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WITII DISCUSSION By IHEsslts. YOSlllCf1lK.\ :\lSlllDA; S. J. JOl!XS0:-;;

AND F. E. HlCHAHT, .fl:.

REVIE\V OF THE THEORIES FOR Sf\ND DRAINS

By F. E. RICHART, JR., M. ASCEt

Thf~ cxistiuJ.; theories (or vCl'ti(:J.1 ('C)!;.::{,ji:~:tr~.':l ',:' ~ ;" _,,',

watl~:':lnr! hv r:l,Iii:tl DOl\' tU:1 dr:li" 1\' i: .:c.,: .::. ;":"r"r:: .,l~i: ., ': -:, ..

as;;tlmptino,,~ The effect of consi(I.·rin~ :,,;01 "'l':" ::<; .1 :.lrlaLi ... ,;.i :I'H .'1.,,111

fieantly change the consolidation-time characteristiC'') of vcrt.ic:tl cOllsoliclatillll
hv vp.rtieal flow. Thus, including the clTl'ds fli variahle void ralio cloes nnt
c~ntribute toward the explanation of sccondary eonsoli,!:ttion.

It has been demonstrated that a drain \I'd I hal'illg :t ~1J1(,:lr... 1 ZVIW at il."
pcriphery can he considered as an eqlli\'a!I'nt "id!'a!" \l'ell of reclilced dia/lleter.
Diagrams arc included for quantitative cv:duatil'rt at' tllis !'ebtion. An exalllpl'l
is included to show the efTectivencss of cven :J. small dia/ll~tl'r i''''al well in f(~
ducing the time for consolicl:1.tion.

Numerical procedures wcre found to he \-,~rs~tile ltids for soh'ing the c!:tssical
consolidation problems as well as for runsidering consolidation undcr a variety
of conditions. Variable ratp.s of loading, variable soil propnties, ancl layered
systems can be readily included in the treatment of consolidation prohlpms hy
these methocIs.

-,

7U,·.

tensile J d after the teosion-coluUln concrete cracks, the IYUIt panel sllOlI's e
first vislla racking. If there is insufficicnt tcnsiIe-colunlO steel to car tile
t.ension in th tension column \\'h'~n the concrete cracks, the first cr . is at
the junction of e tension column and foundation, This fuctor' plies that
the tension columo 'racks first with all specimens. but the cracl' 0(,., not OpCD

.'lJffi('i(~ntly that ooe e. n obs'~l'I'c it because of the steel acro the sf'ctioll.

T!ll' hp.nriinc; stiffnc:i_ of tllP. IO:J.din~ beam and column l:.lS no influ~nce au

fir"t l:fackinc; in shear wlllb The larger the w:.dI areas Ie more closely a pure
~hl'ar rorlditivn exi,;ts io tIle I It panel, which has b ohser\'('d in TllUIH' tesb.

From the st:l.ndp,)int of seisl 'e design, the usc I range for design is limited
to a d:unage criterion. In genera the walls:. e cracked so hadly at tlte ulti
mate load that they are no longer u., -ful e . n for blast-resist:1nt construction
Ivhere Iar.!:!:!' cracks are expected. It is estion:t1Jle if seismic luads should Le
allowed mllch bt:yond the appc-aranc·)f e first crack. Although the struc
ture m:J.y stand and actually 1)(' fectly u,_ ble, its appearance may require
extensive eu;;t1y repairs.

The linear-deflection ran '11':15 studied extensi\ y to discol'cr the illfluence
of reinforcing slec:l 011 t load-dcll,'dion curve. C; '('[1I1 cOlJ1[J;1l'ison of test
rl'~lI1ts sllo\\·cd nl) co,. 'brion !>('t\\'ccn tlic quant.it)' of .'["1'1 alld tIl(' rigidity
until the wail CI';lC)' Ii. Tbll';. r,IIC defkdi,m iormula is ha."d 1m i1 :;<~,:tion or
pUl'C 11l1f'(':nt'''rf'I': COllcrCte. All,\' such ~tudy must !It: hasL un statistic:.d
IJld.h,).\ci. \\'j I ~ht'ar. \\·aiJ~ :l. nOl'lll:d 1·:1.I'!:ltiull in hp!tal'ior m"k. - the separ:1
ti'JI\ of "mal . ntIll"IIC('~ In,·,[, ·;:;;i,::::t..1 .:·,L i01I'().<~ii-!(~. Th,:~·ef"ri'.,· a . i:::plc
fOI':'IU!:.t .. dIs :L :i"jul.i'·n rlut i~ :l~ ~()U~ld ·tatistical1y :.I.:; a more .. llIplos7" the ·.ni.e" I,e"",," '"", " 1'0''''"''' i, b",t.

INTh0DU';TI')~1

The purpose of a drain \Vell is to provide an easier path for the exr.I'SS I'.ater
to follow as it is squeezed out of a soil byer durin!!; consolidation. Thlls, an
effeeti ve well will accelerate the proeeS3 uf consolidation.

. In pmctiee, however, such in~talhtion6 of drain wells. II:lIlUl!y composecl oi
sand columns and hence called "sand drains," have met with varie<i sucees:"

I,
I
I .

I - -.
'l~ ;.::,':"'. -..

~. ~

\;oTE.-ruh!isbpd. ,..,.", Liaily u" prirote,t h",·e. In Jllly. 1!lr,7. in th.· J"'J"!,.d of th>: .~,,;l ~"'h",lIr, U'I"
FoundHtion~ Oivi.siun. a.s f)Toceetiin(/.f P01)"T /:10/. l'O:iltlOQ:i alia till,..s !(lVtm .~T~ dlo~r III ,'II''('T .\.hcn (h.,
lJuper or discussion wus upprove<.1 for publit"ution in T~''lnJt''''Li\l''u.

l Oi\?". o( En;::. nnd ..\pplir.d Phv~jr~. Hf\n:l1rd fTni\" .. C':anlh.iOs£c. :\1:, ... 0.:.
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In orner" to study the causes of the successes or failures of various installations,
it is instructive to review the factors involved in the performance of a drain
well, and, if possible, to evaluate the importance of each parameter. The fol
lowing pages contain a review of the analytical approaches to the problem and a
brief discussion of the effects of the more important variables involved.

N o/Mion.-The letter symbols adopteel for use in this paper aredefincd
where they first appear and are arranged alphabetically, for convenience of
reference, in Appendix II.

Eq. 1 defines the vertical ~onsolidationof a luaded day layer due to a vcrtical
flow of water .. Bya proeeclure simiLr to that used to deri\'c Eq. 1, the equa
tions for vcr tical consolidation due to a two-diIllCllsioll:l\ :1nd three-dimcnsional
flow can be expressed in cartesian or cylil1llrical coordinates. When both radial
and vertical flow of water exist so that t.hc resultant flo II' patll' is indincd, till'
consol id.ation equation cnn be IV ritten in tl'l' [11'; (l [ I"~: Ii lid ri,·:ti ""( 'I'd i11:1 r" ~ :1 S

au = (a'n _I- ~ an) + r1'11at Cvr a7:' T ar c. oz' " '" (:!)

In Eq. 1, the excess pore water pressure, U, is expressed as a function of its
vertical position in" space, z, and time, t. The coefficient· of consolidation, Cv , is
a constant, because the unit weight of water, 'Y';', is 3. constant· and the uther
terms, k, a., and (1 + e) have been assumed to be constants. .. (iJa)

... ". (0\)(l + e) d h = d z. " .

at z = 0 and z = 2 H for 0:::; t:::; 00

CONSOLIDATION BY VERTICAL }'LOI\' 01" \\'.-\TU\ U:--:r.y

u = 0

In which e, n. t, and hare va.rilthks, ;,til.! k. cl.,., a:ld "r·, :::'l: "(oIL,i,i"n'l[ to' ::
constants.

The distance increment, h, is bas,~d ')n thr.' '2'lui\·:C:,'nt la:::..:ht <>f t!~,; ,-,,)lump ,or
,;olids in a given volulm~ of soil. Tb:lt is, [ur it ~(lil ,·il·ii,,·:,t ,,[ 'lilit i,reil a:w
height J z, the correspol\ding height of thl' \,nlIII1lC "I' .'i,)iid" ;, ,; n. ";11' ,·t'!·,·

tion between these distance elements, sholl'l\ ill Fi.~. 1:\ is

in which the coefficient of vertical consolicbtion dlle to radi:tl flUI\" (c,) 11:1" Iwell
assumed to bc different from the coefficil'nt of vertical con~olilhti()n dne to
vertical flow of water (c v ).

Consolidation Equation Consideri·n,g "Void Ral'io as a r wiable.-lf thr
change of void ratio, e, is appreciablc, such tha.t it is 110 longer satisfactory to
treat (1 + e) as a constant, a onc-dimensional cquittiOll of consolitbtion m:ty he
derived taking this into account. The cxpre"sinn, dcrived in Appendix I, IS

For a horizontal clay layer of thickness 2 II, the top of the 1:Lyl'l' may he
designated as the origin of the coordinate, z, which is measured positi \'e down
ward.

The excess pore water pressurc, u, existing iu this byer as a result of an
applied vertical load is determined by Eq. 1 or Eq. 3. Sillce Eq. 1 is simpler,
in that it"defines u as a function of position, z, and time, t, only, it will be COll

. sidercd first. The manncr in which 1l varies with z and t depends UpOll the
boundary conditions.

For the conditiou of free drainage at the upper amI lower boundarics of the
clay layer (that is, at z = 0 and z = 2 H) the value of excess pore wat,er pr... ,,
sure at these bounc1arie8 will be zero at 3.ny till1e. At thi? plane of symmetry,
z = H, no water will flow in a vertic:J.l direction. At an infinite time the
excess pore water pressure will be zero throughol1t the cntire soil !ayr.r. Ex
pressed in terms of symboltl, tbesr. lJouIllhry conditiolls are

::.

I..·
II i."

.:....

k (1 + e) i)2u .. iPu
av'Y .. az2=cvaz2········0 (1)

au
a;: =

Additional assumptions usually adopted unless it is specifically stateel
otherwise, are that the soil is In.terally confined, and that the coefficient of
compressibility, a. is a constant for the range of pressure considered. The
as~umption of lateral confinement restricts application of the theoretical solu
tions to conditions in which the lateral deformations in the consolidating ma
terial are small with respcd to the vertical deformations. The assumptions
for the consolidation theory are discussed more completely elsewhere.4

Utilizing the given asoumptions, as well as the further assumptions that
variations in the void ratio, e, arc limited to small values so that (1 + e) may
be treated as a constant, and the conditions of equilibriu m of flow of water
throup;h an elemental volume of soil, r-.-Ir. Terzaghi established the difTerential
equation of one-dimensional consolidation as

THEORY OF COXSOLIDATlOo'

Because the sand drain is merely an auxiliary device to expedite the process
of consolidation, it is evident that the consolidatIOn of a soil layer is the funda
mental subject to be considered. The theory of consolidation presented by
Karl Terzaghi,2.3.4 Hon. ?II. ASCE forms the basis of conventional procedures
for predictinp; the time rate of thickness clccrcase of clay byers under load.
The assumptions made in establishing the theory are:

1. The voids in a soil [Ire completely filled with an imcompressihle fluid,
which is water.

e) The solid ,;omponents of the soil :.tre incompressihle.
:L Darcy's bw is valid.
-to The coefficient of permeability, k. is a constaut.
5. The time lal-"; of consolidation is due entirely to the loll' permeability 'If

the soiL

1 "Erdbn.ume<:hanjk auf Bodp.nph.1ikaii~t;herGrundl~~.".by K. Tp.n:ngai. Vicanu. F. D~l1ticke H':lS.
1936~ "Tlu~orio tler tletzUDI( von TOflBflbicht.en," by K. TerZAfthi and O. K. Frohlich, Vionna, F. D~Llti{:ke.

• "Theoretical Soil ~':.chanic•. " by K. TMZ,,~hi. John Wiley &: Son., Inc" ::-<.w Yurk, N. Y., 194:1.

a1.l,
az = 0 at z H for ():::; t:::; cC ........ (5b)
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'Ii = 1J" at 0~ z~ 3 II for l = 0 .

If the assumption is sati:sfieu that Llw total ~ettlelllent is slllall compared to
the thickness of the clay layer, ((I + e) "'" constant) then utilizing the prior
IJoundary conditions, the solution of [q. J I1l:ty he ohtainrd by mrans of u
Fourier series.

~ _ vv (I) Exact solution I .If
I ~~ (2) Numeriol solullon +-+-+---+-1+1 +-1I

'~§.:~If
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The curves of Fig;. l ancl the discus:;ion included in Ap!Jl·ll.lix I indicate t!tat
taking; the variable void ratio into account does not contribute to till' expbna
tion ;( secondary consolidation.

SIMPLIFICATIOK OF AKALYSIS FOIt CO:-;SOLIO ..\TIOX

I3Y Two OTt THlmE DUIE:-.-sroxAL FLOW

Consolidation by vertical flow aloTle ill\"olves only two varia.hles, time, and
depth, z. For consolidation by two-rlimcnsion:tl flow, the v:lrIJ.oles are I. z.
and time, while fol' thrce-dillll:nslon::d tluw they :uc x, y, Z, and tlnl(~.. Thu~, the
OFelleral solution for consolidation by three-dimensiollal flow for a ;?;lyell set of
boundary conditions may become ml:Lthemati~ally involved.

The method uf separation of variahles call he :.lIJplicrl to t,his problem, ':,::i
delfionstrated by A. B. Newman' and later by N. C:urillo." By use o( thIS
procedure, the expression for the resultant excess pore water pressure nln be

'i "Tht,: Dryinc: of Porous Sulil..6." by A. £3. Nt·wlllan. 'J'nU;l1!lct1"f)JUf, .l m. [rId. (:It"". I...'nl/ .. \'01. ~7, H):~ 1.

I
y

J 10. . . ''''1'' 1 N C' '11"'Sinqde Two- and Threc~Di.f1lt"llliiooRIru...~e~ in ~t~e Thpory,.uf Cousolldutlon 0' , ot fl. )y ...nrn '"'
J"l.lrnal 01 ;'[nth,."tHt,:(·~ and PhlIHll:~, Vol. 21, ;.la. 1. ~I.Lrr,h, HlL.

Flc. l.-PuHf-; \\".\TI:I{ l'n";StiUHI:; V":H:fl:~ TI~tl;; CliH\"r;S nUt

VI::HTrc.\I, "-....T8Jl FLOW

T
Value of '[~ or 1+<"

slightly greater degree of consolidation at any p:uti:u!:1r value of. time. Thi~

might be expected since the term (l + e) :tppcars III the clcno~lllato.r of the
right side of Eq. 3. Thus, the Terzaghi theory !-!;ive.s a :onsrrvatI\·c estlmate of
the time required to reaeh a given degree of conso!Lr!:1tlOn.

Because the difference in consolidation-time r('lation~hip:; by these t.\\·)

methods is u.nimportnnt \Vh,~n compared to ti,e errl\rs in\'c,i\','ol ill ,." :lidis!lI!l;!;
the ~oil constant~, it is not nel'l'ssa.ry to introdnce the added l"Jlllp:icatiu!I vi
\'luiations in void ratio even for llloderatl' changc:; in thil'kn,-,~s of the clay
layer.

.... (.I,)

for t = :.0 •. .......•••.. (.Jc)

'r. Coo
= !f' t. . . . . . . .. .. . .

at ():S z:S :! 11

2.711)··· and

-l N_", 1 r(2 Y + I) 7r Z]' -(2 N+l)l~ T.
It = - U o L I sin 2 II E 'I ...•• (1'1

7r N- o 2 N +

't = ()

in which E

In addition, there is a boundary condition defined by the initial excess pres
sure throughout the layer, which is entircly carried by the pore watpr. For thp.
t:ase of el1uaI initial excess pore water pressure throughout the sriil 1a..yPr it, h~~
thf' Yll.lup 1/n. This defines a further bnllnr!:J.ry ('nndition nr

The term To represent;. all independent dirnen"ion!r;s:; \'ariahlc c:tikd the time
tactor. It is custo.marily used as the abscissa, with the ratio '!t/It" as ordin:\t.~
to describe graphic:J.lly the consoliuation-time rc1:ttionsilip established by Eq. 7.

Solutions of Eq. 1 for a number of different boundary conditions are givpn
plsewhere. 3

Effect of Variable Void Ratio.-A n exact analytical solution for Eq. 3, satis
fying the boundary conditions corresponding to Eq. 5 ann Eq. G, 1\'ould be
complicated. However, it was found possible to obtain an approximate solu
tion for several examples through the use of the difference equation proeerlure.
Eq. 3 is expressed in Appendix II in terms of finite clifferences and the method
of solution is indicated.

Three examples were studied for whieh the initial void ratio, eo, nnd the
final void ratio, e2, had the values of (a) e. = 0.65, e2 = 0.55, (b) eo = 1.00,
e2 = 0.80, and (c) eo = 0.90, e, = DAD. For cases (a), (b), and (c) the final
thicknesses of the clay layers were 9·1%, 90%, and 7--l%, respectively, of the
original thicknesses of these layers.

The consolidation-time curvcs for the three cases considering void ratio
as a variable are shown on Fig. 1. Also shown are two curves obtained by the
Terzl1ghi theory. Curve 1 is obtained using Eq. 7 and curve 2 is obtained by
difference equations in which the same space interval (0.25 H) was used as for
the solution of the variable void ratio prohlems. ,.

The general shape of the curves includint; the variable void ratio is similar
to that of the curves obtained by the Terzae:hi theory. The most significant
d'iect of taking void ratio ehlLuges into consideration is exhihited by thc position
of these curves below and to the Idt of th'P. Iisual curvp.::>. This inrliC:Ltl<s a
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which is the more eon\·enielil. rc1:Jtiollship and cnn bc used for humogcllcous
layers. --:1

~--r--.
l' ~.

:. I:' -,
t

(b) SECTION A-A

•--
(a) PLAN OF DRAIN WELL PATTERN

~~L = Cv , ( (~!;~ + ~ '~(; ) (LL)

FIG. 2.-DRAIN ,VELLS AND FLOW 'WITHI'; ZO:-fE OF I:-fFLUEXCE OF E.\CH WELL

whieh is the equation for consolidation exp['(~ssed io terms of radi:tl coordinates.
The boundnry conditions that must he satisfied are:

. 1. The illitial !,Jore water pressure, U Q , is uniform throughout the soil mass
whf'o t = O.

:2. The excess pore water pressure at the drain well surface (r ",) is zero when
t > O.

t.hen pulled out after it has been filled with sand. This action tends to SIlH'ar
the soil at the well periphery. Fur a soil origin:dly ha\'in~:l grr:tter perll1r:thil
ity in thc horizontal than in the vertical dirl'dioll, thc Slllc:treL! ZUllI' forms a
b~trrier to the horizontal flow of water, thereby slowing down considerahly thr
process of consolidation.

"Free Stra£n" Cansahdatio-n wiih Va "1I11'n.!· Ill/d So ll',~!! !?esistl!l/ce.-:\
rt.gular pattern of vertical drain \\'el!s, as shown ill Fig. :.!, \riil permit a r:ldi,d as
well as a vertical flol\' of watcr from thc chy Iayrr if it is suhjeetrd to all increase
in pressure, Since in :1 previous section it was shown that the effects due to
vertical now and radial flow can be evaluated separ:ltely, and then combined
to give the [mal consolidation bch~tvior, only the radial flow c0J1so1ilbtion is
considered here .

As indicated on Fig. 2, for a triangnbr ~p:ll·il1g of drain wells, a wile of
influence exists having a hexagonal phn form. By approximating the hexagon

1__ Well spacing~

~
d ~.~//

" ( 1: ~ /iL f 1> I'~ / I 1'10::')>'1'/T'jj..-J --<.

:.

by a circlr of equivalent diameter, d" this can be used as the ouler limit of the
zone of influence of r:teh drain well. Thus it becomes suflici('nt to consider the
radial now and resulting consolidation of a soil volumc of unit thickness con
tained brtween the distances d, (diameter of well influence) and d", (diametrr
uf the drai n well).

ily eliminating the consideration of vertical f1uw, Eq. 2 becomes

L·
I
I·,
I '
\"

~
"-' ., .;.C' .
1. ~..:.

~'•..
t- .
"., ~

I
I~.

I

. , (LO)

.............. (9b)

!:,c u:
....... , , (ga)

llo Lt'J

1/I· ii: .

a.,

" =

II

.-\. simi!:J.r relation reg:uding the al'Crage yuluL's of pore \\'ater pre:3SHrC is

7 "D,er hydrodynan~ische Sro.nnllnJ::'~:ll1g1cidl in ~p.ntral entwu$erten TonzylioJern," by L. RCIlUulit:,Was:ttTwtrt.:wh. u. 1'echnrk .. Vol. 1, !U;~.;, PD- :.!;){J,··:!.sa. :!69-::i3.
• "Thfl Innlll~nt..:~ oi Drain \VelLs on the Consolidation oi Fine Gruioed Soils .. hy R. A. Barron Provi·douce CR. L) District, U_~. En~rs, Utticc. [9·H. "

463- ~';:I~rainn~e of CI"y Stra"" by Filter \l'dI.." by K. Terzalthi. Ci.nl E"Y1n«ri,,~. Octobtor. In·15, pp.
10 "Con..~olidlltion of Fine-GraineJ :;oila by Dr3in Y\::c.lls" by R. A. Barruu Tn,lltllGctimu ASCI:: Vol113 [948. p. 7111. ", ,.

\'f:ItTI('.IL CO:\:;O[,[IHTl<l:\ nrr~ i'll H..UH,I.!, FUJ\\' Of' \\'.\'['1;[,

The treatment of cUI1'Oolidation (It:!' to radi~\1 fl.1)\\' i" :111 exl('llsion of the
Terzn.c;hi eonsnliJation theory. .'1. wlution I\'as pre:;cllt<'l[ ill 10:).) I,y L. ]ll'n
dlllic,' workin~ Hilder \[r. T';rz~l~hi's dirt:dioll. ..\ illlHe eUlllpl'l.:IH'I1,;in' stud}
of the intlll('lll'P' ,)f idc;l[ \\'I,ll" ,)n I;IJIl:,olidatilJn ',\':1:3 Inade I,y l\!'~ill:1Jd ."
Barron,' .\ . .\1. .\tiCE, Juring 19·IO-L0-1:2.

