until exhausted SECURITY CLASSIFICATION OF TwiS PAGE

All other editions are obsolete Unclassified

A el L T LI R L L L T D T B B R0t Rt Teb Aoe e Bgb, g, Rptoin s, heh ol Sobiiob. beb fal, fod BB 608 Bt & LRI L Sos



18. SUBJECT TERMS (Continued).

Drainage (L.C.) Sand drains (L.C.)
Wilmington Harbor South Disposal Area (WES) Wilmington Harbor (Del.)

19. ABSTRACT (Continued). .

rthe ground surface allowing one to walk on most of the areas to be stabilized. This report
discusses the design philosophy, construction methodology, and development of new and inno-
vative materials that are being developed for solving complex geotechnical problems.) ‘

Rapid consolidation of soft, compressible, fine-grained soils by both radial and vert-
ical drainage with plastic strip drains can effectively reduce the consolidation time by a
factor of 10. Penetration of the plastic strip drains on 5-ft centers through a sand blan-
ket and high performance geotextile caused minimum damage to the performance properties of
the fabric. A single layer of high performance geotextile with tensile strengths above
1,000 1b/in, and a minimum thickness of sand placed directly on fabric coupled with the use
of low ground pressure equipment was a key element in the success of this project.

#urpose of this report was to evaluate the performance of the geotextile at the Seagirt
Project and its bearing on the proposed Corps of Engineers pggject in the Port of Wilming-
ton, Delaware, entitledc"ailmington Harbor South Disposal Area,"/and other similar projects
in the future.

A

!

(HERM AP P AN ATIRAI AL RARI VARV QARAL NN S - < " CAVAGIWAR I SR W VTN YN RRYAYTE A ST P D PG a Y Sy e g



|

r

e e thew

PREFACE

This publication describes the design philosophy, construction methodol-
ogy, and implementation and performance of a high strength geotextile and plas-
tic strip drains for stabilization of very soft dredged soils contained in the
Seagirt dredged material containment area, Baltimore, Maryland. :

This investigation was performed for the US Army Engineer District,
Philadelphia, Pennsyivania (NAP) by the US Army Engineer Waterways Experiment
Station (WES), Vicksburg, Mississippi, during the period of Jun 85 to Jan 86.

The research study reported herein was conceived and formulated by
Dr. J. Fowler of the Soil Mechanics Division (SMD) of the WES Geotechnical
Laboratory (GL) and Dr. R. M. Koerner, Drexel University, Philadelphia, Penn-
sylvania. In addition, Drs. Fowler and Koerner performed onsite inspection and
supervision of this research investigation.

Specific onsite observation and inspection activities during construction
were conducted by Mr. C. Lawrence, civil engineering graduate student, Drexel
University, and Mr. J. D. McKenzie and Mr. S. A. Fitzinger both Geotechnical
Engineers, Geotechnical Branch, NAP. Mr. B. L. Uibel, Chief of Geotechnical
Branch, NAP, was responsible for contractual activities, general technical
guidance and assessment of this research effort. District Engineer of the NAP
during this period was LTC Ralph V. Locurcio.

This report was written by Drs. R. M. Koerner, J. Fowler, and
Mr. C. Lawrence under the General Supervision of Mr. G. B. Mitchell, Chief,
Engineering Group, SMD, Mr. C. L. McAnear, Chief, SMD, and Dr. W. F.

Marcuson III, Chief, GL.

COL Allen F. Grum, USA, was the previous Director of WES. COL Dwayne G.

Lee, CE, is the present Commander and Director. Dr. Robert W. Whalin is Tech~-

nical Director.
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SOFT SOIL STABILIZATION STUDY FOR WILMINGTON HARBOR SOUTH
DREDGE MATERIAL DISPOSAL AREA

1.0 Introduction

1.1 Overview

The use of high strength geotextiles coupled with polymeric vertical
strip drains for rapid consolidation has ushered in a new era in construction
on soft soils, By soft soils, it is meant soils with less than approximately
100 lblft2 undrained shear strength, which heretofore were essentially impos-
sible to build upon, at least in a timely and economic manner. These soils
are generally saturated fine grained silts, clays and their mixtures (often
with organic material) and are typical of river transported and/or dredged
materials. With the Corps of Engineers' heavy involvement in the dredging of
rivers, harbors and port facilities and disposal of the dredged material, it
is understandable that they should be interested in and be at the forefront in
this emerging technology.