The first generally ayuilahlc desigll informatioll Oil this topic was given hy
:\[1'. Terzaghi~ and was later supplemrllted by a paper which he published in
19-15.9 In L9.JS, '\[1'. Barron lo pn>sented a COlnplete sUl1lmary oi the theon' of
sand drains, including new theories t:tkin~ into aecount de~'iatiuns frtJm- the
ide~ll well conditions. -

Tile two paprrs by :.\[r. Jbrron~,lo constitute tlte principal all:dytical studies
a\':lilablc at presrnt (L050) of r:lIlial now toward a drain well and the resulting;
consolidation of the chy. He considered two typcs of \'Crtical ~traill which
might OCCllr in tile clay byer, (1) "free \'ertical strain" rcsll!tiug frolll a uniform
distribution of surface load, and (2) "equal vertical strains" resllitillg from im
posing the same vertic:lI defonnation :It all points on the slll'fael'. Fur both
strain conditions he included an analysis of the effect of "smear" of the soil
nrar the well boundary, and the effect of resistance to flow through the well
itself.

"Smear" is the term used to denne the wiping action provided by the casing
or hollow mandrel IIsed to form the well as it is driven down into the soil, and

or

evaluated in terms of component solutions, which may be combincd at the
final step in the analysis. For example, in consolidation b\' two-dimensional
flow the solution containinp; the variables x, Z, and t can be determined by first
cyaluating lIz (which is a function of x and t), then evaluating 1/., (Iyhich is a
function of Z and 0, and combining these for a particular point in spllel~ at a
particular time. The relation to be satisfied in the combining procedure is
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. (16)

.. (ll')

r ..' I.r-

:~ II' - 1
''"""Tn:;''

- ~ '1'; en
A = -~ni0-"'" ,.... "., ... ,.. .. . ... ;

n2

f(n) = -?-- lug, (n)
n- - I '

II.

and

conditio!1 of equal vertic~t1 strains for which \11'. Ihrroll II:IS also del"do[Jl~d :111

nnalytical solu tion,

. ,(l~)

- 2 C I (a)' Cu ( ~~ )

~ rID -..&O'~'l'!l'ltltv L- - , E: •••••
a, a,.a" .. a[n" U; (a n) - ['l~ (a)J

~, The external radius, r" is considercd impervious because of symmetry.

[,hus, ~~ = 0 when r = r,

Th(' solution of Eq. 11, subjed to the boundary conditions indicated above.
,,'ads to the following expressions for II, (the pore wakr pressure at any location.
" :tt any time, t, existiug as a result of radial flow ()Illy) and Ii, (the a\'(:ra~('
:t1ue of'll, throughout t.he soil mass at any time, t) :
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The initial distribution of hyJrostatic execs:; pressure is not uniform, but
lllav be eomputed from Ef[, 15 for Th = A = O. CurVf's sho\\'in~ the rclation
bet~veen the average pore water pressure, "L, and the time be-tor, T", C~II :dso hf~

. ohtained from Eq. 16, Such curves for n = is, 10, 40, and laO :Ire shown I~n

, Fig. 3, together with the c01'l'esponding curvc~ determined by the free stram
case.

Comparison of Free Strain and Equal Strain Solu,tiuns.-The differencc l.IC

tween the result~ obtained by the two extreme considerations ?f the process. of
consolidation is small, particularly for the cun'es representlllg valucs or n

~reater than approximately lO. For n = 5 the discrepaney i: somewhat. greatE'r
for the first part of consolidation. hut above approximately vO% consolldatlOll
the curves are almost identical.

(l·tll!

, (1,1/"

... I 1·1.-)

1'" (n /I) J" (n),r', (a n) = .roo (n n) }'" (,~)

l : (ar) _ I ('ar) \' ') .. (In/")
" .- -'" -- 'u ICt, - I? -'.- ./" (<XI

\ r tl• . r.~ . ',t,

, whil.'h

11 "TemveraturPl ).rU\,praent.~ lU ·(.A>ue:fctn and othttr :vrateri:'ll!'1, with ~J)el'ilJ,1 Rcfcfp.nCf' to CUllditionA at
ullfer Dam," by R. E. Glover. T".r.nnicnl J/",wJrn.,,'/um .vv. /.;..... BllfP t\l1 uf H.p.(:lnlfllltioll, (1. S. D"pt. uf tli"!fmor. Dp.nvcr. (AtO.. l!):tU.

I which J. anel J I are Bl'ssel functions of the first kind, uf zew urder and first
rder, respectively; }'. anfl r 1 are Bessel functions of the second kinel, of ZCI'll

i·der and first order, respectively; a I, a2, an, I a3'" are roots of thc Bpssel
:nctions which satisfy J, (an) J"u (a) - r 1 (a n) J. (a) = 0; /tnu 'II = ratio

l\l:11 to:':::. =~, The til1le fuetor for consolidation by radi:J.1 flow, 7'h. rOD d",
k h (l + e) t .

a. -Y .. d,~ ,III which kh is the coefficient uf permealJility in the horizontal
rcction,

Solutions simi!:J.r to Eqs. 12 and 13 were derived by R E. GloveI'll for the
lalogous heat flow probl()m,

Equal Strain Consolidation w-ith No Smear and JVO Well Resislance.-Under
,r. coudition of free strain it was implied that the settlements at the surface did
Ie change the distribution of the load to the soil. However, in an adultl in
:illatiun, the f!lc:t that con"olidat-lon proceeds bster n(~ur the dmin well,
"~reby causiri~ a ~~l1ter surface settlement in that regiOll, could very well
.Ilse a redistrihution of the surface loading. This would be especially true if
t' [ouding" material hud nllY tendency to arch acros.,; ~uch df:prr.ssions. .-\s an
treme case the archiug action enuld redistribute the loads tu the surface ill
eh a fashion that thE' surface settlement is the SIt/He at all puints, This is the
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kh
FIG. 4.-11EI,ATIONSIlIP BETWEEN k.' v, AND r. FOR n =5 AND n = 15

el'alllat1:0-n of Smear Effects rto; F:'1l1iIJalenl Chn.n'les of Well Diameler.-,}\y
comparing the equatiolls it is seen that Eq5. 19 and 15, 20 and lfl, 21. :Lnd lli,
and 22 and 17 become identical when s = 1. Also, E;qs, 10 and 21, and Ii and
22 a.re similar.

For the ideal wells. the position flf t.he consolirlatinn-tiflll:' CUf\'C for :lny
- p~rticular valne of 'It depends on the value of fen) (Eq. 18) which is:J. function of

n only. For tbe wells with smear, t.he position of the re:,;ultin~ cOrlsolirlatiol\
time curves depends upon v (Eq. 20) which is a funetioll of n. s, and kh/k•.

Thus, it is possible to interpret various combinations of n, s, and kh/k, in
the tre:ltment of :J, well with smear as if they define an ide:Llwell ha\'ing :J. larger
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" DiBcus.,ion by W. Kjellman of "Consolidation of Fine-Grained Soils by Drain WI·lls." by R. A. Ba.r-
l. Transacticm.•• ASeE. Vol. 113. 194H.
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Since the results are nearly identical, but the time needed to evaluate Eq.
:1 is of the order of ten to fifteen times that needed to evaluate Eq. 16, the
'Iual strain solution is preferable. Doth :\11'. Darron1o and W. Kjcllmall lz

ecommended usc of the equal strain solution.
Fil;. :~ inclie:Ltes that t.he curvrs reprc~pnting the equ[l.1 strain solutions for

:fl.;rent values of n ha\'e the same ~hapc, hut are di~placed horizontally. The
'C:ltiou oi the (;ollsolidation-tilllL: curvc for allY particular value oi n depends
~on the value of A as determined fr0111 Eq. 17.

Effect of Peripheral Smear,-The remolded or smeared zone at the periphay
r the dr:1in well creates an a<lditional resistance that must be overcome by the
vcss water heing expelled. This additiolla.1 resistance ret:1rd::i the consolida
"n process.

The sme:ued zone will llot be uniform or homogeneous with regard to the
,it properties. It very likely consists of a thin laycr of actual smear plus an
ljacent regioll in which the soil h:1s unuergone a considcr~Lhle amount of
.::iturb:1nce, The amount of disturbance decreases with distance :1way from
H; well periphery.

HUII'e\'er, in order to inc1l1lh~ tIll; erieds of ~mear alld rr;lll(,lding, :\[1'. 13arrull~

.1'; considc 'cd th:l.t the slll·e:J.n'd ~l)ne cooLlins a hOllltl!;t:ncolls lllatl'l'i:d h:l "ill',!;

,il properties ditT"fl'Ilt from those in tlte relll:J.ining m:J.tl'rial in the soil,:\'lindL'T.
::l' important 'luant.itic~ tr,l bt: "'Jll~idered in analyzing the effect~ of this
·,..:lrecl re~ion are (a) t.he rat.io, 0;, ')1' the radius oi the smeal'l:d wne to t.hl' wl:!1
.:ius (8 = r.,.'r ..; and (hi the ratio 01' th,; coelficicnts of hl)rizontal perIllEabiiity
'h,~ undisturhed ;:oil (f.:;) :,wd in thl' smeared zone- (k,). For s = I, tlterc is

, thickness to the smeared ring, and if kh/k. = 1, then the disturbed zone does
,to chull~e the water £Iuw t:har:1cteristil's of the soil cylinder.

:\[1'. Darron also assumed that the smeared zone will consolidate very fast,
,us its consolidation can be i~nored and the zone can be treateu as an incom
,'3sible material.

Dy ignoring the consoliu:1tion of the smeared zone, he was able to treat this
!,';ion as one where flow exists between one bouncla.ry value of zero anll anothcr
'undary value that is time dependent. This is a reasonable approximation of
.c actual behavior, sincc the exce~s pore water pressure within thc slllcaret!
gion would quickly dissipate into tllis ste:1dy flow condition. For an extreme

i'e in which n = 5, 8 = 2, and /.:1./k. = '2, and consolidution of the smeared
,ne was considered, the steady flow condition \vas reached at approximately
\ = 0.025.

F.:'lual Strain with Smeur.-;'[r. Barrou's solution for the excess P0I'C watpr
essure in a :;oil cylinder undergoing equal vertical strains and containing a
leared region around the drain well is
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fill' Fi~. 6(0.). This corresponds to fen) = 1.U7 (Fig. 5) fur a \H~ll h:L\'iltg nll
smf'ur (s = 1), or it determines n = 15 for the equivalent ideal \1'e11 in Fig;.
6(b). Evaluating this in numbers indicates that if the original diameter of \rcll
influence was 15 ft, the diameter of the drain well was 3 ft (from n = 5), ami
the au tel' diameter of the smeared region was ~.6 ft (8 = 1.2). ThI~ effect of
t.he SlllCltred r.Jgion is to reduce the consolidation-t.imc lwhal·jnr to nn" idf'ntiC:J.i
t.o t.ltnt of a 1 ft diameter well (neff. = 1.'1) for I\'hich !lO ~llIc:Jr i., !Jrcs..:nt.

!,jJ'cc:l of Well Resistance.-The foregoing ftlialyses h:1ve considered that.
tltl're is unrestricted flo\\' of the n'ater through thc drain well. Actually, hrad
losses II'ill occur due to the resistance to flow of the wcll backfill material. The
magnitude of the head losses \rill depend upon t.he rate of flow, the size of the
well, and the permeability of the mntp,rial filling the \\'(,11.

11 "Soil Mechanics in EnJrincering; Practice." hy K. Terzaghi and R. B. Peck. John Wilt1y .t: SOIU. [nc ..
,,~W York•. N. Y., 1948, Fi~. 29, p. 77.

:\II'. Barron has developed a solutiol~ for the case of equal vertical strain,
wi th or without smear, for a material i hich no vertical flow exists nUl' t.o

lack of permeahility in the vertical dir~ction, but ~1; ,r. O.

However, for practical nrain well insbllat.ions for which n i~ approxiIll:llt:ly
7 to 15 alld for del II::; 1.0, the efTect on the eonsolirlation hehavinr rllle to 1'('_

~istancp of the drain' wells should not be 'ii!!;llifi<::lllt.

EXAMPLF: CONsfDl·;al);(; IDr-:.\T, i\"J:f.L~

To illustrate the value of tlds illforlll:,tillil in :;~kcLjr,;;; th,~ ~:;:'~ :li!<! ~ ).CI·tlle:

uf druin wells for a particular installation, the fullowill); \·:J.1Ut~S w,·n. ~ilU~,"n:

a,. = 13 X 10-5 em per gm; e = 1.50; H = 10 ft; k. = 5 X 10-8 cm per 'iCC;
kh = 25 X 10--8 em per sec; and fj,e = 0.125; in which k. is the cocttic.'ient of
permeability fn the vertical direction.

The:ie values eletermine c. = 9.62 X 10-4 Clll 2 per sec, which is of the ,:tI11(,

. ortler of magnitude :16 the test results gi\'en by K. Terzaghi and n. B. Peck,"
:\I.ASCI:. The clay layer is considered 20 ft thick if drainage OCCllr;; at hot.h
top :lllel bottom surface'i, or 10 ft thick if drainage occurs at the top surf:lce only.
Thc horizontal perme:.lbility is five t.imes that in the vertical direction.

For the initial conditions, aSi:>U01e that there is no smeared zone and !IC) \I-ell
'resistance, so that the consolidation behavior depends only on the size und
spaci ng'of the drain wells.

Constant Well Diameter.-To compare the effects of well spacing a: well diam-

eter of 12 in., ~ = 5, and c. = 9.6 X 10-4 cm2 per sec were chosen. The con

solidation percentage versus t.ime curves are shown on Fig. T. Fig;. 7 (n) shows
the consolidation-time eurves fur radial or vertical d minage only. Fig. 7 (b)
shows the effect of a one-ft diameter well with a diameter of influence of ten ft
when it is introduced into each of the clay layers. The time for consolidation
is re.duccd to a fraction of the time for vertical drain:1gc. The :l~C of closer
ilpacillg of clrain wells would further reduce this time, U::l would he demonstrated
by usin~ the curve for d, = 5 ft in Fig. 7 (b) instead of that for rI, = 10 ft.
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1L = l5 are shown.on Fi~.·l, However, by the use of Fig. 5, diagrams similrtr
til Pil!:. -! cu.n he established for a wide range uf values of n.

Fi~. tiCal is an example of the U::le of Fi~. -t, con~idering a drain wclI for which
n = .1, .~ = 1.2, anr! kh/k. = -;. Thp. V:dllP. of II dp,terrninp,d frorn Fi~. ·t i~ 1.!lT

Fig. 4 shows the combinations of 11, 8, anel kh/ k. that may he used to gi ve the
same value of v. This figure, obtained hy evaluating Eq. 20, uses the value of
v a'i ordinate and the ratio k h / k, as abscissa. Families of lines for each sclectcd
ntlue of n show the influence of variations in s. Only the lines for n = 5 and

value of n. For a given radius of influence, a larger value of n determines the
mdius of an equivalent ideal well which is smaller than the radius of the aetual
well surrounded by a zone of smear. Tue effect on consolidation of the soil
cylinder caused by the introduction of a smeared zone at the well periphery is
identical to the effect caused by reducing the size of the ide:J.I well.
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aud n = 10. For both sy8tems, cv = 9.6 X 10-' cm 2 I]('r sec. Fi~. 9 demon
str~Ltes the prunOUllced eITeet of the ratio kh/k v for the twu well sy.-;tcl1l~. Lvell
for the case of kh/k. = 1.0, the time for 90% consolidation is reduced to less
than 55% of the time required when no wells are present. The 55~';'0 time cor
res[londs to the well system made up of 1.2-in. diameter wells spaced every
10 ft.

Discussion of Example.--The 1.2-in. diameter well considered previf)u~ly is
an "ideal well" for ~dlich there is no smear anrl nu wdl r(;;;ist.an(;(~. The ;;i~

nificant point is that such 11 small well can he so effective. If the well SpaCill!;
waS rednced to three or four ft, the etIeeti\'eness ()f such ~L l.~-in. diameter wdl
would ~e increased many time8. Thus, the basic idea of the cardhoard wicks
spaced at approximately 4 ft, as described by \V. Kjel1man12 is based on sound
theoretical considerations.

[n order to design a system of drain wells, some numerical inforDHLtion is
required ab.out the well resistance, the extent or radins of the smear zone, and

Th·'Y".·av·d/ ( ")th k;;(i-=t=e). . . . . . . . . . . . . . . . . . . . . .. ~.)
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FIG. S.-EFFECT OF SI1.F: OF DHAI~ \VF:I,L ON TIM;; I'on (;O"~f)l.lDATlOX

~
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Froll\ Eq. 23 it is el'ident that the time for any given drgn.:c o( cunsolidation is
in\'er8cly proportional to the coefficient of permeability in the ht)rizout:.d
direction.

Fig. 9 illustrates the effect of kh/k v 011 t. o, the timc.rc'luin:J lo ubtain OOr;-~

consolidation by combined vertical and ralkl1 flow. Two well SYStel\1S are
used: (a) d. = 10 ft, d", = 1.2 in., n = 100; anti (b) d. = to ft, d., = U m.,

90% consolidation by a factor of approximately 4. Consequently, the eITcc
ti\'eness of a given urain well installation is cOllsirlerably more clepenclent on
the choice of lVell s[l:\cing than it is on th~ well dianwtrr.

Effect of Horizontal Penneability.-To· COll\'ert the nondil\\cnsion:d time
factor, T h, into terms of th in months, it is necessary to lIse th~ equ!ttiO!I,

I~
I
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s424,02016

Time, in nllJnths

1284

FIG. 7.-EF'F'ECT OF' DnAI:-f \\"ELL ox TDIE >'on COXSOLlD.\TlOX F'OIl

VAftIOCS TIHCKSESSl-:S OF' CL.-\. y L.\. tER

30

100
a

20

10
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Fig. S (a) shows the com;oliuation versus time curves fur the rn.dial or verti
:11 flow when they act inuependently. Fi~. S(b) shows the eITeet on consolida
ion due to comhined flow. For 90% cOllsolitbtion the time amounts to (a) f;'O

J(lllths (H1.2% of time for vertical only) fur d., = 1.2 in.; (b) 3.9 months
l~.,)% of time (or I'ertical only) (ur a", = 6 in.; and (c) 1.7 mOllths (5.4% vf
i me for vertical only) for dw = 24 in. Thus, even the 1.2-in. diameter well in

to-ft soil cylinder cuts the consolidation time to approximately one-fifth OJ
ite tillle required for 90% consolidation hy vertical drainage only.

It is of importance to note that doubling of the diameter of well iufluenL:e
rl,), or essentially the well spacing, causes an increase in the time ior 00% con
olidation by roughly a hctor of 6 (Fii!;. '(a)):. [n Fig. S(rt) it is ~een that hy
educing the diameter of d rain well hy a factor oi :20 only increa"es the time for

It should be noted froll! Fig. 7 (b), that the consolidation-time behavior due
I combined radial and vertical drainage is nearly identical to that due t()
ldial drn.inage alone, for d. = 10 ft. This is illfluenced to a considerable extent
y the conditions of k h = 5 k.. If k,. = k.. it would be necessary to consider a
naller well spacing, or smaller ratio ri,,' If, for the ra.rlial flow behavior to domi
:ltC the consoiid::ttion-time beh:ll'ior oi the clay layer due to combined vertical
!1d r~tdia! flo II'.

Constant lVell Spacing.-The consolidation versus ti me curves shown on
i\!;. S arc for the conditions invoh'ing a. constant spacing of the wells, but allow
19 the di::tmeter of the wells to vary. The chosen well spacillg was to ft which
. the same as the thickness of the eby layer, kh/k. = 5 and c. = 9.6 X 1O-~ em~
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in which the I;ollstant, :l, n'prescnt"

or

Iil Eq. 24 the first suhscript for the It-terms dcnotes the position iu ~p:lce of tilt·
point under consideration (also shown on Fig. 11) and the' second suhscript
denotes the time, with tlt equ:l.l to the time interval :tnd tlz rcpresentin:.; the
interval of z.

Eq. 2·~ is usu:tlly rearr:lngcd, for COIl\'cllicllce in cOIllpuULtion, :lS

Ii'xplicit l!:.xprcssions.-Oue procedure used extensively for IltllliCric:.d solu
tions of both the heat flow and consolidation18 .19 equations permit:; a solution
for the value of the dependcnt variable at a given point in space and time by COil

~idering only values of this variable at points in space at a previolls tilTH:. The
solution thus amounts to a step-by-step determinll.t,iol1 of these \·:tIlil·~ :1t [loiuh
in spaee as they vary ll.lonn; thc time cnordi nate.

. The expression resulting from replacing Eq. I, for cX:1luple, by its dilIt'rclI\:l'"
equi\'alent, is

1.00.80.6
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thc pernleability of material in the smear ZOlle. Then, usin/!; the desired dia 1Jl

pter of the ideal well, for a ginn well spacing, Fig. 4 or Fig. 5 CUll be u~ed to
determine the actual size of well nceded. That is, the actual size of well to he
constructed is reduced in effectiveness by the smear and well resistance until it
behaves ~imilarly to an ideal well of smaller diameter. Theil the bekJ.Vior of
I·he equivalent irieal <;\'ell may be studied thorou!!;hly wit.h the aid of th,> m~ w.·

rli~gr3ms Il.lrr.:l.d~· prepared by Mr. Ihrron. s. Il1

SCJI.UTIOX OF TH~; CO:-;SOLlU.-I.l'lO:\ l'HOllLU[

DY NummICAL ~IETHol)s

Because the exad solutions for the cn!1solidation prohlem hecOlne unwieldy
for ruther modest departures from the simplified c:J.se, such as when smear is'

2

FIG. !l.-II'FLGE:-ICli: OF PEH:>IE-,BILITY RATIO ox TnlE FOR 90% CO~"Ol.lDATIOI'

introduced into the prohlem of consolidation hy radial flow, it is desir~Lhle to
investigate methods that lead to approximate results. In recent years, an ap
preciable amount of work has been directed toward application nf the difference
equation procedure to thc problem of transient flow of heat in solids.14·1G.16.l7
The results of thc~e studies may he useet direr-tly in analognuR prohlems such as
consolidation of clays.

It "The ){umericaI Solution of Heat CODd'uction Prohlems," uy H. \V. Etntnoo~. TrunHcu;huns, A.a.iYLE..
Vol. 65. 10·\3. pp. 607-0315.

U ".\ Pmetical Method for NllDJ~ricu.l Evaluation oi Sollltions of P3rti~d Oiffercntial EquH.tirms of rho
treat-Conduction Type," by j. Crank: .:lnd P. :--ril;r,180U, Prf>r.uc1iItQ3. C,J,mbriuf/e Phil. 0u,: .. VoL 4:1. 1047.
pp.50-67.

Ie "Numerical AnalY6(~ of Hent Flow," by G. :\1. D1l:lin.berre. :\I,~Graw·HilI Book Co.. Inc. ~cw 'fork
:.;. Y.. 1040. . .

11 "A St.udy oi the 'iuU1cricld ~olution uf l'anial Difi'cnmtlal Eq;i3.tii\Il~.'· Lv C. n. ()'llri"11 ..\T ..\.
Hyman. and S. Kaplan. Juumal of ;\la.th. and I'''Y'''''' Iinl. 29. 1\1.50. ~~. 2~;1-251:

Previous studies17 of the heat flow equ:1tion h:V.il' determincd that if .l >
0'.,5, the values of u determined by Eq. 25 diverge, and for ,t ~ 0.5, they con
verge. Also, Eq. 26 establishes a definitc relation between thc increments of
time and space for a particular choice of...t. Thus, even for a rather crude
space network, such as tll = {', the maximum allowable time incrcment is
t:,. T. = O.O:H2!), with the result that numerous stcps in time Uff'~ reclllired in the
solution .. Since this is a step-by-step procedure, in order to dete1'1l\inc tit"
exceSS pure water distrilHltioll at, a particular time, it is neces"ary to work lip

to that time by usin~ equal sized time intervals, starting from 7'. = t = U.
Implicit Expressions.-The size nf the time interval dictated by the stability

consideration of the explicit scheme is oit~n inCOllveniently small, therdore a
nlethod permitting larger time increments is desirable. This has heen accom-

U "NUOlf!ricnl Solution of Sonte ?robloms in the Con~oHdntionof Clay,'· hy R. E. Gib:1oU ami P. Lumh.
PrnCF..t'dinfj.'t [rrst. 01 Civil EnqineP,T,," Lonuon. Vol. 2, Pnr~ L. 1!)!)1. pp. 182-198.

l~ "Nutllf:ri"ul Anu.1ysis I)f ConsolidAtion Prnhlf->lu9.·' hy R. F. ~(;ott. thf'~IB lJrf':W"t1tt:J tn .\rfl.~chll~\-·tt:1

rnt~t. of Tcellnol()~j·.;\,t Cnmbriuu:e, in 195a, in purtilll fulfi!nlf:nt nf t.hl: re<1uircmr.nt~ for \.he do~n~u of .\fn::ot.:r
orSci~n~e.. .
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plished by turning around thr diffrrcnce equation, resulting in the form (cor
responding to Eq. 1)

1Io.I~;':'1 - lt v./ _ [ U~.t+:'1 - 2 (1 •• 1+:'1 + 11.1.1+:'/ J (2b)
.::,.t - Cr (!'lz)2 .' . , , , , ,. <

The form oi Eq, ~S u,,\'d fur COlllputatinn" ':ollsidl'l'l' the :.lvcra~e \':dUI~ oi the
space relations over the time inten'al as:

/£0.1+:'1 - 1/.•. 1 = ~ {'lt~'I~:'/ - 211 •. 1+:'1 + 1l4.1+:.t 1I~./ - ~ 1£.'.1 + !/4./} , (~!))
i::.t ~ (tiz)" + ('::"z)" .

of simultaneous equations. For such cases, the usc of digital computing
machinery is nearly always required.

Although the implicit scheme does not place restrictions on the size of the
time or space increments as a criterion of stalJility, the fact that the finite
differences must be reasonable approxilll:ltions to the COfri''i!J<)ntiing dilTeren
tinls docs prohibit large increments, particlli:.trly in ti!llf', T1H' sizl" of th,~

allowable time increment depends on the rate of change of pore water pressure
within that increment. Criteria for this an(1 for related proced ures h:n'e heen
:.;ivcn hy 1'. P. Tun!?; and N. M. Newmark, :.r."ASCE,~t1

0.8 1--+-+--4--+\--+-4

.... " r TuXIO'=O 1.56 3.t3 4.69 6.25' 7,82....' : .....r////7///7//?///l -.-

~dO rfrf' r-
Clay layer

6z, ~t

No 1 CUI +- + 100 75 63
t"l 6t

~ \\',\\\~""\\\\\ +- + 100 100 94 88 82 77

I Clay layer 6z,G
No 2 C u, t- i 100 100 100 97 93 88J_ a: 2 Transformed

~ C2 /~V! "= LJ) \\\.~.. "<,,I{h.... ,,\~); .M.iiI (\\ _1'_ tllICkrle;~

ImpermeJble base lor layer 2
tr.': l .. (t·~ l

FIG. 11.-NuM~RICAL PllOCEDUHEg FOil CO:o;gOLlf>ATIO:O; OF A

Two-LAYER SY5TE'{ DUE TO VERTICAL Funv

(b) ISOCHRONES FOR LAYERED SYSTEM
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:t ll
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COMPcn:D HY EXACT AND NU~IEHlCAL MF:TllOU"

Eq. ::!S is an implicit relation for the values of execss pore water preSSllre at
the till\<: t + tit. Th:.lt is, these unknowns occur simult.aneously ill the equa
tions. This requires the solution of a set of simultaneous equations for \'ach
time iut(·l'vD.1 adopted, [mt the size of tlH~ time interval is :.lrl>itrary and J1Iay ht)

chan!l:cd dllring the solutioll !.If a prollJpm. The equ:.ltions are stnble ~Hld pbce
no re~triction on the size of tllf~ ~pa('r or time increlllents. However. if :l small
space interval is required in lJruer to ~ain accuracy, this incrpa",es the number

Numerical Solutions of Verticlll Consol-idation b!) Vert-ical FlolV.-Eq. 24 was

evaluated for two cases, A = 1/4, r = 1/4 and 11 = 1/2, I = 1./8, for which the
resulting time intervals were ti l' = 0.015625 and 0.007812.'5, n::opect.ively. The
curves thus obtained are shown on Fig. to as well as the ctJrve corresponding
to the exact solution. The agreement is good, particubrly for values of
T, > 0.10.

Eq. :!O was also evaluated for comparisoll. Using I = L/:..t awl time incre
ments which doublerl in size at each time step, starting with T. = (1.010 (th:lt

~o ".\ ~tf'th()d of Nunwrical Intp.~ration for Trau~il'nt ProlJll'ms "f Hf'at Condw' ion," L.... T. P. TlIng
and N. 1\1. Newrutt.rk. ::)tructurul H.e:3~urch 8erie~ No.9,:), Civil Ei:u..:ioeerinw; ~tuc..iic~. U'ni~·. of IIlinol.!:l.
Urbana, Ill., March. 10.'55.

:.
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113.1 + ( l - ~;) 11,.1 - 2 !lO.I] ... (31b)
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2 ., 31 7\ >( 10:
I t';" ,

n!--'I-loi l'jlll
"--r',

,(jpl
!,

j/1.Ulj 1
3

)

I I
tOp'!

r): ll:?.j I \'itll 1011 lon', '.J.5
til . ·'::·.)l 8-1,; I "IP 1 If)q, :.0

!: I I uj :;:!.7 ~ L·; I.n.·~! 1(11 ' :'.1
4

~I
:j:?7 76.3 n.2 ~~':?11 2.0+.
-t:LS u·L3 ~S.:) .~'JII ~.oi 1 2 3 4 52:.

~I'w 26.·{ 38.81 47.7 -17.71 10.0
11.5 Ir..(l, ~O.7 20.71 20.0

ll D ,I+61 = Uo,1 + 4r~2r~T l(1 + ;i)
I
I

, 0.5 (~r)2
tn which 6r = Tw, r, = 5 Tw, and ':"7. = 4 . By taking the average

T,

value of the excess pressure at any time, a Cllr\'e of 17, versu5 T,\ can he con
structed that corresponds to within a few percent of the values obtained by 11r.
Barron'slG proced ure.

Additiontll Variables Which Can be Treaterl by the Numerical Procedure.
Because the numerical procedure involves the building up of a solution through
out a series of time intervals, it is ideally suited for consideration of quantities

:. ~ . 
."

From Eq. 34(a) it is evident that a difTerent equation mu:;t be used for each
point under consideration, clue to the specific value of T at each location. This
slows the computations but does not otherwise complicate the solution. Fig.
12 illllstr~ltes the procedure for solution of a. prohicrn fur radial flow in a homo
~eneOliS soil cylinder for the case of n = .1. .\::, used in Fi~. l:!,

FIG. 12.-NuMEnJCAL PnOCEOURF. '-OJ{ CONSOLIDATION llY ftADIAL FLOW

that vary with time. For cases in which the surface load is varied during con
solidation, this can be introduced into the problem simply as an over-all
increase (or Jecrease) of the excess pore water pres;,.ure :It a particular time.
A gradually increasing load can be approximated by using a stairstep variation
of load with time.

Variations of fundamental soil properties, such as the cocflicients of con
solidation or swelling, can be included as they vary both with time anti space.
That is, the intergranular pressure changes atTect the soil properties. which may
be adjusted accordingly dllring the perioel of consnlidatioll. The soil proper
ties are considered to be constant during an interval of time, ~t, in accordal1ct'
with the assumptions of the theory of consolidation, but the value of these con
stants may be ehunged in successive time interv:l.ls. The soil constants may
also- have different initial values at the various space locations of the network:
'points under consideration.

The flexibility of the numerical procedures also permits studies of two <.lnu
three-dimensional consolidation to be made without excessive effort. For
example, R. E. Gibson aud P. Lumbl8 have obtained approximate solutions

_.
_.'

i·',
j ...
I'
;
I
I
!
I

I·,
I,'
t~~: .
f1:··
t~ .

\

............ (:) l)

~z, _ ~.r, (3'")
-;\ - \ - ~
uZz ct': .

l ';., .it <"" ~t

. = (~21j" = T.l:~)"· .
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or

k' l ( :::) = k., ( :z~) (:30)

is, t1T" = 0.010, tiT., = 0.020, tiT., = 0.040) a curve WitS obtained that
agreed more dosely with the exact solution than did those computed by the
explicit method.

Since the explicit method permits the use of a fine space mesh with little
iucrease in com ~utational effort above that for a coarse mesh, it appears de
sirable to U5e this scheme for smull values of time for which 1£ is chau~ing ra[Jidly.
Then, for bn;~r values of time, it ~'ould be com'enicnt to :;witch to a coar:;c
time mesh ami use the implicit scheme.

Vertical Consolidation by Vertical Flow for Layered Systems.-:....A clay stra
tum, made up of two or more horizont:d byers, may also be trr:1terl by numf'ri
cal procedures. At the interface between any tIro hyer:; the condition:; of
equilihrium require that the Yelocity of flow leaving one layer IIlUSt be equal to
the velocity of flolY entering the other. Thus, for two materials having per
meability coefficients of k," nnd k." this condition at t.he interface requires that

e. 6t [( L1r ) ( _\r ) ] "UD.I+<lt = ,\ .2 1 + -.,- (/1.1 + I _. , - U:l,( - :! ltD, I + Uo,I .. (.,,j,a)wI _ T,) ._ r
tl

Fi;;. 11 illustrates the numerical solution for a t\yo-layered syst.em, consist
ing of a top laycr, I, resting OIl a sccond layer, 2, of equal thickness. Fig. 11 (a)
shows the partial solution for variations in ulu D with time and depth and 6t is
the transformed thickness for layer 2. For the two byers, c., = 4 CUll which
determines for a choice of tit = 0.23 that the spac'e incremcnts arc 0.2:') 11 ill
byer 1 ane! 0.50 H in byer 2. In Fig. 11 (b), the isoehrones show a definite
change in slope at the interface, \·:hich shoule! correspond to Eq. 30.

Numerical Solution of Consolidation by RfJ(lial Flow.-Expressin~ Eq. 11 in
terms of finite differences leads to

The t.\\'o layers abo k~\'e different cudfi<:icllts uf cOllsuli,btion .. c., ",hidl arc
·!ependrnt upun a, :lS \\"ell :lS k.... Tn order to ;;i1l1[Jlify the nllnlerical procedure,
it is convenient to :tr1jllst the .-;ize of the sp'"t:e intel'\':ti:; ,,0 tlut the term .l n)
mains the same in h"th layers tllr th:~ same ~t. Thus.

or

The nt::twork points used in eq. ;~·1 are SP:.l,'Pti tl) the right and to the left of tht~
point, o,:for which the vaiuc~. of the exees~ 'lJt>re water 1JfCSOlure is being detf~r
mined.
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APPENDIX I. DERIVATIONiOF CONSOLIDATIO:.f EQUATIOXS
INCLUDING VOID RATIO AS A VARIABLE

aa~ =-A.dh.~ _ (3.'i)

:.- ...: '

Including void ratio as a variable did not signific:.lntly change the consolida
tion-time characteristics of vertical consolidations by vertical flow. Thus, a
consideration of variable void ratio does not contribute to the explanation of
secondary consolidation.

For vertical consolidation due to radial Ro\\- tOl\'afll a dr:tin we!!. the eq\l:11
strain solutions gil'en by :Mr. Barron are much J1lor': conn;ni,'nt to u~() thaI! are
the free strain solutions. Using Mr. Barron's cquai str:J.in solutions ior ideal
'wells and for smcarcd wells, it was shown Lliat tlie consolilbtion behavior of thc
latter is identical to that of an equivalent ideal well of reduced diametcr.
Diagrams are given for quantitative evaluation of this relation betwcen be
havior of smeared and equivalent ideal well.s. By interpreting the consolida
tion behavior due to an actual wpll in terms of that of :In equi\':1Icnt ilip:!] well,
the figures prepared by NIr. Barron for ideal wclls can be useJ directly for
design or analysis. An example shows the effectiveness of even a small diam
eter ideal well.

The numcrical proeedurcs for solving consolidation problems were founrl to
be versatile aids for both checking the classical solutions and for e\'aluatint;
new p·roblems. Variable rates of lo:\ding, vari:Lble soil properties, a.ntll:J.ycred
systems, can be readily included into the solution or c0!1s01i,bti()n prohlem,; by
these methods.

This review of the theorips 0f sand dn.tinti '.\':,5 prep:J.T!',i :'Ill' \r,)r:u~. 1',.,<: 'Jr.
;\<lueser, and Rutlr.dge, Consulting Bn;;in{~ers, :lS :.l p:lrt Ilf till'ir !TS'''~<::1 nrc:jc:;t
for the Bureau of Yards and Docks, Departmem of the i'\avy, on the study aIll1
evaluation of sand drain installations. The author is grateful to the Bureau
of Yards and Docks for their permission to publish the results of this section
of the study.

The author wishes to acknowledge particubrly thc valu:J.hle ::t,h-ice a.nd
suggcstions given by P. C. Rutledge, M. ASCE, and S. J. Johnson, ]\1. ASCK
R. L. SchilTman, J. M. ASCE, checked the derivations of Barron's equations
under the writer's supervision.

For a soil clement of area A and height dz (Fig. 13) the volume of solids can
be represented by a height dh which does not chan!?;e durinp; the consolidation
process. The total height of the element may :llwa.ys IJP detl~rminell by t.he
relation dz = (1 + e) dh. The change of volume of a soil element is dependent
on the change of the volume of voids which is V. = 1"1 e dh. Thus, thl! change
of volume with time is

Next, considering the upward vertical flow of w:J.ter through this elemental

volume, an amount equal to - ~ au A flows throue;h the bottom face, and. "/'" az

I-
I

I
I

I
i

~
I~

'.'. P',

-

I

i
I
!

I
I

for the time rate of settlement of circular pervious and impervious footings,
resulting from consolida.tion of the underl)ing clay.

r;i;~;' Of THl::OllII::S FOR DE5IGX OR ANALYSIS <H'

SAXD DllAIX IXST.\LLATIONS

CONCLUSIONS

In the preceding pages the a vaibble theories for vertical consoliehtion due
to vertical flow and due to radial flow of. water to :J. drain well have been re
\ri.ewed. These theories are entirely satisfaetory for the analysis of any sitn
ation eoniorminl! to the assumptions on which the~e theories are hased.

Limiiulio/ls.-Tlte theories for consolida.tion of day layers including; the
effects of sand drains cun ue expected to gi\'e reason:\ble result" only \\'hen the
clay is comparable to thc ideal m:1terial assumed as a basis for the theory. This
requires the clay layer to be homogeneous if the analytical theories are to be
used, or at least homogeneous in horizontal planes, and the variations in soil
properties knO\\'n in yertical directi()n, if the numerical procedures :tre to be
used.

In addition, it is necessary that the yalues of the soil properties be est:.lb
lished with a reasona.ble degree of accuracy. The coefficients of consolidation
due to yertical :lnd to horizont:11 flow of water, and the coefflcients of permeabil
ity in the vertical ami horizontal directions as well as for remolded samples,
must all be determined from a large enough number of s:tmplcs that a. reliable
:wem::;e \·::tlue of each is est:.lbli"hed. Because the neeel for sa.nd dr:linS :lnd
t.heir effectivenpss, if installed. is directly dependent on these soil properties,
it is eyident t.h:lt serious miscalcubtions could result if valucs of the soil proper
ties are inaccurately de'ermined and then used as the basis for desijl;n.

Use oj PO'int Pore Pressllrcs.-In addition to sdtlp.ment measurements which
~:ln be compared to theuretic:J.l predictions, the time rate of change of excess
pore water pressure may be measured at specific locations within the clay layer.
These pressure measurements can be aompared with diagrams prepn,rcd by use
of Eq. 7 and Eq. 12 or Eq. 15 which predict the theoretical pressurc-time be
ha.\'ior during consolidation. Ho\\"enr, unless a I!;ood ey~duation of the r:lrlius
of the smeared zone at the well pcriphery and the coefflcient of permeability
within this smeared region were obtained, it is likely that a considerable differ-

ence may occur between the geometrical value of n ( = :~) and the effecti\'e

value of n which includes the cITect of \\'ell smear. This will lead to appreciable
variation in the predicted excess pore pressure versus time relations.

Difficulties also arise in com parison of theoretical and field results. This is
due partially to the fact that the piezometer readings define the behavior of the
clay at a point, or at least within a small volume, while the theoretical predic
tions are based, at best, on representative values of the soil properties. [t

would be expected that better :J.greement between actuul consolidation behavior
and that predicted from theory would be obtained by increasing the number of
piezometer installations, thereby minimizing the effects of local variations in
soil. properties.
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. kA( all a1!L)'
an amount equal to }'oo~ - at - az2 dz flo\\"s through the top fuCl:. The dif-

ference between flow at these two surfaces determines the rate of loss of water
from the soil element us

For a solution of Eq. 42 by the explicit numerical scheme, it was found con
venient to substitute terms for void ratio in place of those for H, according to
Eqs. 40 and 41. The resulting difference equation is

k a~tt

..'1Q = - '''' eJz,.1 uz .... . " ..... " .. " .... Ofi)
Let

_
•(-"'-""- <'1,."_1' 'J,- . , ;' ~:) l
-[ l I -;- ~ ,.,1' 1
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or

which is similar toT. (Eq. 8) in appearance anel is related by '1' = T. (1 + eo)
since II = H. (l + eo) as shown on Fig. lao

or

and

(b) UNIT AREA AND HEIGHT H

iJij 1 ae au
cJt = - a.' at = - at· ({O)

(1if 1 ae all
aIL = - a. ah = - ah" (41)

an eJll ah all 1
- = -'- - -'-- (')~)az ()IL az - aIL 1 + e' . , . . . . . . . . . . . . . . . .. ".

(a) UNIT ~.REA AND HEIGHT d;;

Since it was assumed that the soil was completely saturated, and that both
water and the solid soil particles arc incompressible, the rate of wuter los::> (Eq.
36) must equal. the rate of volume change of the soil clement (Eq. 35) or,

a. k eJ2 U
-.1 dIL Di = -}'oo az~·1 rlz (37)

Iu order to eom'ert Eq. 37 into terms im'olying h, the following relations
may he used.

and

III which if is the effecti,,'c. or inter~ranular pressme at any point in the soil
layer.

By substituting Eqs. 38, 39, 40, and 41 into Eq. :37 the expression is,

7' - .

The cur"f'::> shown 011 Fig. 1 were obt~Lincd by use of Ell. 43.
Durin~ consolidation, the void ratio changes with time from :.In initi:.ll value

of eo to u final value of e2 which is reat:hcd at an infinite time. ThIlS, e" aor! e2

au k 1 [.a2u fl. (au )2]at = a.}'oo· (1 + e) ah2 -1+ e ah (42)

which is the general equation for consolidation with void ratio considered us u
variable.

k f1t ~T
a.}'oo (f1h)2 = (6.t)2 = 13 . . Wi)
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APPENDIX II. NOTATION

The following symbols, adopted for use ill the paper and for the guidance of
discussers, conform essentially with "Glossary of Terms and Definitions i'n
Soill\fech:J.nics," prepared by the Committee on Glossary of Terms and Defini
tions in Soil 1Iechanies of the Soil Mechanics and Foundations Division,
Proceedings Paper 1826, October, 19;j8:

r. radius of influence of drain I','('[l;
r,. = ra(lius derlnitJ~ hO'lwhry I)f ~me:Ln',1 zotJP.;
r,. = radiu::i of clrnin II'ell;

ratio of radius of ::illl~:lred 'Ion!; to r:J.dju~ 1)[ dr:.Lin \\,p.ll:r,.
r..

s =

r

h

thickness of clay layer which is drained from one surface only,
or half thickncss of clay layer (Imined from top and bottom
surfaces;

equivalent thicknrss of layer of solids in a cby layer of over-all
thickness, H (Fi~. 13) ;

mea::iure of distance;
Bessel function of the t'irst kind, zero order;
Bessel function of the ftrst kind, first order;
coefficient of permealJility (LT-l):

kh = eoefflcient of permeability in the horizontal directioll;
k. = coefficient of perme:lhility in the \'ertic:,d directiun;
k, = coefficient of permeability in the smcare(1 zone;,

n = ~ = ~: = ratio of cliameter of well inftllPnce to diameter of

drain well;
p = (j + U = total pressllre at any point in the soil byer;

radius:

f1

t::.z

T.

fl.