1.2 Purpose

While the Corps has had notable successes in dealing with the disposal of
soft dredged soils on soft subsoils using geotextiles (e.g., Pinto Pass,
Mobile, Alabama; and Craney Island, Norfolk, Virginia), the field of geosyn-
thetics is still rapidly developing. Design philosophy, construction methods
and development of new materials are constantly arising.

For these reasons, and others, it was decided to critique the existing
state-of-the-art in soft soil stabilization using geosynthetic materials. The
timing was somewhat influenced by an ongoing project of this type being con-
structed by the Maryland Port Authority in Baltimore, Maryland (referred to as
the Seagirt project) which will be critiqued near the end of this report.
Hopefully, the report will have direct bearing on a proposed Corps of Engi-
neers project in the Port of Wilmington, Delaware entitled "Wilmington Harbor
South Disposal Area" and on other similar Corps of Engineers projects in the
future.

1.3 Scope

The emphasis of this report is on geosyntheti: materials {primarily poly-

meric strip drain:. and reinforcement geotextiles) and their interaction and

influence on construction on soft, compressible fine grained soils. Upon
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reviewing the general problem, the nzcessary background information will be
presented to set it in its proper context. This is essentially vertical and
radial consolidation with strip drains being a focal point. A complete review
of currently available strip urains is also included. Stability and rein-
forcement concerns using high strength gectextiles are then presented.
Included in this section are fabric sewing considerations and the effects of
holes (necessitated by installation of the strip drains) in the reinforcement
fabric.

Installation and construction considerations are thea described with
major emphasis on areas of potential problems. The Maryland Port Authority's
"Seagirt" project is then reviswed.

The report closes with a summary and conclusion section and a separate
section on recommendations. As a preview of this recommendations section it
is felt that one can currently design and build with confidence on these soft
soils using geosynthetic materials. As with most new areas, however, the
reliability can be improved and/or design factor of safety decreased with
additional inquiry into several areas. They will be described.




2.0 Statement of Problem

2.1 Various Elements Involved

Saturated fine grained soils (typical of dredged river, port and harbor
materials) suffer from being both highly compressible and very weak. Thus
they cannot be used, developed or even worked upon in their in-situ state.

The common expedients of (a) excavation and replacement, or (b) driving deep
foundations through them are generally impractical and uneconomical on a large
scale and are thus prohibitive. As a result, surcharging (to essentially
squeeze the water out) is a common approach for large areas. While this will
eventually solve the compressibility problem, the initial weak strength of the
soil makes any construction on the site essentially impossible. The need for
a ground covering geotextile, functicning as a reinforcement fabric, becomes
ar obvious necessity. Details (both design and construction) of such a geo-
textile are a major consideration in this report.

Assuming that a surcharge load can be placed without a slope stability
failure when using such a geotextile, focué shifts to the time for consolida-
tion to occur. In dealing with thick (over 10'-20') deposits of saturated
silts and/or clays, times for consolidation will usually be over 5 years, and
often 10 to 50 years. This situation, being generally unacceptable, calls for
radial consolidation methods which form the second major consideration in this
report. Focus is on polymeric strip drains, rather than the more archaic sand
drains.

These two major items will be reviewed (in the context of the Seagirt
project) for implementation in the Corps of Engineers future construction on
soft dredged solls,

2.2 Reinforccment Fabric Comments

The fabric (note that the words "fabric" and "geotextile" will be used
interchangeably) which will be mainly considered for this type of work can be
classified as "high performance", versus the more common light weight geotex-
tiles which form the bulk of the products of the geotextile industry. This is
because only one layer of fabric can usually be placed at the site and the
subsoils need as much help as possible. Numerical examples illustrating this
feature will be given. High performance fabric (versus conventional fabric)

calls for fabrics with high strength, high modulus, low elongation and low




creep. High survivability properties, i.e., puncture, impact, tear and burst
resistances, will also be required.

Fabric seams and seaming methods play a pivotal role in the performance
of the fabric. As will be seen, the seams unfortunately form the "weak 1lirk"
in the reinforcement system. The effect of holes on the reinforcement per-
formance of the seamed fabric will be an obvious concern. Unfortunately,
these holes are required for the installation of the strip drains.