-;:. .-

k h (1 + e) l .. - I . . I' . . l ."--'--"--.--;-:'-,.,- = UlmenSlOO e:::i tUlle I:H'lnr Ill' \:n!l~(' :1!.L H'll "y
'Yw au u e-

radial water flow;

k. (l + e) t I' . I t' f t f l'd t'Lj2 = C lInenSlOn ess .lme ac or or canso 1 a IOn
"1", a, L

by vertical Imter flo\\';
I = time;

t::.l time inter\'al;
190 = time for 90% consolidation;
(j = aver:lgc pcrcent:.rge of consolidation;
u = excess pore water pressure at a point in the cl:ty layer;
u = average value of pore water pressure in the clay byer;

U r = excess pore water pressure at a point ill the cl:ly byer as a
result of radial flow of water;

tl. = excess pore water pressure at a point in the clay layer fl.S a
result of water flow in the x-direction;

'lLz = excess pore water pressure at a point in the cby layer :is a
result of vertical flow of water;

Uo.t = excess pore W:lter pressure at point 0, at time I;
'U2.l+6t = excess pore water pressure at point 2, at time I + .::.t;

V v volume of voids;
Yo () Bessel fUllction of the second kind, zero order;
Y l () Bessel function of the second kind, first order;

z = distance below the top surface of a clay byer;
interval of z;

I~
i
l;;

i
.~:

.:".- -,

... .

,!

van-

A = area, or A = c:z~t = k (l + e) t::.t
L.l a.'Y.. (t::.z)2

a. coefficient of compressibility;

B k t::.t t . . I l' . I I'a. "1", (t::.h)2 = constan III numenca so utlOn me U( lllg

able void ratio;
c. coefficient of consolidation;

C'r coefficient of consolidation due to radial water flow;
d. = diameter of well influence;.
d.. = diameter of drain well;

e = void ratio at any poiut in the soil layer ;
ii = average value of the void' ratio in the soil bp'r;

f(n) function of n for equal strain solution (Eq. l~);

are taken as the boundary valucs, and Eq. 43 dctermines the manner in which
the void ratio changes with time.

The void ratio versus the time factor curve tllat results from using the
boundary values of eo = 0.65, and e2 = 0.55 with Eq. 43 is shown as the solid
line on Fig. H, which is designated as including etTeet or I',triuble I'oid ratio. The
other curve on Fig. 1-1: drawn as a solid line represents t1H~ results ohtained from
the Terzaghi theory if c. and C2 :J.re considered to represent 0% and 100% eon
solic!:J.tion, respectively. The dashed curve represent::i :J. typical consolidation
test, convcrted into tcrms of e and T., which exhibits the region of "second:J.ry"
consolid:J.tion.

Secondary consolidation is characterized by :J. nC:J.rly linear rebtion between
decre:J.se in void r:J.tio and logarithm of time, over a considerable period of time
during the final part of the tcst.

From Fig. 14 it is evident that the modifiC:J.tion of the Terzaghi theory to
include the consideration of variable void mtio does not :J.ppreeiably ch:J.nge the
voie! mtio-time factor relations during consolidation. The effeCt of v:J.riable
void ratio is to throw thc curve slightly to the left of the cOllvention:J.1 curve.
Thus, the effed of including a consideration of variabk void ratio in the theory
of consolichtiun ,)f :.1 s;1tur:J.ted ::ioil doe; not eontrihut,~ to the cxpbnati')n of
secombry conslJiida tion.

By interpretin~ev :.lnd e" :l:i the LUO~o :.lnd 0% v:.dues at exce::iS pore water
prcssure, the results of tlte three solutions for v:trianle \'oid ratin call he plottccl
on the same di:t;:;ram, as was done ,)n Fi!,!;. L.
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at,a2.a3··· =

-y ..
E

v =

r =

(j=

roots of the Bessel function;
density of \Vater;
base of natural logarithms = '2.718· . ' ;

- S Th I" 1 ." 1 .TW = exponent for t 1e equa stram so utlOn;

S T h '1 t" I "'tl· .-'- = exponent 111 so u I,)n 101' efllla scram WI 1 smear.
v .

factor in the solution for equal strain with smear (Eq. 20) ;

~ = ratio of depth to a point to the thickness of the cby

byeI'; and
effective, or integranubr pressure at nny point in the soil

layer.

DISCUSSION

YOSHICHIKA NISHIDA21.-The author has presented a review that is useful
for performing computations on sand drains. Mr. Richurt has sbt~d that in
cluding the effects of \·a.riable void ratio did uot l'ontriuute to th,' "X!lhn~Lti()n

of secondary consolidation, aud this is agreed with by the writer. The sec
ondary consolidation appears to be due mainly to the creep or the flo\\' of clay,
and it occupies, in some cases, more than 50% of the consoliuation. J\Ir. Richart
checked the influences of well spacing, and his conclusion, that the rarli::d flo\\'
dominated the consolidation-time behavior, is easily understoou. The faet
that doubling of the diameter of well influence, or the well spacing, cause::! an
increase in th~ time for 90% consolidation by roughly a LLctor of 6 agrees with
the value of 5.65 obtained from studies made in Japan. These studies showed
that the time for consolidation is proportioual to the 2.,'5 power of the well
spacing. The writer wishes to kuow the most suitable spaciitg from the practi
cal point of view, because a spacing that· is too small brings the influence of
remolJin~ anu smearing to the cLLy.

S. ,J. JOU:--rSON,~z :.\'f. ASCE.-A siugubrly pcndmtillt!; analySiS of th~ in
tluenr.e of the various factor~ affecting the thcorrtir.:li :l;:'Pl~r,ts of th,) ,1f;::;l~Il f)f
sand drains has been presPlIted by ehe alltiInr. Th,~ re', i... ·s "f 'JU;ll' ri"",
method~ of solution of consolidation phellolllcua alld the aU'all,' qf Ltkin:; into
account variable loading ~Lnd soil ch~Lr:1cteristics C:1n be l.l.pplieJ to pru(,l.:Il1S
of consolidation due to vertical flow and radial flow-of general interest· beyond
the particular field of sand drains. The efTect of the uialllcter of sand draills
pQintculy illustrates how easy it 1V0uiu be to over-asscs~ the importance of
large diametcrs. However, the very small Jialllcters referred to :He prc~ultl

ably used only for illustration by the author. The writer interprets this
presentation as not meaning to imply that such sm:lli diameters would be prac
ticable for sand drains installed hy methods currently user!.

It is necessary for some purposes to know th~ theoretical excess pore water
pl:essures at specific locations when piezometers are useu for field control
purposes. and for evaluation of the coeffICient of consolidation. These can be
simply prepared from the property that, for the equal strain theory, the plot
of log u/uo versus the time factor is a straight line, as illustrated on Fig. 15(a).
Also, the same is true for average excess pore water pressllres as plotted on
Fig. 15(b). This is not true for average consolidation due to vertieal flo IV,

which is plotted. in a similar manner in Fig. 15(c). Fig. 15(a) shows the plots
of curves for hydrostatic excess pressure versus time factor T ~ and drain Rpaeing,
n, at the outer boundary, r = 1.0 r. and r. beillg equal to the effective radius of
influence of the sand drain, The curves in Fig. 15(b) are plotteu for the aver
age hydrostatic excess pressure versus time factor, T h , and average con~olida-

tion, 71, for a varying umin spacing, n = d./d,". The curve ill Fi~. l;'i(c) was
uo

~1 Lectnrer, Kanazawa Uuiv., Ucno-hon.tnH.('hi, Kanaz:l.wa-shi, J.'l.J,.)all.

n Aasociate, wloran, Proctor, N{Up.ser &: Rutleds;e, New York, )T. Y.
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his is the equation 01 a straight line II !len u,,'u v is plotted to a log Sc:,J.!e and
" is plotted to an arithmetic scale. fi~. 15(a) is this relationship at the ex
rtl:ll boundary ""herc r = d./'2.

The relationship between the a\'erap;e excess pore water pressure from
= r", to r = r,. anrl the time factor T, is gin'll hy:

"tted for the average hydrostatic excess pressure versus the time factor T.

ld lwerage eonsoli,htion, :!!:.- for consolidation resulting only from vertical
u.

'ainage, Figs 15(a) and 15(b) are obtained us follows:

Eq. 15 and Eq. 16 C:.1n be written, for any specific sand rlruin instalbtion alld
ly point, r, from the drain, ~LS:

lo!!;, {-I-C;~'-'--Ir r.' lu~,!... - r~ ~ r,,,~ J fl.
I.,' .' (IIJr.,. ._

sc, = -
/'-"1 .::.\ "t;tudy of [Jeep Sod St..loih:wt..ivn 01" Vertwn.! S.L:,d j)r~,.ill:-l.' ·",.",r( ,\. : h1.· \!"r"" '-",'"

i.\Iue."icr, ~nLi RIIU<,d.!l;f), (;ou~, i·:nl.?;rs., New Yurk, N, i:.. , ;JrepareJ inl ~,hc I "~:J~" ul C,,· .... ~ ••"y, L',. ,- .': \: \ .t:"d.1

;lod O(lI:k,:L Junt:, 1956.
%oS "Review of Uses of Vertica.l Sand Drains," by P. C, RlItlcd;;e and S. J. ,foho30n, rr,....Hluted at th~

36th Annual l\Ieeting of the Highway Research Doard, \Vasbin!!;ton, D. C., January, In;-)/.

to the 2.76 power and the 2.38 power of the well spacings when comp:lring times
for 5 ft and 10 ft spacings, and 20 ft nnd 40 ft spacings, respectively. Thus,
the usc of thc 2.5 power of the well spacing agrecs quite lYell with results ob
tained from Barron's equal strain condition of consolidation.

With rrgard to Mr. Nishida's request for information on the most suituble
well sp:.1cing from the practical point of vie,v, this would ne("e~"ariiy depend
on local soil and construe-tion conditions. The terms "snibhlc" an(i "prad.i~:.ll··

imply that thc spacings must be feasible and economical in both time and
money. From a recent study of existing sanel clmin instalbtions~4.~5 the well
spacings most frequently used in 83 installations werc 8 ft to 10 ft.

1-1r. Johnson is correct in his interpretation of the effectiveness of small
diameter ideal wells. The writer was not proposing the usc of :lctu:J.I sand
dr:lins of 1 in. or 2 in. in diameter. The discussion was intendecl to point out
that even if the smeared zone around a 10 in. or 12 in. diameter actual drain wcll
restricted dr!tinage until the time for consolidation was comparable to that for
a 1 in. or 2 in. diameter ideal well, the drain well would still be effccti\"G in
reducing the time for consolidation.

Fig. 15 showing pore pressure on a log scalc vcrsl'" t-i'lt~ f:tctoron an arith
metic seale is most convenient. Values may bc readily out:\ined from til,·
figure, and there is little chance of drafting; errors in ,'on5tructjn~ the diagram.~.

The writer thanks ]\:11'. Jollll:)on for pointing Otlt this eIfert-in.' mrthod of pinttin~

consolidation-time information.

. (·HJ)

.... ('in)

{ [
X 7\ ] } _constantX - J(n) .. ( ..It)

(', + c~ '1', .. , (·IX)lo!!.~
'. /I.,

4 t~ [ r _ r~ - r ",' J
= d; fen) r.~ log, r.: 2

constant X t'

hercfore,

·u
= t' = c·n;/(n) (51)

1/,e)

am ""hich:

U 8
log - = - -J() T h .••••••••••.•••.•..•.• (52)

U. 11

This is also the equat.ion of a family of straight lines, as plotted on Fi~.

jlh). Plots uf this type shown un }-ig. 15(11) and Fi~. 15(b) arc readily GOIl

.ructed and are useful in analysis of field observ:.1tioll:; as well as III initial
~~ign..

F. E. RICHART, Jr.,O;: 1\1. j.8CE.--The writer wislws to thank Mr. NisltiJ:.1
'ld Mr. Johnson for their interest in the paper :.1nd for their generous commp.nts.

::'vIr. Nishir!:J. noks that a study m:tde in Japan found that the time for con
,lidation is proportion:ll to the :2.;=' p()wt~r of the WAll sp!l.cinL;. By use 01
q. 16 the timp. required for a p:.trticltlar df';.?;rce· of consolidation is proportiulI:tl

,. Div. of Eng. and Applied Pby.i"". H~rvt>J'cl Univ.• C:uJtbriclgc. illl1....,.

:.
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I. \landrel-driven pipes-the pipe is driven with the mandrel closed. Sand is put in
fhe pipe which falls out the bottom as the pile is withdrawn, forming the drain. Air
[lrcssure is often used to ensure continuity and densify the sand.

~. Driven pipes-the soil inside is then jetted. Rest of procedure is same as method 1.
, Rotary drill-then filling boring with sand.

-1. Continuous-flight hollow auger.

Figure 6-2 illustrates methods I and 3 above.

Take H = 1distance between sand drains.
_ Compute C

v
using the horizontal coefficient of permeability.

Usc T from Table 2-5 for appropriate percent consolidation.

rh~ time will be in some error owing to vertical drainage within the consolidating
Ll\<?L depending on whether thin sand seams are present, drainage is from one or
1,,)111 faces, how the distance H compares with the clay thickness, etc.

Sand drains are installed by several procedures [see Landau (1966)] in diameters

r~lllgll1g from 6 to 30 in.

}onding may be used where the soil in contact with the water is of sufficiently
.. :).:fmeability. A perimeter dike can be constructed and the site ponded to the

.' ',sary depth to achieve the desired settlement.

,\ i ~ all terms have been defined in Chap. 2. For radial drainage as in sand drains,
:ocf11cient of permeability k in the above equation would be the horizontal value,

.. :'1 is often four or five times as large as the vertical value.
·:'he theory of radial drainage into sand drains, including allowance for" smear"

,'kdS on the sides of the holes reducing inflow, has been presented by Barron (1948)
.lild more recently by Richart (1959). Since one is fortunat':' ~0 Jetermine the order of
l~l;\'.:llitude of k (the exponent of 10), for practical purposes the time for consolidation

\'1 ~l layer can be computed as:

limensionless factor T depends on the percent consolidation (Table 2-5) and is
.. . ,t U.848 and 0.197 for 90 and 50 percent consolidation. The coefficient of consoli-
: • ·,11 C,. is usually back-computed from a consolidation test by solving the above

, . ,l:on for cv . The coefficient is also

I'.': ime for consolidation is computed from rearranging Eq. (2-24) to obtain the

., .,: ,IS

I ... DRAINAGE USING SAND BLANKETS
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Figure 6-2. Two meIhods of consIrucIing sand drains. [Landall (l966).]

6-5. VIBRATORY METHODS TO I CREASE
SOIL DENSITY
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186 FOUNDATION ANALYSIS

When using earth for the surcharge, the length of the drainage path can be
reduced by placing a sand blanket between the soil to be precompressed and the
preload. Water can flow vertically through the sand drains to the sand blanket, then
laterally to a ditch or other disposal means.

The allowable bearing capacity of sands depends heavily on the soil condition. This
is reflected in the penetration number or cone resistance value as well as in the angle
of internal friction. It is usually not practical to place a footing on loose sand because
the allowable bearing capacity (based on settlements) will be too low to be economi
cal. Additionally in earthquake analyses the local building code may not allow
construction unless the relative density is above a certain value. Table 6-1 gives
liquefaction-potential relationships between magnitude of earthquake and relative
density for a water table 1.5 m below ground surface. This table can be used for a
water table up to 3 m with slight error. The relative density may be related to

penetration testing as in Table 3-2 after making suitable corrections to N for over
burden effects.

The methods most commonly used to densify cohesionless deposits of sand and
gravel with not over 20 percent silt or 10 percent clay are vibrol1otation and insertion
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ONE-DiMENSIONAL CONSOLIDAT!U:-i"

SOME PROBLEMS IN THE CONSOLIDATION OF CLAY

t<~'~~uld be known. Solutions for a nu:ober of cases. have. be.en given by
1'~"'i~Terza hi and Frohlich (1936). The validity of apP~Ylllg ~lml SImple theory
,. ,,~, d t

g
rmine the rate of settlement of a foundatIOn wlli. dep'.'~~ on the

" -,,, to e e , d' . 1 M .' "ILl"O ,.1 In' . extent to which thl' condi ~ Jun ot nnp.- I menslo.ua UII\\. lo;:;, "'':.. .'

;, Msea l't is not even approximately ::>atlsh,~d and in recol,'Ulf.lon ur- .·,many c~ .''j' , .
4>- ;~this limitation the consolidation equatIOn IS wow ICU to u"t;e)llle .

, ::';":, au ' (a2U 02U C~U)
..,' - = c -;-~ +. " ~ + "."at , ux- uy- 0.-,?

d h ld I 7 flS tUIl foundation load,.. du.·~rthis equation being assume to 0 so on/:, <

'''not vary with time. , .
, :-. A general theory of consolidatioli, w~ich showed tLat the str",,;; d'o;Lrl

;, "'!1 b~tion and the consolidation process are lllterconnectetl, \\ fl~ de\ eloped by
,~, B' t 2 From this theory the Authors bave shown (A prendl.\: JI) that th·~10. .
,<~'" consolidation process may be described by the equat.Jon :

~~S,·,· 1 ae ou ~ (02 U _
L

8~1t . ?~t)
."-. ----+--c "'''''''2r';;, ....., 3 at at /h.:- uil- uZ.

whe,re 8 denotes the ;jum of tbe normal t'IL:" .;;~.:, .,'" ";,-~ C G,I'I ," 'J::.

at any point. It is oeen tha~ eL!II;.Li()n.I']:l:,"):,~.~;'.~·r:,1 \',P~(..'"(:!r':~ ~::~:~.,t:: t~:~;~
equation, fot', when tbe fOUD(la[:tln lo'1~;" ,

, the variatiun of 8 with tIme i:; g,;ueratly '.,'r!" ~ ,I','"~ '.l":, .. ': .' .. :' "" ~; ..
-, changes during consolidation or POiG30n s l~ .. :,) ,I[Hi l'::; .. ,'1..-:[":'- "f

.~Jr~·,

.'~: the clay with respect to the total stresses. , .
'. ~', Equations, similar in form to those above, descnLc the tlow ot ~lCat III.

~"-:& homogeneous solid, but although exact SOIUt.IOIlS to a.yrt;<L,t,.va~lcty ot
• f.problems in this field have been publlshed,~ ft'\\" <Lrc vI dmcv .val\l~ :0
",:.} foundation engineers. However, two lIulll'~ncal metLor!" llt :'01\ lU~ SUdl