2.3 Strip Drain Comments

To hasten consolidation of weak compressible soils, radial drainage is
preferred over vertical drainage. Drains for this purpose were formerly made
by using vertical columns of sand (called "sand drains" or "drain wells"), and
now the current trend has swung heavily toward polymeric strip drains. Strip
drains (also called wick drains) coaxsist of tubular, mesh, or net drainage
cores protected by geotextile sheaths surroundin; them and acting as a filter.
Some are completely utilized into a single system.

Design concepts for strip drains will be presented along with flow rate
quantification, crush strength, and pctential "kinking" and "smear" problems.
i The geotextile filter will also be assessed in light of typical requirem«nts.
Such strip drains will be compared to conventional sand drains by means of
numerical examples.

2.4 Fabric Damage Assessment

The installation of the strip drains cannot be accomplished on the soft
soils being considered without the reinforcement fabric and a drainage soil
layer being placed first. The thickness of this soil layer is site specific
( 2" te 4') and 1is made using granular soil since it will eventually serve as

a horizontal drainage blanket. The strip drain installation rig punches a
steel lance (with the strip drain inside of it) through the drainage blanket
layer and fabric and continues down to the design depth (Figure l). At this
depth the lance is removed leaving the strip drain behind. The dansge to the
fabric caused by this operation can be catastrophic. Considering that the
installing lance is a minimum of 7" wide and the driving shoe on its end
somevhat larger, the resulting hole can easily be 12" in length by 4pproxi-
mately 6" in width. For a situation where the strength of the fabric (along
with 1ts seams) 1is already being challenged, the creation of holes is unfortu-

nate. As this situation is necessary, it must and will be carefully
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Figure 1. Typical cross section showing reinforcing fabric,
strip drain, and method of installation
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addressed. Numerical examples illustrating how to include such holes in the
stability analysis will also be provided.
2.5 Implications to Project Design

Both of the above mentioned considerations (reinforcement fabric and
strip drains) will be presented by means of an analytic approach followed by
numerical examples. In this way, one could use the information via a sensi-
tivity analysis (for a specific site) to note the optimal fabric and strip
drain designs. The resulting behavior should be reflected in lower project
costs and greater overall efficiencies.
2.6 Implications to Project Performance

Since building on very soft soils is extremely risky, the utmost concern
must be given to design, plans, specification, monitoring and observed field
performance. This is indeed a new "art", where we learn from project to proj-
ect. This somewhat volatile state will no doubt continue for the near future.
However, this type of construction should be used where appropriate to it
since the options are not acceptable envirunmentally or economically and there
is no risk to human life from a construction period failure. Experience shows
that where construction failures have occurred, with this type of construc-
tion, the cost of remedying the problem has been small relative to the added
cost of other construction methods. Somewhat numerous successes have indeed

resulted. It is these successes that are the stepping-stones on which this

report is based.
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3.0 Background

3.1 Construction on Extremely Soft Soils

Extremely soft soils are characterized by high water content and fine
grained soil, thus both high compressibility and low shear strength are to be
expected. If any structural load is placed on such soils, the mass will
either fail (perhaps in a rotational arc or by a translational mud wave) or
settle considerably. For these reasons such soils have either been avoided
entirely or worked with very slowly. In this latter category, the use of a
gradually increasing surcharge fill is common; with 1ift thicknesses of as
little as 3" per day, shear failures have been known to occur. The point
being that the rate of surcharge fill placement must be linked to the soils'
initial shear strength and the rate of strength increase as indicated by the
dissipation of pore water pressure and corresponding increase in effective
stress. The well known effective stress equation describes the process.

0l

=0-u (1)
where

o' = effective stress

0 = total stress

u_ = pore water pressure
By holding the total stress (o) constant, any decrease in pore water pres-
sure (uw) will result in an increase in effective stress (¢'). Furthermore,
as seen in the Mohr-Coulomb failure criterion this increase results in an

immediate gain in shear strength,
T=c¢+¢' tan ¢ (2)

where

soil shear strength

-
L}

¢ = cohesion
¢ = angle of shearing resistance
o' = effective stress
Thus as settlement proceeds, the soil gains in shear strength allowing yet

greater surcharge load to be placed. The process continues in this manner

]
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until sufficient surcharge load is in place for the equivalent permanent load.
At this time the surcharge load (or a portion of it) is removed and the perma-
nent system is built. (Usually, rebound during the time between surcharge
load removal and the construction of the permanent system is not a major
problem.)
3.2 Vertical Consolidation Mechanisms