-':) equations have been developed 4,5 which arc SUItable for applIcfltlon to

, ":',~: consolidation problems. . ' . . " ., '
~~~.:. In this Paper a numerical method, which IS SimIlar to that. gl\..,.n III

, ,,;;;1: r 4 '11 be used l'n solving equatiun (::!) ;'l,r a iillllllJ'~r vi Ullierent' .~ relerence ,WI '.'I
, .1-t-i'cases, comparisons being made with exact solutIOns wbuc they ar~ ~\.al 
I, , '''-~ able. This method is capable of extenslOll to caseR \\"11('r(' c. the cOt.fficlent
~ ''1;;;' lof consolidation is not constant, and where the boulluary cpnultlollS are
\,~ "",.~~ more complicated, but sl1ch extensions will not be consider'.'d hl't'.).
t· -, ';':,t
! '.,.. ,;;' ;., "r: .--':, "

t.'~<~,J:~>,As an illustration of the method, the aim plest of the r~:.i~t·S of one-
,f ,;':~:! dimensional consolidation will be discu8sf"1. ,
'" :<, A uniform vertical pressure uo'js applied to a !ut~ra~y l:,orlJintJuu,vhndcr
, -i~of clay, of thickness 2H, which is permitted to Ul'<Llll tree.y [r~m ltd hon-

,~,'''~zontalsurfaces. Consolidation takc8 place and after:.J, cf~rtalQ tlllie. brgely
. :L.depending upon the thickneSll of the ;;ample, It practically r,eases and the

, -'-5"'" 12....... - ,,·t';~-·

k'~~i''''''

.~~it~~·~ ','

I!\TRODucTro~

"Numerical Solution of Some Problems in the
Consolidation of Clay"

by

Robert Edward Gibsou, n.Sc. (Eng.), and Peter LUTIIIJ, l\I.Se.
(Eng.), Studs I.e.E.

Paper No. 5877

Tho rat" ,)f con'oliJ"ltinn sctt!<:mcnt nf structurcs foundcd aLovo clay strata is
u;1Ial!.'" calrldatcd on the simplifyillg assumption that the flOlv at' pore-water take,
plar'J in 0n" rliroetion only. Alth0ugb. it i~ wiJely apprc"!a~"cl that tho now iR gener.,
'>lly tbrp"-riimen,,iooa!. exact mathematic:,l solutions to prrJbi':lIJ~ b'l.ve been obtained
in very few r.n~ns which <.l re of import:l!1CO to the c;ivil CU~tIH...pr.
, In this [':,p,'r a " step-hy.step ., methou for (l. so!utir;ll of the governmg eqllatiup,
IS presellted an.! uAeu to ~o!ve a nUOlbe,r uf prublell1s. Exact. "olution~ are knowTl Lo
thp, 5implC'~ of t.ht~~f'. Whl( ~1 f:let cnn.b1t~~ r. f'Ornparl':;Oll to he nllJ.d,: with tile .-wlutit>n J~
oht:linp.d hy the nurneril'al ?nll~l'durc. Til tLe more invu!ved proLJICtlt::i I:l>ncenlin rr the
r:Lto of ~ettle!ll<'nt of :L unifl)rnl!y loaded "ircuIar footing CX:L"t solutions arc difi"ieujt
to obtain but the method outlined has enabled a solution, sufficicntlv aeenrato for all
engineering purposes, to be rapidly ovalunt...d. This .0luLil)n indica-ted that the rate
of settlement is, in fact, approeiably greater than that fnund from the simple one.
dimensional theory.

182 eIDSON AND LUMB ON NUMERIOAL SOLUTION OF

SYKOP::W:i

(Ordered by tile COllnctl to be published with lVTllten discuss/on)t

IN the theory of consolidation of homogeneous isotropic clay which was
first formulated by Professor Karl von Terzaghi in Hl25,1 the simplifying
assumption was made that the flow of pore-water takes place in one direc~
tion only. This is a condition which would obtain in practice if a stratum
of clay were uniformly loaded over its surface. This one-dimensional
consolidation process is governed by an equation t of the form:

02U au
Co (};;2 = ot (1)

The solution of this equation, in any particular case, requires that the
position of the drainage surfaces and the stress distribution in the layer

t Correspondellctl on this Paper should 00 recp.ived at the Institution by the
1st July, 1953, and will bo published in Partf of tbe Proceedings. Contributions
should be limited to aOl)ut l,:!OO words,--SEc. Le.E.

I The referenee~ are glYPH on p. 196.
~ For notation. see Appendix 1.
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SOME PROBLEMS IN THE CONSOLIDATION OF CLAY.: .

:~~t

;'~~r~ T" = e"t is a dimellilionless independent variable called the" time
,.-,., H2. .
,. ~·faCtor.'· .

.':>- If itis assumed that the com prl'ssion dE'pends linearly upon the etIl~c(ive

'. '';.;T:8tress chunC"e (u - u) it follows th~tt the ricl'rec or cun~olidation is givelJ
~ ..,'~~:i~' 0 0 , c
K ·..~"",by:

'~~~,
-,;""",

. ;'t"',;: and since* :

L.~~1?
(- '''''-

l~'
1=:> and:

(
--~~:( .

. ,_.,.~~;~,~t. follows that:

~'7~jY:- .
Ie ..;J,;;".,(.''-. 0/
r-,"'i<~J'w,"here ~ - ~.
c."'\'~"': . /" -'" 'l
r.:.:-~·!t\f!".. ;~~. uZ

:';'?f}.'t·'.Since the boundary and initial conditiootl have been specified it will he

l;··--i~;}.·seen that a successive application of equation (5) to ,mesh points proceeJ-
"~:'::~.. in" from smaller to larger timet! will give the valliI' of ·(t at all mesh POUlts

{: • ~~.(..~. 0 • .

r:.,.~,,~"· (see F~g. 2). .
r:t;1~;~~:.. ,The accuracy of the solution will depend upon Lhe number of lOtervab

~3fk;.~,·For .. diacUBBion of finite difference ..pprox.imatiollil to deri "ati"es see reference 7.

", ...: 0.~;,

. ~- l,..~c;·· 8 rJ) 1 -(l'!'~/t}.:!rTI)

~.' :.~~:or: D = 1 - 7T2L (1 + 2nr~E
'1" '\1'1. ,- , n=O

~. ,'~~~:~This relationship between fj anL11'v is shown iu Fig. 1.

: .:~~~£ Tm: Nu"mlt!cAL i\IETIIOD

Fig. 1
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St = fj Sco

~ order to determine the relationship between the degree of consolidation

U and the time, it is necessary to consider the equation:

82u 8u
cV8z2 = at

variation with z and t of the pore-water pressure u

184 amSON AND LUMB ON NUMERICAL SOLUTION OF

sample can then be considered to be in equilibrium. If the final com
p.ress~on of .the sample is denoted by Sco (since theoretically an infinite
tlIDe IS reqUlIed for equilibrium to be reached) and the compression at any

time t by St, then the average degree of consolidation ff at this time is
defined by the equation :-

u = U o at 0 ,.,; z ~ '2H, when t = 0,

has been given by Terzaghi and Fr6hlichG in the form:

_ ~ ~ 1 . (0 + 2n) 7T =) _(2"+1)° ;'T.
U - HOL sIn E

7T n~O (1 + ~n) 2H

o·

which describes the
within the sample.

The solution of this equation, with the boundary conditions:

u = 0 at z = 0 and 2H, when t > 0

o·

o·

I:::.



n
T. = m2 • fJ

~uppose .an i~itial pressure of 100 units is applied to the sample then
dunng the tlme lll~rval'O to ot the pore-water pressure on the boundaries
drops from 100 uruts to zero, whilst the succeeding values of u at all the

(6)
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. ,'1'''
F:':'~internal mesh points are calculated using equation (5) with values of
f~~:,fJ = 0·25 and m = 3. To 'increase the accuracy of the solution the
f' <, calculation was repeated with fJ = 0·25, first with In = 5 and thell with

,m = 10. The results of these Gaiculat-ious ,ue suowu in Pig. 1 where

",' :"i~)hey are comparcd with the exact solution for the relation with U:\0<1 T"
l' "·,{,a8 found from equation (4a). It will be seen that over the range
.' "i" -l- .,.0<U<0·8 the agreement between thc numerical method and the cxact

!; solution is sufficiently close for practical purposes.
,'d'~ . This numerical method has, however, the llisaJvauta~e that it is diffi
':.~cult to determine the pore-water pre~snrc,(1istribution accurately after

~}i:, long periods of time. This is rarely required in practice, but by the use
;':, ~~o~ relaxation methods 5 it could be determined without excessive labour.
~. ~-.:7)~j.) t .

}-~!fj CONSOLIDATION OP A CYliiNDER OF CLAY

i. :;;~~~ Consideration will now be givr'Jl to problems which posse~q axial
;- '·f·symmetry. The first cases consic1erec1 are those relating to the consoli-

:'. dation of a cylinder ot" clay, Here <.l,gc.in. ',:""Ct solutions ,~xj.,t :lnd thp.
, object of applying the numcricul rncthoci is to examine it:; rciiability ill

such cases.
',_ If an all-round pre~~ure 'Uo is J.l'l'ii,:,l to :l "yiinJ.ril.:-:J.1 ~"w[Jle v'- t:b'/,

: ;~-.':ofradius R an<llength 2H, wh.id\ IS pcrmitt.;d to J.r;1iu r,,,ii.!ii.,·, t::-.' e'lU:L

:", ~~Jtion of consolidation is most conveniently written in terms of polar co
, ,~;.::ordinates:

f
· ~~;:~ . ~ = C (02~ + ~ au) .

. ''-::'.'''J at or- r or

t
.';£From a solution given by C:l.rsla~ and Jueger,3 relating to heat flow, it
-~;t1,JIlay easily be shown that the average degree of consolidation is giveu by

(.:7f':.:.. . 00 1 _~ , •
lJ';"~i.._, U 2-1-4"'-. j(,lD

ll (7)r_;~:,~" i, th~"nth ,oot ;;h:"',q:,tion J.(u) ~ 0, J. d,noting th,
w:~~~~~el functlOll of order zero.
~... ~~~i.,~;?··: - ctr ";~jf"'" From this relation, U as a function of T R = ~ hl1q been plotted III

I ,:~i . p
~'.:'i};'~Ftg. 4.
~ ~fir~~ To obtain a numerical solution, equation (6) is written in the form:

F\~~~F. [ (u - Ii )]f-<' ::.:::~;s:.,·,., u = fJ u + 'It - 2u + t 3 + 'uo . (~)
'r'it!'cr'~ . 4 1 3 0 2p
.(/fi.!~<:·~:.,
/'. ,::i'l.'·~N" : cot 'rr .:;.~,;;:. where fJ = ~ 'lnd p = - ,
', .. <~. '_''>.. " o'r~ or
.. t; ~~ ,.., .

\-'~t:,~.hY malcing use of the usual approximatious... J~c;.
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2m ( = 2HJoz) into which the thickness of the sample has been divided
and up?n the value chosen for fJ. Smaller values of fJ and 1!J.rger value~
o~ m WIll corre~pond to .more exact solutiolls, although the work involved
WIll be proportIOnately Increased. If t = net, then the time factor can be
evaluated from the expression:
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<~'~£x~ely fro~ all its surfaces. The equation which must be satisfied may be
,:.-~Written in cylindrical co-ordinatcs :

~ ~.• ,~..: au (a2.,~ 1 au D2U)
. ".' ',"e' - = C - -l- .- -l- - ' (IO).""", at arz I r ar I 8:2. '.

K,;.~,it)as been ~hown by C:mill? 8 that this t1:ree-dilllcnsiona~ r<1dial (Jow may
~ ."';be resolved IlltO a plane radml flow (equat.lOn (6)) and a !lnear flow (equa-
\.:~'."'" --\ '-"tion (1)), and if URand Uu respectively are the degrees of consolidation

->diie to these flows, then the degree of cOll.soljJ~ltioll ill threc-diIllcnsion:.ll
. ':t~xi~IIy symmetrical flow fj is given uy :
~::f.r: u= 1 - (1 - Un) (1 - Uu) • (11) ct

( :~;F..~o!ll this equation the variation of U with the time factor T R = RZ
,.. .~i:ha~ been computed using equations ('la) and (7) (see Fig. 4) for acylinder
... '-:~-With HIR = 2.
~~. '?;~..;~.~ ,,".

,..~.

~ 1 -.r: •

f

\!-:: :~-

~~~~t(:~::
J':T.'

Z

I· '~~g:~~.'Since three co-ordinates r, z, anll t occur in equatioll (10) it becoUl~sr.-, g;...necessary to associate with each node of the network a series of values of
1 '-'!fithe pore-water pressure, showing its variation with time, the co-ordinates
I :;-.:~·~,ttnd z occupying the plane of the paper. (See Fig. 5.)1: ;~~::'The equation (10), written in finite difference form, becomes:

t· ~;..:~, (t + 8t) = (:3 [Ul + Uz + U3 + U4 - 4uo +- HI ; U
3

] + lto • (12)"..~.~,l ~Pr ,~,Z- r ct, _'<J> h (:3 rl '" <;, hr~..;~"w ere p = 8' =~, an or = uZ =
r -;0.t~~. ~ . . r Itf{~~~d .on the aXIS ~ takes the form:. I ., •

I _;'i)}\ ' U o (t + ot) - f3 (2ttl + Uz + 1u3 'U4 - 6u o) i Uo . • . (13)
i~~~For a cylinder in which the ratio of the length 2H to the diameter 2R was
I ,:;~'~~~~l two cases were worked out in which:
, - :4::'_, R

~i:,~.:-.. (1) ~r = 5, (:3 = 0·05 and 0-25• ,«.:. _ 0

~
"~:~~"\'

~..;.;;,... ..
..~~~.(.~ .~

- - - - - - - - Analytic;' ~orution iCJnh~w a~d Jaczcr,

~ } Numeriol solution

End dr:ain:loge
(.ee Fig, I)

IT. =.fl;
~s ~6 01 04 04 r.

i'irJ·4

0·.
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This elluation cannot be ui'led on the :uis
I r = 0 where p = 0, an" 't 'nece~sary on y to note that as r--;.{) : . u l l3

1 au o:?u
-;: a:; -+ orZ

so that on the axis r = 0 :

U4 = 2(:3 (u l + U3 - 2uo) + Uo . . 9
In order to extend the solfl' . . . ()mum of labour two cas u IOn taka, arge .range of tUlle with the mini-, es were wor 'eu out In which:

R
(I). s,. = 5, f3 = 0·25

R
and (2) 0--;: = 2, (:3 = 0·20

the values of U being calculated from: .

r
- J;(uo - u)r.dr
l=~-- _

f
R .
o uoT.d·r

which are shown in Fig. 4.
. The comparison between this numerical solution and the exact solution
: r::s~nably go?d, although the values of fj obtained from the numerical

e ~ are c~nslstently rather higher than the exact values, the maximum
error lQ U belUg ahout -! per cent.

A more in I d .. '. .vo ve case IS that ill which a cylmder is permitted to drain
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!.:~i~:·. . d b' Terzaghi and Frohlich6 and by Harris,* where the, .,·f: ~~u~tlOn dcnve. ~ -wa~er is distributed triau;;lIlarly with depth,l':';~' lllltlal pressure III t e tP:\ein ' assumed to lie finite and infinitc respec-

f
?,,:%,.the depths of the stra u F ~out the ftrst half of the consolidation pro·~f.tively in these two cases. or a . '. cl: j;-.';"' . (U < 0'6) th.ese two theoretical solutIOns do not dltT,~r gleatly a.n

t,~~~~, ~~~s it may be inferred that the nnIDerica~~~~~t~:e:~~~~rrr~~~c~~\~~~~~~:r"Y~:"incJutlesradialflowwouldhold,atle::Lstfor h th l'r, X ')[)a"ol)tcd.• . '}':-.'.;;.c h t areater t an e l ~"U,f".:""t:'"-iy- of the cJ~y stratum Where some.\'>.- ~oll"between this numerical SOllltioll and, :.:. T ng now to t e compa[ls f' :" -{I,.' . urlll. ' . p: 6) .t will be seen that, ~.'(eept or) ';~:'~ the one-dlmenslOnal solutIOn (see 19. ,I .' . ~
I, .~i.<~ II t' es ([-7 <'"" 0·')) the consolidation with th ree-lh menslOnal Bow I.,, '''-:.,. sma 1m _ ~

-I. :-~~""~: decidedly more fapid, as would be expected.\ ).....~-:
11· ';'-:i.-~,... . . . mAr If'lSris The work wn.~ t:arricu Ollt at ~ ei ,'.:': • A private commUnicatIOn fro t' 'f'S .' nt'Lfi'c n.nd 111dustriulltcscarch) und the' '" R h St t'on (Dopartmen 0 CtC .- "::'~ Budding escarc . n. I .. II the Director of BlIiic.ling Rosen.rrll.L-~'?,~results are given With perTUiSSIOn om .

t,;?=:'
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~..... :-~.
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.;. ~1.~~. SOME PROBLEMS IN THE CONSOLIDATION OF CLAY

"-.;.;:.<~-; he ma'or intermediate, and minor principal'.. '~:~here 0"1> 0'2' an.d 0"3 dde~o~e t m]et'er characterizinCl the behaviour of~ ,,,,,.\<,,. t Olllt an {\ IS a para '" 0 0~_,/it~tre~ses a a p l't ars that ,\ has small vailles (about :;)'-: ~~he clay. For most c at~s 1 aPdPcab()~f' ;s "(11li\-:1Ient to t:J.kicg.\ '1:'1 [ol'!ne;, - 'to 0.,30) and the assump IOU rna e, -" c.. .

-~ ·~,;·iero. . .. of the loaded area was evaluated

,

" ;~~"The rate of consohd~tlOnof t~: cte:~;the clay stratuDl to the ruameter- '-.t. in a case where the ratlO of the p. . h . F' 6 The initial-. ,yo d 1.G the solutIOn oelll'" sown 11\ 19. .· "'i'"('":of the loade area was, b I "'t l the mo.]' or llrincip:tl stress,'. $ t e assumed to e e'Illa l .I, ';;~fpore-wa er pressur , < • d bv JUrNensonlO from 130ussinesq s, ,.-, ltd from T'lbles prepaJ e '" . ' Ii, ,;..,,·was eva ua e . '. J "Lh 'o'l,tivn~ Ill" tl.t' on~-(L;l:~il~lona> '~:. solution. Tills solutlOll IS cOlllpare \,1 ",. .

rl.: o ;~~
1~ .:;-~z:. ~

0·21-----1---"""1:

CO:-lSOLIDATION IN CLAY BENEATH A CIRCULAR FOOTING

Having shown in three cases, involving one- and two-dimensional con
solidation processes, that the numerical method yields results in close
agreement with the exact solutions, the numerical method may now be
applied to problems for which no exact solution exists, and for which anexact solution would he difficult to obtain and evaluate.

Two cases of some practical interest will be considered, nitmely, the
consolidation of ;~ clav la'rer beneath u. uniformly loaded cin;uiar flexible. -'.

~

footing; first, with a footing very permeable in comparison wit.h the chq,and secondly with an impermeable footing.
In order to t:stimate the time/settlement CUlTe in such cases it has beeu

usual to employ the one-dimensional consolidation equation (1), but it is
evident that appreciable error may thereby be introduced. The three
dimensional analytical solution of such problems presents great difficulties,
whilst the numerical solution involves little more labour than that requiredin the previous example.

Considering now the case of the permeable footing, the pore-water
pressure u mu~t satisfy equations (12) and (13) together with the boundaryconditions:

au
z = II, - = 0 t ;;;. 0az '
z = 0, u = 0, t > 0

the pore-water being free to drain both through the surface of the clayand through the footing.
. The initial condition, that is, the value of the pore-water pressure

immediately after the load has been applied, ha~ btleu assumed to be equal
to the major priucipal stress. This assumption is in accord with the limited
evidence available, and is moreover a consequence of Skempton's'\-theory,9
which predicts that the initial pore-water pressure. before any drainagehas hal! opportunity to oceur, is given by:

al + '\(a~ + (J3)u -,,- L+2;\

R
and (2) s;: = 2, f3 = 0·2 and 0·4
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the values of U being calculated from the equation:

[..IIfR (uo - u) r.dr.dzU = 0 0
--:;:;;f2=tl--;:;fR~'---

J 0 0 tlor.dr.dz

and compared with the exact solution in Pig. 4 as obtained from Terzaghi's
linear flow solution and Carsbw and Jaeger's radial flow solution, together
with equation (11). The agreement is seen to be good.

\
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Cr ' Y CORES IN E.un'rr D'\~rsCONSOLIDATION OF '" I "

, . tont process of tWO-UllllCllSIOIlUI~I ' . a practIce an mlpor ~ , .
, ..: ,n engmer-nn,,, . f b I'aulic-till dam". An unal YS1S ot

• -'l' I'd G' s III the case 0 y(1· , -
:rconso I a IOn occur 'd' f u ('ilboVi1 lur ;j, tri:Lflgubr- l;Ure
· ,this problem has been carne out)y ..<. '~n Lmperml,.,oll' ,tTat,um,

,_ ..:~With a base angle of 45 degrees restmg ujJon . ... ~

~:~:which yields a solution: , , ".21'

f··:~{(':"" [~ ~ 2 (_[(211+1)2+(2",+1)-1 :!

) 'fii= 1 - 24 L L (2n + 1)2 (2m +- l)~
: .:e-:'t 1T4 ?'11 =0 n =0 ~r) ]

, .~? . ~ 1 E-(21L+Il'''''1'
~' + L (2n + iYI

I;;~f n=o

~~where T = c.!. and 2b denotes the core base width. It may be sbown tha.t

..:rwhen the ba:: angle of the core is 90 degrees the solution is tbat of the one·

,:%~mAensio~:~ac:~s:ispr-~e~~~~~:~~:a:.~~eof consolidation o.f eores with i~ter-
sa 1 ., ,. !Hm'll.t.· ... mediate base angles, Gilboy propOSt'U :1.(1 !Ut;.~rp()!;J.Ll<)Il' •...

· 'I'':!. = T~o ('OG 7. (TqO - T J ,,)

":', h re ex. Jt'nol.es the basc '1ngle uf till) I:on~. , , , .,
:J"! eI d to examine the validity 01' ibis t·nrllluh alht to ,,':T'~r\Cl t,he .,IlLl\;

nor er , 1 . hilL· ·LD"'CS tJl lu. 1 ' "cal analy'ses were appllct to con::; Wit· ,,,e, 0' .'. ,'{;'" so utlOn numell, . t sure IS .:;.';f' 60, and '75 degrees. The equation controIlmg the pore-wa er pres. .

f

:...'.f.':.•·.' O·t£ (?P 1£ 82U) . (1-()':,:. - c - +-'.:.';;' . ot - ox2 8z2

:;t· h' the x z plane is used for the latter two ca~es .theI",,:If a square mes III , [ l This IS n.
~~~::~ d of the mesh do not lie on the inclined faces 0 . t Ie core. _. I

..~ ndi?sa~vanta(Yefrom a computational point of view and III order t? 0\ ebr~otlI)lcI . ,... b . f the auo\'e cquatlon \ lC·.:;~·t.thi8 difficulty it is convement to trans or III , ,

! :~~;substituiion :

t~l{jfl~:':r' z = w tan ex. . .. tre of
:,<»~.l'" ,. h d z dellote c6-ordinates measured vertlc,llly from the cen·""<r···w ere tv an

h'~~~the base, Then: .,
\ .':':;"'i"." , "(021£. 0-.1£)
(
. .~... uU I- to

.'_'z.~-.: - = G ---;- - co ~CI. 8-2: '.; ot ox2 W •

l ,K'~., f d' t t 'angles wlt,h a base. ··..i;r';;'rf . h x tv lane all cores are trans orme III o. n
~~~~~,~huls, lnf 4

t
5

e
deg're

P
es and therefore the difficulty ment.lOned above does not

f
:. ':".,,", angeo, ,
~_:'~~: arise.

~";;;:~;';':: The boundary conditions in the. ,];,10 plalle are :-
~:'~,:~~.r'':c . (1) Along the inclined faces 1£ = 0, t > 0

~ol; (2) Wh"u ~O,:~ 0 I> 0

- .. fYi .,:"'..
• '1 g-~::. ~~:'.

0'Q.8Q.70·6 .

Fig. 7

I-" f(T
.;T=riil

0·5O·J0·2

U-T CURVES FOR COXSOUDATION OF CLAY LAYER. CIRCULAR UNIFORM LOAD
(hIPEllMEABLE SURFACE)
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~2R I
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A further problem of interest is that of determining the rate of consoli
dation of the clay beneath an impermeable circular footing founded at
considerable depth. An approximate analysis of this problem has been
carried out, by replacing the permeable upper surface of the cby in the
previous case by an impermcablc surface. Since the pore-water is not
permitted to escape, a redistribution takes place in the stratum, the pore
water flowing away from regions of high stress intellBity around the buried
footing. As a consequence of this redistribution, swelling takes place in
regions away from the footing and a coefficient of rate of swelling, somewhat

. larger than c, should be used. This factor could be incorporated into the
numerical solution of the problem but it was not considered worth while, .
since the errors invoh-ed would probably be small.

The solution, based on the assumption that the coefficient of swelling
equals the coefficient of consolidation, is given in Fig. 7. A comparison is
made with the permeable-footing case and the one-dimensional solution
and, although the rate of consolidation beneath the impermeable circular
footing is definitely less than that of the permeable footing, it is interesting
to note that the degree of cOllBolidation beneath the impr,rmeable footing
is rather more than two-thirds that in the one-dimensional case even with a
permeable footing, for all time-factors greater than about O.l.

It is probable that the relation between U anJ T given in Fig. 7 can
be applied as a rough approximation to impermeltble footings underla.in
by a clay stratum of thickness other than 1·6 X 2R. .
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Fig. 9

IN TIlE CONSOLIDATION OF CLAYSOME PROBLEMS
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' ,f:!:.: CONCLUSIONS
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In order to effect a comparison with Gilboy's solution his assumption
with regard to the initial values of the pore-water pressure was made,
namely, that the pore-water pressure at a point is proportional to its ver
tical depth below the apex of the core. This question has been investi
gated in some detail by A. W. Bishopl2 and his conclusions indicate that
the assumption is sufficiently good for all engineering purposes.

A solution has been obtained for the three cases mentioned above,
and the average rates of consolidation determined (F1g. 8), the average

degree of consolidation in the core being connected with the average pore
water pressure:U by the equation:

U=l-;;'
. U

o

In stability analyses it may be necessary to know the distribution of pore
water pressure in the core, and a typical distribution is shown in Fig. 9
for the case where ()( = 45 degrees, at a time factor T = 0·06 (the initial
pore-water pressure at the base of the core being equal to 100 units).

It will be seen that good agreement with Gilboy's solution has been
obtained for the 45-degree core. The interpolation formula pIOposed by
Gilboy was not, however, found to be valid.

It must be empha:>ized, however, that the case considered above is
rather artificial, since in practice the greater proportion of the consolidation
Occurs during the construction period. In this case the consolidation
equation (14) must be modified by the inclusion of a term involving the
rate of construction. and account must be taken of the fact that the dis
position of the drainage ·surfaces is changiug with time. A num'~rical



197

• (17)

. (10)

kE

lao ~=c\7""- 3 at + at

6' = 0 - 31.£

E6, =!o-u
3(1 - 2/-,) 3

_ (1 - 2/-,) Il'
(exx + evv + ezzl - E

:.

average, degree of consolida.tion,
time fu.ctor,
thickness of consolidation sample.
initial pore·water pressure.
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F
lJ/oz
t/ot
r
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rad,ius of eylinder:biJ't t cxpan<ibility of soil structure.rabo of compressl I yo. . -
base width of hydraulic-fill dam core.
base angle of core.
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IN T HE CONSOLIDATIO:il OF CLAYSOME PROBLEMS

. _t-~;" .. ;" GENERAL EQUAT(O~~ o!'<' Co~sor...ID\T(O~

~; - ..' . l· I ~d ~ .. ,. Uiut': three liiIT~rent,ial
' In the "cneral ~,heory of eonsolidu.tl'ln :L:< '\lve "!'C ",,:[ J. ~') ;.h.- !J<>rp'.,<ltr~r pres-

. -equations ~re derived relating the ,(h5pla.ccn:~r:~~:~:J;tl"ttn; t;: ~ltd iar l"'''7::H:ni c1il1rtl.1U'l

. sure 1.£. Tho c:onncxion betwcl'n oh~"~BCq~'~"\;ati(;n:;n.rc ",,"t mto ;, form thn.c ,,:It!.:~,'
"i' is not apparent. In the toJ[owmg the '0" 1 d to be conneded 'viLlI the ",l"N1H',. . ,> _this conncxion clear. The strains ~lrre a:-;~·qllJlr: ,

:'5::'stress ehanges by equations such as :

..-~;'-::':<., (1 + /-,) , _ I:!: 0'
"t~"'g)'" exx = --E- q xx E
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~,.:where tee. ee Ive (16)
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,·t":':;Adding equations (15) :
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';";'1.-NOTATION

Cartesian co-ordinates.
length of mesh sides.
cylindrical co-ordinates.
length of mesh sides.
time.
time interval.
excess hydrostatic prosRure in the pore-water.
coefficient of one·rtimenRio!ln.1 consolidation.
eudIiciem of two- or three.dimensional consolidation.
normal total stresses.
nonnal effecti vo stresses.
prinCiPlLl total stresses.
snm of normal total Rtresses (a:ex + (71/11 + au).
sum of normal effoetive stresses (a'= + a'1/1I + a'..).
Donnal strains.
rum of normal strains (eu + ew + e,d.
permeability coefficient of the Roil.
Pois.on's Ratio for the "oil structUn'l_
Yoong's Modulus for the soil structure.

x, y. z denotes
OX, oy, oz
z, r, 0
oz, or, 00, h
t
ot
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M. S. ATKI SON* and P. J. L. ELDRED*

Consolidation of soil using vertical drains

diameter of drain
equivalent diameter of a band drain
depth of soil from a free draining
horizontal surface to an
impervious one
a verage horizontal coefficient of
permeability
a verage vertical coefficient of
permeability
horizontal coefficient of
permeability in the x direction
horizontal coefticient of
permeability in the y direction
vertical coefficien t of
permeability in the z direction
coefficient of volume
compressibility
integer varying between zero and
infinity

DE/Dw
time
elemental increment of time
time factor for radial

flow = Ch I/D/
time ractor for vertical
flow = Ch I/H z

excess pore pressure
remaining excess pore pressure
initial excess of pore pressure
average degree of consolidation
due to radial drainage only
average degree of consolidation
due to vertical drainage only
average degree of consolidation
due to both radial and
vertical d minage
a co-ordinate in the rectan~ular

system
an elemental length in the x
direction
a co-ordinate in the rect~lflgular

systelll
an elemental length in the .I'
direction
a co-ordinate in the rectangular
system
an elemental length in the ::
direction

Dw
d
H

kh

N

II

I

t:.1
7;,

x

t:.x

t:.y

The use of vertical drains is examined critically in view of
the fact that in haIfa century of use there have been a large
number of occasions when vertical drains have failed to
promote a more rapid consolidation of the soil under
load. The mode of operation of the drain is discussed and
it is shown that an understanding of this has affected the
design of the more recent band-shaped drains. The effects
ofsmear and drain resistance are also discussed. Reference
is made to a three-dimensional finite difference computer
program, modelling the flow of excess pore water in the
drain and the surrounding soil which is used to aid in the
drain design. Specific cases which can also be analysed by
published techniques have been used to check the validity
of the model. Consideration is also given to the methods
of site investigation which should be employed to obtain
the appropriate soil parameters for design. Cases are cited
where a lack of data on the soil parameters has
restricted the design of the vertical drainage schemes.

33

L'utilisation de drains verticaux fait I'objet d'une analyse
critique car au cours d'un demi-siecle de service, les drains
verticaux se sont reveles, a maintes reprises, incapables de
permellre une consolidation plus rapide du sol sous
chargement. L'article decrit Ie mode de fonctionnement
d'un drain et montre comment la comprehension de ce
mode a infl uence la conception des drains recents en
forme de bande. II etudie egalement les effects de relale
ment el de Ja resistance des drains.

L'article se rHere a un programme informatique a
differences finies tridimensionnel qui model iseJe debit de
reau interstitielle excedentaire dans Ie drain et Ie sol
environnant; celui-ci sen a faeiliter la conception des
drains. Des cas speciiiques qui peuvent egalemem etre
analyses a I'aide de techniques existantes deja publiees ont
ete utilises pour verifier la validite du modCle.

L'articlc traite egalement des methodes d'exploration
in situ qui doivent etre utilise eb pour oblcnir des
parametres du sol appropries en vue de la cone." ,Ion. II
presente des cas OU un rna nque de donnees conccrnant les
parametres du sol a considerablement limite la con
ception de systemes de drainage vertical.

NOTATION

ch horizontal coefficient of
consolidation

C'v venic:tl coefficient of
consolidation

D d rain spacing
DE diameter of equivalent cylinder

of drained soil

• Soil lech.Jnics Ltd.
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The assessment of the average degree of cOllsolida-
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THEORETICAL CONSIDERATIONS
The problem ofdesigning a vertical drain scheme

is to determine the drain spacing.which will give the
required degree of consolidation in a specified time
for any given drain type and size in the ground
conditions that prevail. [n practice, drainage will
take place in both the vertical and horizontal planes
and therefore any design method should take this
into account if it is to model the real situation
properly.

The evaluation of the vertical consolidation due
to vertical drainage only is based on the one
dimensional consolidation theory set out by
Terzaghi (1943a): the ;1 verage degree of consolida
tion in a homogeneous layer is expressed in the
form

use of drains. The advantages can be threefold.
(a) The increased rate ofgain in shear strength of

the clay enables the load to be applied more
rapidly than would otherwise have been
possible. often allowing a better utilization of
construction plant. Furthermore. in the case
of embankments, steeper side slopes and the
avoidance of the use of berms may also be
possible when vertical drains are employed.
Thus the total volume of fill required may be
red uced and the rate of construction in~
creased. The consequent savings in cost may
be appreciably more than the outlay on the
vertical drain installation.

(b) The increased rate of consolidation of the
clay results in a reduction of the time required
for primary settlement to take place. Conse
quently structures can be built or embank
ments can be put into commission far earlier
than would otherwise have been possible, or
the subsequent maintenance costs can be
greatly reduced. Again there can be a con
siderable cost saving.

(c) Many soft clay strata contain thin bands. or
partings. of silt or sand. Instability of em
bankments or tankage built on such strata is
sometimes due primarily to the horizontal
spread of excess pore pressure along these
bands or partings (Terzaghi, 1943b). Vertical
drains relieve these excess pore pressures and
thus avoid the occurrence of instability.

While the potential advantages of using vertical
drains are considerable, these can only be realized if
the drains perform as designed.

INTRODUCTION
Vertical drains have been employed for almost half
a century to promote more rapid consolidation of
relatively thick deposits of soft fine grained soils.
The first installation appears to have been in
California in 1934 (Porter, 1936) using 20 in. dia.
sand drains at to ft centres. Until the earlv 1970s the
majority of the ve'rtical drains also ~sed large
diameter sand drains. In the United States of
America these were installed mainly by means of
closed-ended mandrels which caused a consider
able thickness of smear around the drain. The
smear problem was overcome in the Netherlands
during the 1950s with the development of jetted
sand drains. This method had its own problems,
notably the additional cost of large jetting pumps
and the difficulties of disposing of large quantities
of water: it is not nowadays frequently u ed. The
principal alternative to large-diameter sand drains
was the much smaller band-shaped cardboard
wicks first employed by Kjellman (1948). These
early band drains proved to be susceptible to
rotting. particularly in acidic ground waters, and
the use of band drains was not common until the
last decade. In the 1970s the rising costs of
providing large quantities of suitable sand for sand
drains and the great technical advances in the
manufacture of man-made fabrics led to the
development and use of increasing numbers of
band drains produced from polyethylenes, PVC,
polypropylenes and polyesters etc. Currently there
are a large number of these manufactured drains
available and a cursory examination suggests that
there is much similarity between the majority of
them. Generally they consist of a central core,
whose function is primarily to act as a free-draining
water channel, surrounded by a thin filter jacket,
which prevents the soil surrounding the drain from
entering the central core but allows free entry to the
core of the excess pore water.

In order to assess the viability of installing
vertical drains in general, and band drains in
particular, it is necessary to consider the potential
gains frol11 the use of drains, the mode of operation
of the d rain and how these can be affected by the
ground conditions, the design of the drain and the
method of installation.

POTENTIAL ADVANTAGES OF VERTICAL
DRAINS

In general terms the installation of vertical drains
into a relatively thick stratum of clay before the
application of a load should increase the rate of
consolidation of the clay under the load by shorten
ing the drainage path. In addition, in non-uniform
soils the horizontal permeability may be consider
ably greater than the vertical permeability; this
anisotropy conkrs an additional advantage on the

34



7T.D//4 = D2

DE == 1'13D

For a triangular grid this becomes

DE2 = 2')3D 2

7T.

DE ~ 1·05D

The combination of the two solutions, given by
equations (1) and (2) respectively, to give the total
average degree of consolidation was presented by
Carillo (1942) in the form

I-Un =(I-U,)(I-U) (3)

While a combination of equations (1)-(3) enables
the total average consolidation to be calculated,
Kjellman (1948) proposed that the spacing of
vertical drains be fixed by considering only radial
drainage (equation (2); the Authors' impression is
that this method is still used at present in Western
Europe, but not in the United Kingdom. The
calculations tend to be conservative- although,
unless very short drains are employed. the error in
ignoring the natural vertical consolidation prob
ably rarely exceeds 10%.

The complete problem has been presented by
Barron (1948) who gave the results in the form of
curves for purely radial Aow and purely vertical
Aow against the time factors T, and T" respectively
(Fig. 2). The use of the curves is straightforward and
allows an estimate to be made of drain spacing
necessary to achieve a given percentage average
consolidation in a specified time for any particular
drain diameter and given soil conditions. HoweY'er,
when considered in detail. it is apparent that there
are a number of assumptions implicit in the basic
Barron analysis which are not valid in practice.

•

•
(b)

o

•

Fig. L Equivalent diameters for drains installed in (a)
square and (b) Iriangular grid pallerns

where

tion due to horizontal drainage to the drain is more
difficult. From a practical, viewpoint the drains
must be inslalled in some rectangular or triangular
grid patlern and therefore the problem is not
axisymmetric. No analytical solutions exist for
these real situations and it is usual to approximate
the problem to that of a cylindrical drain placed at
the centre of a cylinder of consolidating soil. An
analytical solution for this truly axisymmetric case
was given by Rendulic (1935) in the form:

U,= l-exp[-8L'hc/DF1a] (2)

X=[~ln(/I)J ~/I -1 1.'4w j
/I = DdDw

The diameter of the equivalent cylinder cf soil
surrounding each drain DE is calculated on the
basis of eq ui vakn [ cross-sectional areas (Fig. 1). i.e.
for drains on a square grid pattern with a drain
spacing of D .
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---

r Equivalent cylinder zero
drainage boundary

G

F

AI-'B-+--------------~H (drain
centre)

I
Actual zero drainage boundary

Fig. 3. Plan view of a quadrant of the equivalent cylinder
for one drain from a square grid pattern

With regard to the horizontal drainage, the
actual shape of the volume of soil drained by each
drain is replaced by an equivalent cylinder ofsoi!. It
follows that (Fig. 3) the average consolidation for
the cross-sectional areas enclosed by points BCH
and EG H will be underestimated by considering
areas ACH and EFH.

Conversely the average consolidation for the
area CDEH will be overestimated by considering
the area CEH. Since the rate of consolidation is
proportional to the square of the drainage path
length, the overall effect is that the average
consolidation calculated by means of an equivalent
cylinder overestimates the true consolidation. The
error is likely to be small, probably less than 5%,
but it is on the unsafe side. For a triangular grid, the
error is smaller as this grid pattern is considerably
nearer to the equivalent cylinder mode!.

A further possible source of error in the analysis
associated with shape is related to the drain itself.
Where sand drains, or their modern derivatives
such as sand wicks or plastic tube drains, are
employed, the cross-sectional shape of the drain is
the same as that used in the analytical model and
there should be no shape error. This is not the case
for band drains where the flow pattern around the
drain is considerably different from the cylindrical
case, as indicated in Fig. ~. The problem is usually
dealt with by modelling the drain as an equivalent
cylindrical drain. Kjellman (1948) suggested that
the equivalent diameter could be estimated from a
consideration of the drain surface area. Thus for a
typical band drain 100 mm wide by 4 mm thick the

Band-shaped drain
.Circular drain

Fig. 4. Comparison of consolidation effects (remaining
excess pore pressure t.u in %of initial excess pore pressure
t.uo) caused by 100 mm x 4 mm band-shaped drain and a
circular drain with equivalent circumference (d = 66 mm~
DE = 1 m (after Hansbo, 1979)

equivalent diameter d would be given by

d = 2(100 +4)/rr
i.e. approximately 66 mm.

Such an estimate takes no account of the throttle
which must occur close to the drain corner where
the flow lines converge rapidly. More recently (Van
den Elzen & Atkinson, 1980) the Delft Laboratory
of Soil Mechanics in the Netherlands has proposed
that a factor of rr/4 should be applied to this
estimate thereby reducing the equivalent diameter
to about 52 mm. A back-calculated equivalent
diameter from field installations· of 100 mm band
drains (Humpheson & Davies, 1981) was about
50 mm. Even with the large variation in the estima
tion of the drain equivalent diameter, it may easily
be shown that for typical band drain installations
this would generally only change the estimated
degree of consolidation by less than 2%.

Barron (1948) also considered the two extreme
cases of free strain and equal vertical strain. He
showed that at the degrees of consolidation norm
ally of interest. i.e. greater than 50%, the difference
between the analyses was negligible.

Whilst the probable errors directly associated
with the analytical technique may appear small
(probably less than 5~~), this is the error expressed
in terms of the degree of consolidation. Since the
consolidation curve becomes asymptotic to the
time axis at full consolidation. a 5% error in
estimating the degree of consolidation is equivalent
to a somewhat larger error of about 17~~ in the
estimate of the time required to achieve, say, 90°,~
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100

of the drain.
The modern band drains are generally 100 mm in

width, about 4 mm thick and are installed using a
lance about 140 mm wide by 30--40 mm thick.
Using the same approach as Casagrande & Poulos,
a smeared zone about 10 mm thick would be
expected along the wall of the hole made by the
lance. After a period of time when the hole had
closed the smear zone would lie against the filter
layer of the drain. Research by McGown &
Sweetland (1973) and Marks (1975) showed that a
fabric filter initially allows the finer soil particles to
pass through the filter, i.e. piping occurs. However,
as these smaller particles pass through the fabric, a
bridging network of the larger soil particles builds
up adjacent to the drain, thus forming a natural
graded filter within the soil. the thickness of which
was found to be several millimetres. The effect of the .
piping is to remove the clay particles from the
smeared zone immediately adjacent to the drain. [n
the case of the band drains installed by the typical
size of lance used at present. the thickness of the
smear zone is similar to the thickness of the natural
soil filter created by piping. Consequently it
appears probable that the majority of the smear
caused by the installation process is removed by
formation of the naturally formed graded soil filter.
Obviously this can only be true if the drain fabric
has the correct pore sizes to produce the natural
graded soil filter. Too large a pore size will permit
continuous piping of the soil leading eventually to a
significant loss of ground. and clogging of the drain
if the upward velocity of the water is less than the
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VERTICAL DRAINS

consolidation which is often a stated requirement
for particular installations. Although seemingly
larger, when expressed in terms of an error in time it
is shown subsequently that this may well be
considered as insignificant when compared with the
errors arising from the efTects of smear, well resis
tance and incorrect assessment of the soil drainage
parameters. It is concluded that provided smear,
well resistance and the soil drainage parameters are
correctly assessed and the drain geometry matches
that assumed by the theories, both the Barron and
Kjellman methods of assessing appropriate vertical
drain spacings will give reasonable results.

SMEAR
The efTects of various thicknesses of smear zones

were considered by Barron (1948) who derived
analytical expressions to take this factor into
account and the solutions appear in graphical form
in a report by Moran et al. (1958). Barron assumed
for the analysis that the ratio of permeabilities in
the undisturbed and smeared zones was 10 and
showed that if the thickness of the smeared zone
was 1/6 of the drain radius, the time to achieve a
particular degree of consolidation would be
increased by about 20%. If the thickness of the
smeared zone was increased to twice the drain
radius, then the efTect would be approximately to
double the consolidation time. The problem was
also considered by Casagrande & Poulos (1969)
who concluded that the permeability of the
smeared zone could be considerably less than 1/10
of that of the undisturbed soil, and possibly as little
as 1/1000. They noted that the area of the severely
disturbed or remoulded ground around a driven
closed-ended casing would be approximately equal
to the cross-sectional area of the casing.

In the case of an 18 in. (457 mm) dia. driven
casing, a typical size for many sand drain instal
lations, the thickness of the remoulded zone would
be about 90 mm. The efTect of such a thick smeared
zone of greatly reduced permeability would be to
negate any potential beneficial efTects of such a
drain. Casagrande & Poulos (1969) therefore con
cluded that drains installed by displacement
methods were generally uneconomic and cited a
number of installations where such drains had not
only failed to produce any beneficial efTects, but
probably caused additional problems due to the
disturbance during installation. Despite this, the
majority of the vertical drains installed in recent
years, which have been band drains, have been
installed by displacement methods and on many of
the sites the d rains a ppear to ha ve been successful in
accelerating the natural rate of consolidation. [t is
important to examine the reasons for this apparent
anomaly and to this end it is necessary to consider
the area of the soil/drain interface after installation
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cases, makes it imperative to consider the eITect of
the drain internal resistance.

In order to study the eITect of the drain resistance
in particular, and to aid in design of band drain
installation5 Il1 general, the Authors have
developed a three-dimensional finite difference
computer program to model the flow of water in a
single drain and the surrounding soil. The program
is ba5ed on the solution of the partial differential
consolidation of the following form

02II (12 II e2II k. ell
kx -;;--y+ ky -;;--y+ k: --;-T = ~T

ox oy cz- Cv uC

In the program a large number ofdiscrete points or
nodes are examined such that the excess pore water
pressure at any particular node (node I in Fig. 6) at
some time I + til is determined from the excess pore
water pressures at the node considered and the six
adjacent nodes (nodes 2-7 in Fig. 6) at the time, I.

The process is continued for all the nodes in the
matrix until a three-dimensional picture of the
excess pore water pressures is built up. The pro
gram calculates the average excess pore water
pressure at any given time and compares this with
the initial conditions to obtain the degree of
consolidation. The solution is output in the form of
time, degree of consolidation and the rate of
discharge from the drain. To obtain flexibility the
program has been designed so that the drain size,
shape and spacing are defined in input parameters.
In addition, more than one soil layer may be
considered, each with diITering horizontal and
vertical drainage parameters and, if considered
necessary, these drainage parameters can be varied
as the consolidation proceeds. The principal
method used to check the correct operation of the
program has been to reproduce the theoretical
results obtained previously by Barron (1948) for a
range of drain sizes and spacings and soil condi
tions. The results are comparable with those ob
tained theoretically, bearing in mind the errors
which are implicit in the theoretical studies.