As a load is applied to a saturated soll mass it is initially held by
excess pore water pressure (considered to be 0Z consolidation) and gradually
shifts completely to effective stress (considered to be 100Z consolidation)
according to equation 1. Well established is that(t?e amount and time for
1

this consolidation process to occur are as follows

C. p,tap
AH = H; 97— log ( >, ) (3)
1
2
H,” T
£ =2 (4)
v

where
{ AH = amount of settlement

H. = thickness of consolidating layer

1
Cc = compressive index
e, = initial void ratio

P o'v = effective vertical stress

Ap = increment of load being added

t = time for settlement to occur

H, = maximum drainage path length

Tv = vertical time factor

¢, = coefficient of vertical consolidation

In the above equations H e » H, and p, are obtained from the site's

1° 2

geometry and initial conditions, while Cc and c, are obtained from labora-
tory testing. Tv is a constant (and a function of the percent consolidation)
leaving Ap as the "forcing function" which mobilizes the entire process, i.e.

AH and ¢t .
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Theoretically, the time versus settlement curves will be parabolically
shaped. However, the amount of settlement and the time for settlement to
occur varies widely from soil to soil.

3.3 Time Rate of Settlement (Example Problem)

As an example of the above described process, consider the vertical con-
solidation of 66' of organic silty clay (OH) under a surcharge load of 20' of
soil weighing 120 1b/ft3. The laboratory determined properties of the soil

are:
3
y =170 1b/ft
e1 = 0,45
C =0.32
¢ 2
c, = 0.005 in“/min

Substituting these values into the above equations with:

= 33(70) = 2210 lb/ft
Ap = 20(120) = 2400 lb/ft

(a) 'The total amount of consolidation settlement will be:

Cc P1+Ap
AH = 1
1+e 8 5 P,
0.32 221042400

= 66(12) (35773) 108 715 )

= 56"

(b) The time for 90 of this consolidation ('l'v = 0.848) will be calculated on
the basis of single (top only) and double (top and bottom) drainage.
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single drainage 2

_ (66 x 12)° (0.848) 1
0,005

(ad
N

90 202 years

double drainage 2

90 ~ "¢

_ (33 x 12)% (0.848) 1
0. 005 50) (24 (365

t90 50.6 years

Easily seen by this example (which is taken from an actual project at the
Wilmington Marine Terminal very close to the intersection of the Christiana
and Delaware Rivers) is that settlements can be enormous and take extremely
long times to occur.
3.4 Genesis of Vertical Consolidation Techniques

A number of different techniques have been used to mobilize the required
pore water pressure illustrated in the previous problem. They are shown
schematically in Figure 2 and explained below.
3.4.1 Surcharging with Soil

The oldest, simplest, cheapest and most common method of mobilizing

pore water pressures in saturated soils for the purpose of consolidating them
is by using piles of soil. For elevations above the drainage blanket (which
must be granular), almost any soil will do. Since such a surcharge must be
spread in relativelv thin layers and be trafficable by the equipment bringing
the fill to the placement site, some type of well graded sand, silt, and/or
clay combination is necessary. A considerable range in soil type is possible.
As mentioned previously, the surcharge fill is added at a rate commensurate
with the 2bility of the consolidating subsoil to dissipate the mobilized pore

10
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(@) YURCHARGING WITH SOIL (b) SURCHARGING WITH WATER

e
Qs 147 LB/IN‘/I

T e’

(c) SURCHARGING BY VACUUM (d) DEWATERING

Figure 2. Various methods to apply surcharge loads to
consolidate saturated fine grained soils
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water pressure. This is often in the range of 3" to 12" per day, i.e. 30 to
120 1b/ft2 per day.

Upon adequate consolidation of one zone of the site, the surcharge fill
can be leap-frogged ahead to an adjacent zone depending on the project size,
surcharge fill availability, and time for consolidation to occur. When the
project is completed, the surcharge fill soil serves no further useful func-
tion and can be taken off site.

3.4.2 Surcharging with Water

Water placed directly on the saturated soil which is to be consolidated
serves no useful function. Its only effect would be to increase the pore
water pressure in direct relationship to the height of water impounded. How-
ever, if a geomembrane (or pond liner) is first placed on the ground surface
and has its ends contained within an enclosing impoundment dike, water can be
very effectively used to mobilize pore water pressures. This technique has
been used on a number of large sites which have an ample supply of water
nearby, e.g., Elizabeth, New Jersey port facilities stabilization. On that
project, containment dikes were constructed in a box-like fashion, the geomem-
brane was placed and anchored at the top of the dikes, and then river water
was used for the surcharge load. When one zone was completed, the system was
moved to an adjacent one. It was very effective both technically and
economically. »

3.4.3 Surcharging by Vacuum

While this method is not used very often, it is possible to place a
geomembrane on the ground surface, toe it in around the periphery of the site
and apply a vacuum to its underside. The maximum amount of surcharge that can
be theoretically mobilized is 14.7 x 144 = 2120 lb/ft2 which is approximately
equal to a 20' high soil surcharge. Lateral escape routes of the vacuum, how-
ever, limit the technique as does a relatively high cost of its
implenientation.

3.4.4 Dewatering

By lewering the watertable using vacuum wellpoints surrounding the
site, the effective weight of the soil i{s increased by an amount equal to
(Yt - v). This amounts to about 40 to 60 1b/ft3 which is one-half the weight
of the soil. Thus a 10' dewatering system is equivalent to about 5' of soil
surcharge. The method has been ugsed where surcharge soil is unavailable or

where the surchavge fill height is objectionable, e.g., at airports. It is,
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however, quite expensive since the dewatering pumps must be kept operating on

an around-the-clock basis.
3.5 Benefits of Radial Consolidation

The results of the exauple problem in section 3.3 clearly show that the
time for consolidation is too long for most practical situations, and that th

culprit is the drainage path length "H," in equation #4, If this value could

2
be decreased (note that it is squared in the relationship), then marked

e

decreases in the time for consolidation to occur can be realized. Since it is

essentially impossible to intersperse horizontal drains in deep strata, the

concept of vertical columns of high drainage material was attempted. Kiellman

reported of using "cardboard wicks" threaded into the soil by a "stitching
machine" in a 1938 paper. Several attempts were made in Europe using this
technique and the machine was brought to Canada where several more attempts
were made. Severe problems were encountered, however, when the cardboard
became wet. The wicks were hydraulically clamped to a lancing device and
often failed by pulling apart in temsion. Drivirg through any type of
obstacle was also a problem which tore the cardboard wicks.

Emphasis shifted to vertical columns of sand installed by a closed
mandrel or through a hollow stem auger. These sand drains were eagerly
accepted by the geotechnical engineering profession. They were particularly

(2)

helped via Barron's classic paper on the theoretical concepts of radial
drainage published in ASCE Transactions in 1948, This study continues today
to be the basis of radial consolidation theory and design.
3.6 Radial Consolidation Mechanisms

It is of interest to compare the governing differential equations for
vertical flow (Terzaghi-type) and for combined vertical and radial flow
(Barron-type) and radial flow only (Barron-type). These three equations are
listed in order following where <, and ¢, are the vertical and horizontal

h
coefficients of consolidation.

vertical drainage only
2

) 9 9 )
oo (B ®
9x dy dy
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vertical and radial drainage

du 3°u 13 , 37u
- Szttt 2 (6)
3z or
radial drainage only
2
du 19u , 37u
% al\rant 2 2

As noted earlier, equation #5 for vertical drainage only results in a time for
consolidation of,

2
H°T
2 v
t == (4)
v
while equation #7 for radial drainage only results in equation #8
t
d " T
¢ = ec h (8)
h

where de is the drain well spacing. Equation #6 for combined vertical and
radial flow is used only for relatively thin compressible layers.