Because the nodes are located both in the drain
. cll1d in the surrounding soil, any restriction to water

!low within the drain is automatically taken into
account. In order to assess the eITect of internal
drain resistance it is only necessary to adjust the
drain permeability value and rerun the program.
An example of the results illustrating the significant
throttling eITect which can occur is given in Fig. 7
whae it may be seen that for 30 m long drains
placed at, for example, 1·5m centres, the time to
achicve 70~~ consolidation using a relatively high
internal resistance drain, such as the original
Col bond KF650, is about ten times as long as that
for the recently developed Col bond CX 1000 which
has an opc:n channc:1 form of central core. Even with
an extremely low internal resistance drain such as
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DRAI RESISTA CE

The eITect of the internal resistance of a vertical
drain to the flow of the collected water has been
considered by a number of other authors, notably
Barron (1948), Richart (1957) and Bhide (1979). In
general, consideration has been given to the case
where the drain spacing is comparable to the half
depth of the soil layer. For this case the eITect of the
well resistance is not excessive, increasing the time
required to obtain a particular degree of consolida
tion by about 25% by comparison with the ideal
case of an infinitely permeable drain. However, in
the majority of the cases examined by Casagrande
& Poulos (1969), the half-depth of the drained
stratum was considerably in excess of the drain
spacing and the internal resistance of the drains
may well have made a significant contribution to
the lack of acceleration of the consolidation pro
cess. The recent trend towards using band d rains, of
considaably smalla cross-section than sand
drains, and with drain lengths of up to 50 m in some

5

Fig. 6. Three-dimensional arrangement of nodes in rela
tion to a drain used in the finite difference computer model

settling velocity of the hea vier particles. Too small a
. pore size will prod uce a finer soil filter than desired.
This will not only reduce the thickness of the soil
filter and therefore restrict the amount of smear
removed, but will also produce a soil filter of low
permeability, significantly aITecting the efficiency of
the drain installation. Field and laboratory experi
ence by fabric manufacturers has shown that the
optimum filter for drains used in clayey soils has an
average pore size of about 10-20 ~m. An example of
the appropriate pore size distribution for the drain
filter material is given as Fig. 5.

,
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DRAINAGE BLANKET

In any vertical drain installation it is normal to
provide a granular drainage blanket over the
complete area where the drains are to be installed.
While this provides a suitable working platform for
heavy plant, which may otherwise be unable to gain
access to the area, its primary function is to provide
a free-draining outlet for the water discharged from
the drains. In certain cases, where a large volume of
soil is being drained, considerable quantities of
water can be discharged into the drainage blanket,
particularly in the early stages of consolidation.
Under these conditions the drainage blanket itself
can be a throttle on the consolidation process,
although an implicit assumption in all the design
methods considered in this Paper is that the drains
discharge at about atmospheric pressure. A rudi
mentary assessment of the problem can be made
using the discharge rates output from the computer
program referred to in the previous section. When
the drain spacing has been finalized, the total
quantities of water being discharged into the drain
age blanket can be calculated at any degree of
consolidation. An assessment can then be made of
the adequacy or otherwise of the drainage blanket
and its design can be adjusted accordingly.

A minor modification to the program allows the
vertical water flow rates between nodes within the
drain to be output. This facility assists in assessing
whether the larger soil particles passing into the
drain during the initial piping are likely to settle out
within the drain and cause clogging.

intersection which allows interconnection between
the channels.

SOIL DRAINAGE PARAMETERS

Although it is important to consider such aspects
as drain resistance, smear etc., and their eITect on a
vertical drain design, the accuracy of any design
method must obviously be limited by the accuracy
with which the soil drainage parameters can be
assessed. It is self-evident that the correct methods
of site investigation carried out with strict super
vision will enable a more appropriate design to be
undertaken. In the Authors' experience there are
many cases where drain designs have been called
for with no appropriate site investigations. On one
site in the Far East the only data which were
available were an inadequate visual description of
the soils to b.: drained which gave no information
on the soil fabric, together with undrained shear
strength data. Furthermore. there were no perme
ability or consolidation test data. A less extreme
case concerns a site within the United Kingdom
where there were apparently quite good data.
incluuing laboratory consolidation tests and in situ
permeability measurements. However. when
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the Colbond CX 1000, there is still a measurable
increase in the consolidation time by comparison
with the ideal infinitely permeable drain.

In considering the resistance to water flow within
the drain. an important consideration is the
potential for clogging. If the drain functions cor
rectly in the very early stages of the consolidation,
the excess pore water will contain a small propor
tion of soil particles which may collect within the
drain and cause it to clog. Laboratory tests by the
Dutch company Enka (1980) have shown that
some drains are particularly susceptible to this. In
the main these are drains which have no open
channels in the central core. Although the majority
of the band drains available at present do have a
channel structure within the drain core, there are
differences between them which may be significant.
In most cases the channels are formed by a
continuous extrusion of a plastic sheet so that there
is no interconnection between the individual
channels. Consequen tly, if a blo<!kage docs occur in
an individual channel. only that part of the channel
which is on the discharge side of the blockage
remains useful. This potential problem has been
overcome in the Colbond CX 1000 drain by forming
a chann.:l-shaped core from a mesh of polyester
monofilaments fused together at the points of
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examined closely it was apparent that the in situ
tests gave a permeability three to four orders
greater than that obtained from laboratory oedo
meter tests. Part of the discrepancy was considered
to be attributable to the normally accepted differ
ences between field and laboratory measurements.
but there was evidence that the in situ permeability
tests had been carried out in such a way that
hydraulic cracking could not be ruled out and thus
the permeability data were considered question
able. It is imperative to review all data critically to
reveal such anomalies.

The number of soil parameters required for the
design depends upon the design method chosen.
That proposed by Kjellman (1948) is the simplest,
requiring only a knowledge of Ch, but no account is
taken of the drain resistance or the vertical drainage
in the soil. The analyses proposed by Barron (1948)
vary in their requirements. When the drain resis
tance is ignored, both horizontal and vertical
drainage in the soil are considered and Chand c, are
required. When the drain resistance is to be taken
into account the solution was developed assuming
no vertical flow in the soil and the required soil
parameters are Ch and kh• The computer solution
used by the Authors allows for the drain resistance
and both vertical and horizontal drainage in the
soil. This method of analysis requires any three of
the four parameters c" ch , k, and kh to be defined.

The horizontal and vertical coefficients of con
solidation can both be measured directly in the
laboratory by carefully controlled testing of
selected samples. The testing can be carried out
either in 76 mm dia. oedometers or in the larger
Rowe cell type of oedometer described by Rowe &
Barden (1966); in most cases a more representative
value will be obtained from the Rowe cell tests
owing to the larger volume of soil tested. However,
general experience has shown that laboratory
measurements can seriously underestimate the field
values of the coefficients ofconsolidation, but give a
reasonable estimate of the coefficient of volume
decrease 11I,. A better method of determining ch and
c, is the indirect approach of combining laboratory
111, valucs with field permeability measurements.
Implicit in the latter approach is a knowledge of the
ratio of the horizontal to vertical permeability.
Individual laboratory measurements of vertical or
horizontal permeability are not likely to give
rcprescntativc field valucs. but the ratio of the two
can be satisfactorily assesscd if the laboratory
rcsults are considered in conjunction with a visual
asscssment of high quality soil samples where
particular attention has been paid to a description
of the soil fabric. Since Ihe majority of Ihe soils will
be sofl. perhaps ranging up 10 firm. and may be
sensilive 10 dislurbance. they should be obtained by
Delfl cOl1linuous s:1:nplers or piston samplers.

Wilh regard to the field permeability determina
tions, there seems little doubt that eOnSlal1l head
tests are likely to yield the most representative
values. The tests must be carefully controlled to
avoid hydraulic cracking of the soil due to the use of
too high a pressure head. Furthermore, the tests
should not be carried out until the natural ground
water level has been established in the piezometers.
The melhod of interpretation will depend on the
ratio of horizontal to vertical permeability, the
determination of which has been referred to above.
A full discussion of in situ permeability testing is
not appropriate here (refer to Barden & Perry, 1965
and Wilkinson, 1968).

While the extent of any site investigation must be
related to the size and cost of the construction, an
in vestigation for a vertical drain installation should
include high quality Delft or piston sampling, field
permeability testing and laboratory consolidation
and permeability testing. It should not exclude
index property or strength measurements as these
are essential elements in assessing the overall
character of the soils to be drained. Consideration
should also be given to pore pressure soundings
described by Torstensson (1975) as an additional
means of assessing the soil structure and the in situ
values of the coefficients of consolidations,
although at the present time experience of their use
is limited in the United Kingdom. The site in
vestigation should be planned, controlled and
interpreted by experienced engineers or engineer
ing geologists who are familiar Wilh the require
ments of the design of vertical drain schemes.

ASSESSMENT OF THE DRAIN SPACING

In the section on theoretical considerations it
was noted that, provided smear, drain resistance
and the soil drainage parameters could be correctly
assessed and the system geometry malches that
assumed by the Barron and Kjellman methods,
then Ihese methods would provide a reasonable
assessment of the necessary drain spacing. In
practice the silUation is often far from Ihat ideal. A
case dealt with recenlly by Ihe Authors provides an
example of this and illustrates the use of the
computer program referred to earlier in the Paper.

The site in question is situated in the Far East
and generally consists of an upper and lower soft
clay horizon approximately 4 m and 8 m thick
respectively. overlying a stiff clay. The assessed soil
parameters for the two soft clay horizons were: for
the upper !:.lyer c, = 1·1 ml/year, k, = 5·8x 10- 10

mls and a ralio ch/c, = 1'0; and for Ihe lower layer
c, = 7·0 m2lyear, k, = 3·0 x 10- 9 mis, again with a
ratio ch/c, = 1·0. Based on these parameters and
the strata thicknesses only a very small part of the
10lal consolidalion would occur wilhin a specified
paiod of 2 months as a resull of nalural vertical
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drainage. Consequently vertical drains were pro
posed. The work described subsequently formed
part of a preliminary assessment aimed at deter
mining the necessary drain spacings for a number of
combinations of drain size, type and length that
would meet the Consulting Engineer's consolida
tion requirements. The overall requirement was
that approximately 60% dissipation of the excess
pore pressures due to the applied load should be
achieved in 2 months. In addition it was considered
that there could be a stability problem towards the
edge of the proposed fill area. An additional
constraint which was imposed was that the excess
pore pressure in the specified time period at the
base of the upper layer would also approach 60%;
this depth was most critical with regard to potential
slip circles.

The effect of the greater permeability of the lower
layer meant that a drain spacing capable of giving
an overaJl dissipation of 60% gave a considerably
smaJler dissipation at the base of the upper layer.
To increase the dissipation in the upper layer
relative to the lower layer, it was proposed to install
vertical drains to the base of the lower layer (12 m
long drains), with shorter drains (4 m long), inter
spersed between the deep drains. Consequently the
problem was complex with two distinctly different

. soil layers and two lengths of vertical drains.
A problem of this type could not be adequately

assessed by means of a Barron or Kjellman method
and the three-dimensional computer program was
employed. However, to model the combination of
drain lengths correctly requires at least four drains
to be considered simultaneously with complex
boundary conditions. The computing capacity
necessary for such a problem was not available and
an alternative approach was adopted. Two models
were set up; one for the short drain and one for the
long drain. The short drain model consisted ofa 4 m
long drain within a 4 m thick layer of soil using the
given soil drainage parameters. The model for the
long drains considered a single deep drain at twice
the short drain spacing, but with the given soil
parameters for the upper soil layer adjusted to
account for the effect of the adjacent shorter drain,.
The adjustment was carried out on the basis that
equal volumes of the upper soil horizon were
drained by short and long drains and the water
flows to the drains were equal. The two model
could then be considered consistent with each other
provided both gave essentially the same degree of
consolidation at the given time.

The computer models were run for a variety of
types and sizes of drain at different drain spacings.
An extract from the rc ults is presented as Table I.
Quite obviously one combination of long and short
drains considered is inconsistent in that the models
suggest that a con· Iderably greater degree of con-
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solidation is achieved in the upper soil layer by the
short drains. In practice this would not occur and
means that in fact the short drains would drain a
greater, and the deep drains a lesser, volume of
ground than has been modelled. The other two
combinations of different length drains are more
consistent and suggest that either of these would
produce the required performance from the vertical
drain system. The effect of internal drain resistance
is also exhibited, the predicted consolidation for
Colbond CX 1000 deep drains at 2·0 m spacing
being considerably greater than that obtained with
a Col bond KF650 drain at the same spacing,

While the computer modeJling is less than ideal,
for complex problems it provides a suitable alter
native method ofassessing drain spacings to the use
of Barron and KjeJlman methods with associated
additional simplifying assumptions.

CONCLUSIONS

Vertical drains can be successful in accelerating
the rate of consolidation of soft fine grained soils.
This can lead to reductions in construction and
maintenance costs which are considerably greater
than the costs of investigating, designing and
instaJling a vertical drain scheme. The large number
ofcases where vertical drain schemes have not been
successful shows that a fuJI understanding of how
the drains operate is essential to obtain an
economic design.

A consideration of the theories available to
determine 'the required drain spacing shows that
the errors which are implicit in the theories by
virtue of invalid assumptions are smaJl by compari
son with errors arising from other sources.

The effects of smear and drain internal resistance
have been considered. The effects of smear caused
by instaJling the drains ·using displacement
methods can be largely overcome by the correct
choice of the drain filter fabric and the size of the
installation lance. Internal resistance of the drain
can have a large effect on the consolidation process,
in certain circumstances increasing the time to
achieve a particular degree of consolidation by
about olle order compared with that theoretically
obtainable with an infinitely permeable drain.

The three-dimensional computer program
developed by the Authors to aid in the drain design
modcls the true shape of the drain and the drained
volume of soil. I t is also capable of considering
more than one soil layer and simultaneously con
sidering horizontal and vertical drainage within the
soil and the internal resistance of the drain. The
output from the program also includes water
discharge rates from the drain enabling an assess
ment to be made of the adequacy of the design of the
drainage blanket.

Consideration has been given to the site in- I ;
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Table I. Extract from results of computer models; specified soil parameters: at ()-4 m depth, c, = 1·10 m 2/year,· Ill, = 1·70 rn 2/MN, k, = 5·80 x 10 - 10 m/s,ch/c, = 1·00; at
4 1211I depth, l',. = 7·00111 2/year, III, = 1·40rn 2/MN, k, = 3·03x 1O- 9 m/s, chic, = 1·00

• Modd inconsistency suggesting computed consolidation for deep drains considerably underestimated.

Colbond
Colhond Time for 60% Consolidation short

dccp drains Drain Overall overall at 2 months drain Drain Drain
(assumcd Drain spacing: consolidation consolidation: and depth of (assumed width: spacing: Consolidation

length = 12 m) width: mm m at 2 months: % days 4m: % length = 4m) mm m at 4 m depth: ~;.;

Kf650 300 2·00 33 146 29
KF650 300 1·70 44 97 44 KF650 300 085 77"
KF650 300 1·50 53 74 54

CXIOOO 300 2·05 56 69 50
ex 1000 300 2·00 58 65 52
CX 1000 300 1·95 61 60 55 KF650 300 0·975 63

CX 1000 150 2-40 32 154 26
CXIOOO 150 2·20 38 123 31
CX!OOO 150 2·00 46 92 40
CXIOOO 150 180 55 71 48
CXIOOO 150 1·70 60 61 54 KF650 150 0·85 58
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vestigations which should be carried out to enable
an appropriate drain design to be achieved. A
combination of laboratory and field testing tech
niques are recommended.
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Consolidation by vertical drains
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I p plasticity index
k e permeability of undisturbed soil
k' permeability of soil in zone of smeare

kw axial permeability of drain
I half length of drain
n Did
qw discharge capacity of the drain well
r u pore pressure coefficient
s dsld

ft thickness of band-shape drain
1;, time factor in radial consolidation

1u excess porewater pressure
Uh average degree of consolidation
W natural moisture content
wL liquid limit
wp plastic limit
z depth of soil
y bulk density
6u change in porewater pressure

ale principle consolidation stress,
vertical preconsolidation pressureaye,
original effective stressa yO

e
.~
,:'~
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A theory is described which can be used in designing a
vertical drainage system. This theory incorporates impor
tant parameters such as vertical discharge capacity,
remoulding effects during installation and filter resistance.
The importance of these parameters is widely recognized,
but very seldom taken into account in the design, by
engineers. Six weIl-documented case records, related to
different drain types are briefly presented. Experience
gained from these case records shows that in many cases,
even if the overaIl performance appears successful, there
are aspects of soil/drain behaviour that cannot be
explained on the basis of existing theories.

L'article decrit une theorie que I'on peut appliquer a la
conception d'un systeme de drainage vertical. Cette
theorie renferme d'importants parametres teis que la
capacite de decharge verticale, les effets du remaniement
pendant l'instaIlation et la resistance de filtration.
L'importance de ces parametres est reconnue par bien des
ingenieurs, mais ils en tiennent rarement compte au stade
de la conception. L'article donne une description
sommaire de six cas bien documentes dans lesquels divers
types de drains sont utilises. L'experience acquise grace a
cette etude de cas montre que, tres souvent, meme si
I'efficacite globale semble satisfaisante, il existe certains
aspects du comportement sOl/drains que I'on ne peut
expliquer sur la base des theories existantes.

NOTATION

A w cross-sectional area of the drain well
a' effective cohesion
b width of band-shape drain
Ce compression index
Ch coefficient of consolidation tn the hori·

zontal direction
Cu unconfined compressive strength

C y coefficient of consolidation in the vertical
direction

D diameter of soil cylinder
d diameter of drain
d. equivalent diameter
ds diameter of zone of smear
eo original void ratio
£u50 undrained modules of deformation at 50o/~

failure stress

• (,halmers Tckniska Hogskola. Goteborg
t Politecnico di Torino
t Open bare Wcrken Amsterdam.
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THEORETICAL CONSIDERATIONS

The design of a vertical sand drain system is
generally based on the cla,ssical theoretical solution
developed by Barron (1948) in which the drains are
assumed to be functioning as ideal wells, i.e. their
permeability is considered infinitely high as com
pared with that of the soil in which the drains are
placed. This assumption is justified when the drain
sand fulfils the requirements of an ideal filter
material. However, in practice it is doubtful
whether such an ideal condition can be achieved. If
the permeability of the sand is in the order of
magnitude of 500-1000 mlyear, the effect of well
resistance cannot be ignored.

In the case of prefabricated drains the effect of
well resistance must be taken into account, par
ticularly when the drains are long. A simple
theoretical solution to this problem is needed.
Solutions which take into account the effect of well
resistance ha ve existed for some time (Barron, 1948:
Yoshikuni & I akanodo, 1974) but although these
solutions are based on the simplified assumption of
equal strain they are still very complicated 10 use in
practice. For example, Barron's solution in respect
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Distance from centre of dewatered cylinder with
radius R = 0·5 m

Fig. 2 Comparison of consolidation effects. caused by.a
100 mm x 4 mm band-shaped drain and a Circular dram
with equivalent circumference; d = 66 mm, D = 1m, time
factor Th = ch tiD!

s = dsld .
qw = kwA,;kw nd214 is the discharge capacity of

the drain well.

The derivation of this formula is presented by
Hansbo, 1981). Equation (I) is deduced for a drain
well with circular cross-section. A band-shaped
drain has to be converted into a circular cylindrical
drain producing the same consolidation effect as
the band-shaped drain. The eqUIvalent diameter d.
of this drain (ef Fig. 2) is

2(b+t)
d =--
• n

where b is the width of and t is th'e thickness of the
band-shaped drain (Hansbo, 1979). .

This discharge capacity of the prefabrIcated
band-shaped d~ains will be a function of the
effective lateral earth pressure against the drain
sleeve. In the majority of the cases the filter will be
,'artly squeezed into the channcl system of the core
by the pressure of the surrounding SOil and thiS will
reduce the channel volume and consequently the
discharge capacity. The discharge capacity may
also decrease with time. For example, fines In the
pore water may not be retained by the ti Iter and
may cause a gradual dccrease of discharge capacity
or even clogging. The filter permeability should not
be higher than required with respect to the dls
charg~ capacity. The filter permeability of the
existing prefabricatcd drains (which according to
the results of laboratory tests have short-tcrm
discharge capacities of maximum 10-25 m 3,ycarj
need no't be higher than 0·01-O·05m/year(Hansbo.
1981).

Fig. I. Schematic picture of soil cylinder dewatered by
vertical drain

where

Th = Ch IID 2 is the time factor in radial
consolidation

II, = In (/lIs) +(kjk c') In (05) - 3/4
+ n::(2/-::) kclqw

/l = Did

Uh = I-exp( -87;,/11,) (1)

of well resistance is given in implicit form and the
diagrams presented are not correct (Fig. 10 of
Barron, 1948). Yoshikuni & Nakanodo's solution
includes Bessel funGtions of the zeroth and first
order and thus requires the use of mathematical
tables or advanced computers. However, a simple
solution to the problem of smear and well resis
tance was presented by Hansbo (1979), giving
results almost identical with those presented by
Barron and Yoshikuni & Nakanodo.

Thus for a water-saturated soil the average
degree of consolidation (Uh ) at a depth z due to the
effect of radial drainage only (Fig. I) can be
ex pressed as
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Table I. A,.erage consolidation eo) at 15 m depth without and with regard to smear and well resistance; drain
spacing = 1·5 m (D = 1·58 m); discharge capacity of prefabricated drain = 20 m3jyear and of sand
drain = 13 m3/year

Sand drains Prefabricated drains

Time of Smear Smear Sme""
I

o smcar o smear
consolidaIion: ideal ideal well ideal

years wells wells resistance wells

05 42 25 17 27
I 67 44 31 47
2 89 68 52 72 5
.j 99 90 77 92 81 .r'fi
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Prefab band-shaped drain' Sand drain, d = 0·18 m

-- qw = 20 m3/year -- kw = 5000 m/year
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_.- qw = 5 m3/year

Fig. 3 Influence of well resistance on average consolida
tion at different depths in clay with c. = 0'15m2jyear,
ch = 0·5 m2/year and k, = 0·03 m/year; drain spacing
0·9 m (D = 0·95 m); discharge capadty qw = kw Aw

Drains with low filter permeability ought to be
cut as close as possible to the groundwater level in
pervious soil or in the drainage blanket. Otherwise
the water level inside the filter, in the drain core,
may cause excess back-pressure in the wells, there
by reducing their efficiency.

For a certain fixed value of s, the influence of
smear will increase with increasing diameter of the
drain. However, the s value may be greatly in
fluenced by the installation method. Equation (I)
offers the possibility of easily making a systematic
study of the influence of smear and well resistance.