The differences in the predicted times for consolidation between radial
and vertical drainage (eq. #4 vs. eq. #8) can be enormous. Not only is the
drainage path length (H2 or de) decreased significantly (again note that it is

a squared value), but also "¢, " is often much greater than "cv . This occurs

whenever stratification of thz in-situ deposit is present, as it generally is
with water transported and deposited soii. The differences between the two
time factors (Tv and Th) are not very significant as Figure 3 indicates. Also
note on the sketches of Figure 3 the defirnitions on n , de and dw when
using sand drains.
3.7 Time Rate of Settlement (Example Problem Continued)

To continue the example problem given in section 3.3, but now for radial

drainage using sand drains, the horizontal coefficient of consolidation (ch)
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Figure 3. Theoretical results for radial consolidation to vertical drain

wells. (a) Plan of drain well pattern. (b) Section A-A. (c) Values of

'l‘h as a function of Uz for various ratios of sand drain spacing to
sand drain size. (After Barron, Ref. 2)
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must be obtained. This can be done in a number of ways. The simplest one is
to take an undisturbed sample, rotate it 90°, and trim it to fit the labora-
tory consolidometer. The test is then performed in a standard manner. For
the example problem to follow (which continues to be the Wilmington, Delaware
marine terminal soil) = 0.010 inz/min will be used. This is the minimum
that can be anticipated in such a soil type, 1i.e., ¢, = 2 c," Thus it repre-
sents a worst case scenario which results in the maxjmum predicted consolida-
tion times.

For the calculations in this type of problem, it is customary to assume a
given sand drain diameter and then calculate, for a series of spacings, the
resulting consolidation times. Thus for dw = 12", and de =25', n= de/dw =

25 and from Figure 3, T

h = 0,72, therefore

_(0.72) (25 x 12)° 1
5.0T0 — (805 (24) (365)

= 12,4 years

For a range of spacings (and, for that matter, of different diameters if they

are desired), the following table is provided. The time for consolidation can r
]
be seen to decrease drastically, e.g., for de = 5'; the t90 = 66 days. |
1
L
dv de T Te t90
(ft) (ft) n h (ft) Years Months Days
1 25 25 0.72 12.5 12.4 149 4460
1 15 15 0.66 7.5 4.0 48 1400 1
1 10 10 0.46 5.0 1.2 14 420
1 5 5 0.27 2.5 0.18 2.2 66
!
A
)
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3.8 Genesis of Radial Consolidation Techniques

There have been many attempts at providing for radial consolidation.
These are reviewed in this section,
3.8.1 Cardboard "Wicks"

Kjellman called them "wicks". Perhaps cardboard does have some wicking
ability, but clearly the drainage action is the induced pore water pressure
which "pushes" the water up and/or down the vertical drainage system. As men-
tioned previously the cardhoard wicks were not practical due to the low wet
strength and inadequate installation equipment.

3.8.2 Sand Drains

Vertical columns of free draining sand (6" to 30" diameter) at 10' to
30' centers have been the "workhorse" of radial consolidation methods. Many
millions of linear feet of these sand drains have been driven and the litera--
ture is repleat with references. However, there are major problems known to
exist:

a. Discontinuous sand drains are sometimes created by removing the
installation mandrel or auger too fast.

b. Discontinuous sand drains can be created by running out of soil in

the skip supplying sand to the mandrel or auger.

c. Sand drains provide no reinforcement against a shear failure which

can easily be mobilized in the soft foundation soil.

d. Some nominal amount of resistance is offered by the sand column to

the escaping water,

e. The effect of side wall smear due to installation and withdrawal of

the mandrel or auge:r is unknown and very difficult to quantify.

f. Unavailability of sand (which must be properly graded since it has

to serve as its own filter) is sometimes a problem.

g Cost (particularly of the transportation) of the sand in some loca-

tions is high.
3.8.3 Geotextile Wrapped Sand Drains

The "Chioyda Drain Pack"® method was the first to use synthetic,
polymer-based, materials with the concept of radial drainage. Herc geotextile
"stockings" were filled with sand and driven (four at a time) within a mandrel
to the desired depth. The outer steel ma: irel was withdrawn, leaving the sand
filled fabric stocking behind. The diamet( -s were typically 4" %o 6". This

design recognized the need for a separate filter and it gave shear stiength to

17

AN WAL AN WA MR AT ANAANA NN AR SRS AN AR AP AT AT E® KL R RN M AW LW VN A LA A AT A AR




the entire system in the form of tensile reinforcement by the geotextile fil-
ter. However, it never "caught-on" due to the introduction of newer systems
not using sand at all.
3.8.4 High Transmissivity Geotextiles

This concept (originally called the Colbond® system) uses a thick nee-
dlepunched nonwoven geotextile possessing good in-plane transmissivity char-
acteristics. The 4" wide strips are sometimes used inside a separate geotex-
tile stocking (as a filter) and lanced into the soil to the appropriate depth.
They have not been particularly successful due to their sharply decreasing
flow rate at high normal pressures. Other than this limitation, however, most
of the objections to sand drains listed earlier have been eliminated.
3.8.5 Polymeric Strip Drains

This new generation of materials entered the geotechnical community
about five years ago and are the modernized version of Kjellman's cardboard
wicks. They consist of a core material (of various configurations) protected
by a gectextile filtar. Tiey have essentially revolutionalized radial consol-
idation by eliminating most of the objections to sand drains (perhaps not the
smear) in an economic and efficient manner. They (and their many variants)

are the focus of the next section.
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4,0 Current Polymeric Strip Drains

While most people refer to high capacity drainage strips made from poly-

meric materials as "wick" drains, the term is unfortunate since there is no

wicking action. It is clearly expulsion of pore water under pressure. When
this pressure is no longer available, flow will stop. Thus this report will
refer to these drainage strips as "strip" drains.
4,1 Types, Characteristics and Manufacturers

Probably using Kjellman's cardboard drains as the model, almost all cur-
rent strip drains are about 100 mm (x4") in width, see Figure 4. Thereafter
nothing is simiiar. As seen in Table 1 following, thicknesses vary from
1.5 to 10 mm, and the cores can be made into ribs, tubes, nubs, or slots. The
filter covering is usually a heat set or needled nonwoven geotextile. This
geotextile acts as a true filter allowing water to pass into the central
drainage core, but retaining the outside soil from piping. Such piping would,
if allowed to occur, either clog the geotextile or allow soil into the core
reducing or completely blocking its drainage ability. For the unitized sys-
tems with no geotextile or paper filter, the exterior of the strip drain must
be perforated to allow for water inflow. However, as with the geotextile
voids, these perforations are critical for they must serve two cross purposes;
adequate water permittivity and soil retention.
4,2 Strip Drain Spacing Design

Two different design methods will be presented in this section to deter-
mine the spacing of polymeric strip drains: the equivalent method (Koernmer's)
and that of Hansbo.
4,2.1 Equivalent Sand Drain Method

Since much is known about the design of sand drains, one method to

(1)

design strip drains is to obtain an equivalent sand drain diameter and then
design accordingly. As an example problem, determine the 902 consolidation of
a soil stratum with cp - 0.010 inzlmin using Bando strip drains at varying
spacings. For the solution one must measure the cross sectional area proper-
ties of a particular Bando strip drain which are;

length = 96 mm
width = 2.9 om

void area = 92%
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Figure 4. Various types of polymeric strip (or wick) drains
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and calculate the equivalent void diameter of a sand drain (as an estimate use

a porosity of 0.3).

- strip drain void circle diameter;

d =+ (4)(96)(2.9)(0.92) /%
d = 18,0 mm
v

= 0,71 in.

- equivalent sand drain diameter;

A
]

S.d. dw = dV/0.3

= 60 mm

2.4 in,

Now design proceeds as usual;

Using, for example, de = 24", thusn=d /d = 10 and 'l'.h = 0.46, so:

L (26)%(0.46)
90 = 70.010) (60) (28)

= 18.4 days
Continuing this process for spacings up to 90", the upper curve of Figure 5

results. This is the necessary design curve which could easily be extended

for other values of percent consolidation and to other types of strip drains.
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4,2,2 Hansbo's Method(3)

The second approach toward strip drain design is more straightforward
than the preceding approach and i1s the preferable one. As developed by
Hansbo, the time for consolidation is given by the following equations which

are 1llustrated by means of continuing the example problem:

2 2
el [m o/ _3- l(.d/D)]ln (1 fu)
b1 - @

This can be simplified, since d/D is small, to:

¢ .02 [In (D/d) - 0.75] In [——]
8Ch n 1 . n I-U

where
t = time for consolidation

coefficient of consolidation for horizontal flow

[
[

= equivalent diameter of strip drain (~C/w)
circumference of strip drain
= gphere influence of the strip drain (for a triangular pattern use

o O a
]

1.05 spacing, for a square pattern use 1.13 spacing)
U = average degree of consolidation
To illustrate the procedure, we continue with the previous example.
Calculate the times required for 50%, 70X and 901 consolidation of a saturated
clayey silt soil using strip drains at various triangular spacings. The strip
drains measure 10