Take as an example two typical cases with 30 m
long fully penetrating drains (draining at top and
bottom). In one case prefabricated and band-

shaped drains are used; these have an equivalent
diameter of 0·062 m and discharge capacities of 5,
10 and 20 mJ/year. In the other case displacement
type sand drains are used; these are 0·18 m in
diameter, with discharge capacities of 13 mJ/year
(permeability of drain sand = 500 m/year
= 1·6x 1O-4 m/s) and 130mJ/year. In both cases
the zone of smear is assumed to have a diameter
d, = 2d and a permeability k,' = 1/3k,. The clay in
which the drains are placed has a permeability
k, = 0·03 m/year in the horizontal direction. The
coefficients of consolidation are Ch = 0·5 m 2/year
and c. = 0·15 m2/year. The result of the analysis in
respect of two different spacings is given in Table I
and Fig. 3.

Whether the drains are open or closed at the
boltom has an important influence on well resis
tance. Well resistance of penetrating drains 30 min
length would have the same negative effect as that
of drains IS m in length which are not penetrating.
Moreover, the tip of the band-shaped drains is
generally folded round an anchor rod during
installation. Therefore even penetrating drains may
have the bottom outlet in clay and thus be more or
less closed unless they are driven to a certain depth
in pervious soil.

A more detailed theoretical parametric study has
been made by Hansbo (1981). However, the best
and safest basis for a comparative study is to use
data from a large number of full-scale tests in which
the effect of different drain types can be directly
compared. As yet the Authors have not enough data
to provide a statistical basis for such a comparison.

COMPARATIVE CASE RECORDS

Despite the previously outlined theoretical
developments vertical drain design is still subject to
many uncertainties; these will be overcome when
more experience is gained in respect of field perfor
mance related to various soils all over the world.
The results of six geotechnically well-documented
case records are presented here, with the aim of
evaluating how factors such as soil parameters,
drain types, spacing and installation procedures
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Table I. A"erage consolidation (%) at 15 m depth without and with regard to smear and well resistance; drain
sp3cing = 1·5 m (D = 1·58 m); discharge capacity of prefabricated drain = 20 m J /year and of sand
drain = 13 m J /year
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Sand drains Prefabricated drains

Time of to smear Smear Smear o smear Smear Smear
consolidation: ideal ideal well ideal ideal well

years wells wells resistance wells wells resistance

05 42 25 17 27 19 15
I 67 44 31 47 34 28
2 89 68 52 72 56 48
4 99 90 77 92 81 73
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shaped drains are used; these have an equivalent
diameter of 0·062 m and discharge capacities of 5,
10 and 20 m 3 jyear. In the other case displacement
type sand drains are used; these are 0'18 m in
diameter, with discharge capacities of 13 m 3/year
(permeability of drain sand = 500 m/year
= 1·6x 1O- 4 m/s) and 130m3/year. In both cases
the zone of smear is assumed to have a diameter
d, = 2d and a permeability kc' = 1/:'kc' The clay in
which the drains are placed has a permeability
kc = 0·03 m/year in the horizontal direction. The
coefficients of consolidation are ch = 0·5 m 2/year
and c, = 0'15 m2 /year. The result of the analysis in
respect of two different spacings is given in Table 1
and Fig. 3.

Whether the drains are open or closed at the
bottom has an important influence on well resis
tance. Well resistance of penetrating drains 30 min
length would ha ve the same negative effect as that
of drains 15 m in length which are not penetrating.
Moreover, the tip of the band-shaped drains is
generally folded round an anchor rod during
installation. Therefore even penetrating drains may
have the bottom outlet in clay and thus be more or
less closed unless they are driven to a certain depth
in pervious soil.

A more detailed theoretical parametric study has
been made by Hansbo (1981). However, the best
and safest basis for a comparative study is to use
data from a large number offull-scale tests in which
the effect of different drain types can be directly
compared. As yet the Authors have not enough data
to provide a statistical basis for such a comparison.

COMPARATIVE CASE RECORDS

Despite the previously outlined theoretical
developments vertical drain design is still subject to
many uncertainties; these will be overcome when
more experience is gained in respect of field perfor
mance related to various soils all over the world.
The results of six geotechnically well-documented
case records are presented here, with the aim of
evaluating how factors such as soil parameters,
drain types, spacing and installation procedures

Average degree of consolidation: %

Drains with low filter permeability ought to be
cut as close as possible to the groundwater level in
pervious soil or in the drainage blanket. Otherwise
the water level inside the filter, in the drain core,
may cause excess back-pressure in the wells, there
by red ucing thei r efficiency.

For a certain fixed value of s, the influence of
smear will increase with increasing diameter of the
drain. However, the s value may be greatly in
fluenced by the installation method. Equation (1)
offers the possibility of easily making a systematic
study of the influence of smear and well resistance.

Take as an example two typical cases with 30m
long fully penetrating drains (draining at top and
bottom). In one case prefabricated and band-

Fig. 3 Influence of well resistance on average consolida
tion at different depths in clay with c, = 0·15 m 2jyear,
ch = 0·5 m 2jyear and k, = 0·03 mjyear; drain spacing
0'9m (D = 0'95m); discharge capacity qw = kwA w
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Tablc 2. Geologieal prolile and gcotcchnical charactcristics of soil in tcst areas I and V at Ska-Edeby; ground water level at 0·5 to I 01 depth; hydrostatic condition; studied
layer = 2·5 to 7·501

Soil profile y: t/m 3 W:% w L: % wp: % CF teu/avo OCR

Depth: Area V Area 1
111 Geodrains Sand drains Y 1 V I Y I Y I I V I Y I

Dry crust Dry crust
I

C;; Green-grey 1·45 95 ]00 106 132 47 - 2·2
'w slightly Grey-green 28

OJon organic '.-

'"2 V> 'w 1·55 1·28 77 128 61 150 20 62 0·50 0·93 2·0 1·5
0 Grey coloured

OJ
0.. OiJ

3 by iron
<S

1-48 1·46 90 89 78 84 25 - 63 0·35 0-44 1·1 1·2
sulphide 0..

Grey coloured
4 by iron 1·48 1·53 92 82 76 72 27 25 64 0·34 0·32 ] 1

sulphide
5 Brown grey 1·58 1·62 64 68 58 63 22 - 0·34 0·30 I 1

varved
6 Bands of 1·62 1-43 63 103 50 85 22 28 75 0·32 0·32 1·2 1

:;; iron sulphide 70'w
7 OJ 1·60 1·59 70 72 50 58 20 - 031 026 1·1 1·2

6 Grey varved
8 C;; Bands 1·66 1·62 65 68 48 65 16 23 0·30 0·22 1·1 1'w

OJ of iron 656 1·66 ],60 60 79 79 67 21 - 030 0·23
9 sulphide

10 ]·61 1·68 66 67 - 53 - 22 60 033 0·21

t Cu according to field vane test.
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Area I

Undrained shear strength, c
u

: kPa
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x field vane test
• Swedish fall-cone test
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constructed for the purpose of studying the
efficiency of the then recently developed Geodrain.
These drains were installed with the aid of a
sounding rod in an equilateral triangular pattern
with 0·9 m spacing. Since the same spacing was used
as in one of the old test areas, the consolidation
efTects ofequally spaced sand drains and Geodrains
could be compared with one another and with the
consolidation achieved in the undrained area.

The geotechnical data of the soil in the Ska
Edeby test field are well documented (Hansbo,
1960; Holtz & Broms, 1972). In this Paper geo
technical data of the soil only in the two test areas
provided with drains with 0·9 m spacing (Fig. 4) are
discussed (Fig. 5 and Table 2).

Although the distance between the two areas is
small there are marked differences in soil charac
teristics. In order to avoid the influence of varia
tions in thickness of the dry crust and variations in
depth, the layer 2,5-7,5 m deep was studied. For
this layer the estimated average virgin compression
ratio according to oedometer tests is about the
same in the two areas, being about O' 35 (compres
sion ratio (CR) = Ce/( 1+ eo)). The estimated a 'er
age coefficient of consolidation from oedometer
tests is c, = 0·015--0·020 m 2 Iyear.

The initial loading was the same for both tht:
studied test areas: 1·5 m of sand fill corresponding
to a load of27 kN/m 2 After about 3} years the load
on Area V with Geodrains was increased by
rearrangement of the original sand fill. In this way
an additional load of 21 k 1m2 on the area was
obtained as shown in Fig. 4. This action was taken
for the purpose of studying the long-term efficiency

E 4
.c
i'i
Q)

o 6

Fig. 5. Original undrained shear strength in test area I
and V at Ska-Edeby

o
o

VERTICAL ORAl S

Area IV
Diameter 35 m
Heighl of lilll'5 m
Undrained

Area V
Diameter 31 m
Height of li1l1·5 m
Geodrain
Spacing 0·9 m

Area I
Diameler 70 m
Height of fill l' 5 m
Sand drain
Spacing 0·9 m

Area V
after rearrangement
of load embankmento,

Fig. 4. Plan of test field at Ska-Edeby showing the
location of test area I, IV and V and depth of clay layer

influence the performance of a vertical drainage
system. Behaviour of drainage systems in the field
which is apparently in disagreement with existing
theory or commonly adopted design rules is also
reported.

Ska-Edeby case record
At Ska-Edeby, located about 25 km west of

Stockholm, a test field was constructed in 1957
consisting of four circular test areas, 35-70 m in
diameter. In three of these areas displacement-type
sand drains. 0·18 m in diameter, were installed in an
equilateral triangular pattern with 0·9 m, 1·5 m and
2·2 m spacing. The fourth area was undrained.

The main object with the test field was to study
the influence on the consolidation process of dis
placement-type sand drains with various spacing
on the one hand and of load intensity on the other.
The result of this study has been reported by
Hansbo (1960) and by Holtz & Broms (1972). In
1972 a n<:w circular test area. 31 m in diameter. was

c

----------~~---------------------------------------
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Fig. 6 Excess porewater pressure (at 5 m depth) and
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Fig. 7. Increase in undrained shear strength due to
consolidation; test areas I and V at Ska-Edeby

and before the additional loading. Comparing the
rate of settlement for the two areas the effect of
smear seems more pronounced for the sand drains
than for the Geodrains. A good correspondence
between theory and practice would be obtained
assuming the values Ch = 0·5 m2/year, s = 2 and
kc/kc' = 3 for the sand drains and s = 2 and
kc/kc' = 2 for the Geodrains. The increase in un
drained shear strength caused by consolidation in
the drained areas is presented in Fig. 7. In Area V
the increase is less pronounced at greater depth
indicating the influence of well resistance.

The r;sult of pore pressure measurements in
Area I shows how difficult it may be to judge, from
pore pressure readings, the degree of consolidation
achieved. In Area V there still remains an excess
pore pressure of about 15 k Pa in the centre of the
studied layer.

of the Geodrain. Samples of Geodrain were taken Orebro case record
in test pits to depths below the groundwater level I In connection with the construction of a new
before the additional load was applied. ,I motorway section between Orebro and Gothen-

The results of the settlement and pore pressure Ir burg a test field. 125 m by 45 m. was arranged just
observations are given in Fig. 6. The rate of outside Orebro for the purpose of comparing the
settlement in Area I with sand drains was greater efficiency of the two types of prefabricated drains
than in Area V with Geodrain. The efficiency of , manufactured in Sweden-Geodrain and Ali
Geodrain was no less with time although the filter j drain-with that of displacement-type sand drains.
paper, collected from the test pit after 3} years, was 0·18 m in diameter. The test field was divided into
partly degraded. The back-calculated coefficient of three sections of equal size with drain spacings
consolidation. gil'ing the best fit with the observed '·4 m. 1·1 m and 1·6 m in an equilateral triangular
rate of settlement. has the same value. both after pattern (Fig. 8).
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Fig. 9. Original undrained shear strength in the Orebro
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The geotechnical data of the soil are presented in
Fig. 9 and Table 3. As in the case of Ska-Edeby, the
soil characteristics vary between the three studied
sections. The consolidation characteristics accord
ing to oedometer tests are also subjected to varia
tions which make the interpretation difficult.

The average virgin compression modulus
increases with depth from an average of about
CR = OA just below the dry crust to an average of
about CR = 0·65 in the lower part of the clay layer.
In a few cases values of up to CR ~ I have been
measured, indicating some kind of structural col
lapse when the preconsolidation pressure is
exceeded.

The coefficient of consolidation in the vertical
direction Cv according to oedometer tests varies
from a minimum of 0·06 m 2/year to a maxi
mum of I m2/year. An estimated average is
Cv = 0·2 m 2/year. The results of the settlement
observations are presented in Fig. 10.

Excess pore pressure readings were also taken
but the variation in remaining excess pore pressur,-,,'
(ranging, after nearly 2 years of consolidation, from
15 to 25 k Pa in the middle of the clay layer) does not
allow a relia ble interpretation. The effectiveness of
Geodrain and Alidrain is very nearly the same. The
difference in effect between prefabricated drains
and sand drains with a much larger difmeter is also
negligible. Only in the case of~0'9 ~ spacing can
there be found, as expected, a clearly better con
solidation effect for the sand drains than for the
prefabricated drains. A good explanation of this
result is, as in the case of Ska-Edeby, that the effect
of smear is more pronounced in the case of the sand
drains than in the case of the prefabricated drains.
Taking into account the variation in compression
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Table 3, Geological profile and geotechnical characteristics of soil in the Orebro tcst field; groundwater level at about 1m depth; hydrostatic condition

~

Soil profile y: t/m 3 W:% w L: % 'Ii. tcufa,; OCR~

Depth:
m (I)" (2)" (1) (2) (I) (2) (I) (2) (I) (2) (I) (2)

I Grey, slightly Grey, slightly 1-41 1·32 116 92 104 91 0·64 0·89 2·8 2·1
E organic organic

2 - The same, with The same 1-42 1-40 115 105 101 81 0·59 0·38 1·0 1·2
00 shells

3
t:

Grey, coloured Grey,coloured 1-48 1·58 93 67 69 45 0·39 0·31 1·5 1·1'u
'" hy sulphide by sulphide~

5 .:: Grey, varved Grey, varved 1·64 [,63 69 64 53 44 0·27 0·30 1·3 1-4

'" th. seams silt
7 CS Brown, varved Brown, varved 1·64 1·71 60 48 43 32 0·22 0·24 1·2 1·2

coloured by sulphide coloured by sulphide

I Grey, slightly Grey, slightly 1·26 1-38 91 102 103 113 2·5 2·0 2·3 1·3
E organic organic "0

2 ". The same, with The same 1-44 1-43 106 107 94 83
.,

0-49 0-42 1·6t: -
00 shells '6....

3
t:

Grey, coloured Grey, coloured 1·52 1·53 91 82 65 63
.,

0-42 0-42 1·0 1·3'u <:>
'" by sulphide by sulphide "0

5
~

Grey, varved Grey, varved 1·50 1·52 97 93 66 65 '0 0·30 0·31 1·2 1·3t: Z'§ tho seams silt th. seams silt
7 Cl Brown, varved, Brown, varved 1·62 1·64 68 60 46 41 0·24 0·22 1·0 1·5

coloured by sulphide coloured by sulphide

1 Grey, slightly Grey, slightly 1-45 1·50 88 94 95 83 0·96 0·69 - 1·1
E organic organic

2 '" Grey, coloured Grey, coloured 1·53 1·55 82 90 59 66 0·41 0·39 1·4 -
00 by sulphide by sulphide

3
t:

The same The same 1·56 1·55 79 73 54 52 0·38 0·28 [·8'u -
'"~

Grey-brown, varved 1·53 1·67 69 58 46 39 0·24 0·25 1·2 1·05 .:: The same

'" coloured by sulphide 0·22
7 CS Grey-brown, varved Brown, varved 1·64 1·71 67 54 43 36 0·28 0·20 1·2 1·0

coloured by sulphide th. seams silt
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extreme eastern point of the Po river delta,
extensive controlled water loading and other pre
loading techniques for large steel tanks and many
secondary structures were used (Garassino et al.,
1979). A large number (~ I 700000 m) of vertical
drains of various types Getted drains, Geodrain,
Soildrain, Sandwick) 27-30 m in length were in
stalled with the aim of accelerating the consolida
tion of a thick stratum of soft young normally
consolidated (NC) silty clay (cf. Fig. II). The
geotechnical properties of the clay are presented in
Table 4 (see also Jamiolkowski, Lancellotta &
Tordella, 1980). One of the preloading embank
ments (340 m by 65 m) was used as a trial
embankment with the purpose of comparing the
efficiency of the different drain types installed. In
this Paper the observed behaviour of this embank
ment (Fig. 12) is reported. The trial embankment
was divided into four sections of nearly equal length
(about 85m) each one provided wi th different drain
types. The spacing of the drains was chosen so that
the process of consolidation according to the
conventional Terzaghi consolidation theory should
be the same. As a basis for the design the following
values were used: Cv = 9 m 21year, determined by
back-analysis of the behaviour of a preloading
embankment without vertical drains and represent
ing the upper limit of the laboratory values deter
mined on small-size, good quality, undisturbed
specimens; and Ch = 15 m21year, representing the
upper limit of the laboratory values obtained from
tests on small-size specimens.

Further in situ testing such as constant head
permeability, piezometer probe dissipation

(Jvo

VERTICAL DRAINS

Yellow to brown
medium dense
sand and silty
sand

Light brown
soft silty clay

Brown dense
silty sand + • a'yc from 1-0 consolidation tests

according to' Casagrande's procedure

Porto Tolle typical soil profile

Overburden and preconsolidation
stresses (uyO ,(JyO' and (JyC'); kN/m2

GLO.5 m + MSL 0 200 400

32

24

E
.:.J
t')

3
o 16
Qi
n
J::
Q.

'"o

8

Drained
beha vi our TC-CkoU Oedometer tests

<p': c'; Cy :

degree t/m 2 CR m2/year

29 0 0·20 3-9

Undrained
behaviour cu/u1c' Eu50 luJ,:.'

FYT TC-CkoU TE-CkoU DSS-CkoU TC-CkoU TE-CkoU DSS-CkoU

0'29* 031 0·19 0·26 89 82 87

Index y: w: wL: I p: CF:
properties t/m 3 % % % %

!·85±0·05 36-4 ±4·9 52·6±69 30·9± 66 3J9±4·2

Fig. II.

*Sensitivity as obtained from the FYT = 2-3.

Table 4. Porto Tolle, soil properties; FVT = field vane test; TC = triaxial compression;
TE = triaxial extension; DSS = direct simple shear; CkoU = consolidated ko undrained

Porto Tolle case record
During the construction of a large (2400 MW)

Thermal Power Plant located in Porto Tolle at the

characteristics and depth in the test field (and con
sequently variations in final settlement) a satis
factory correlation between theory and practice
will be obtained assuming that Ch = 0·8 m 2lyear,
s = 2 and kelkc' = 3 for the sand drains. and s = 2
and kelke' = 2 for the prefabricated drains.
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cal strain, pore pressure (Fig. 15) and horizontal
displacement (Fig. 16).

From Figs 14-16 and from the experience gained
at the site (see also Gara$sino et 01., 1979) the
performance of the four types of drain used here is
found to be substantially similar in practice. DitTer
ences in settlement under ditTerent areas cannot be
attributed to the variations of soil properties
and/or the thickness of the soft silty clay stratum.
The higher settlement of the area with Sandwick
drains may indicate a greater efficiency of these
drains or a higher disturbance caused by their
installation than in the case of other types of drain.

• Triangular equilateral array
t Equivalent diameter

S. HANSBO. M. JAMIOLKOWSKI AND L. KOK

LE =300 m

120 4·20
62t 3·80
55 3·80

300 5·00

Diameter: mOl Spacing:' m

Source

I. LaboralOry tests·
2. Field permeability plus laboratory compressibility

dissipation tests/piezometer probe
field permeability tests in piezometert
self-boring permeameter

3. Back-analyses
experimental embankment without drains on the basis of pore pressure
preloading embankment with drains on the basis of pore pressure
preloading embankment with drains. from strain and deformalion
measurements

Type of drain

Sandwick
Geodrain
Soildrain
jetted drain

/

• These data availahle when drainage system has been designed.
t l3ilotta & Viggiam 11975).

Table 5. Porto Tolle. summary of consolidation properties (from Garassino el al., 1979)

Consolidation coefficient

Fig. 12 Plan and cross-section of Porto Tolle experi mental embankment

(Ghionna, Jamiolkowski & Lancellotta, 1978;
Lacasse, Ladd & Baligh, 1979) and tests with a self
boring pressuremeter (Jezequel & Mieussens, 1975)
permitted an in situ assessment of the ch leading to
the values given in Table 5. In Fig. 13 the penetra
tion pore pressure measured by means of the
piezometer probe is also reported.

After the embankment was placed, its behaviour
was monitored by means of 45 piezometers of
various types, settlement plates, deep settlement
sensors of the bellows-hose type, and vertical and
horizontal inclinometer tubes which allowed
measurement of surface settlement (Fig. 14), verti-

54
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• VI-l {vertical
• VI-2 Inclinometer

Under the centre of:
-- Jetted drain area
_.- Geodrain area
-- Soildram area
---- Sandwick area
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12
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Time: number of month
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Time: number of month (Jan. = I etc.)
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Fig. 14. Observed surface settlement: Porto Tolle experi
mental embankment
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" .§. 100_m2
> '"o

Fig. 15. Observed excess pore pressure: Porto Tolle
experimental embankment (see also Table 6 for piezo
meters and additional information.)
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VERTICAL DRAINS

• Elevation at which
dissipation test has
been performed

Measured penetration pore
pressure: kPa
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Fig. 13. Piezomder probe penetration test: Porto Tolle
experimcntal cmbankment

Fig. 16. Porto Tolle experimental embankment. maxi
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placement vs time
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Undrained shear strength, cu: kPa
o 40 80

o
- original FY strength

average from 1119 tests
• FY sIrength measu'red after

embankment removal

8

Fig. 17. Porto Tolle experimental embankment, field
vane strength before and after preloading

Finding the true reason would require a reliable
knowledge of the achieved degree of consolidation
deduced from the pore pressure readings. In this
case such a deduction is not possible because of
problems with the measurement of 6u against time.

The back-analysis of observed settlements
against time, measured within the soft silty clay
stratum using different velocity methods (Ellstein,
1971, 1972; Scott, 1961), leads to the c values
shown in Table 5 (for more details see Gar~ssinoet
al., 1979), which tends to indicate that when the
embankment load was removed at least 80;;; of the
consolidation had been achieved. Such a sta~ement
is supported by the following facts.

(a) Observed vertical settlements are in the
range 75-85% of consolidation settle
ments evaluated using compressibility
properties back-calculated from pre
viously available case records of embank
ments with similar characteristics of load
ing and geometry.

(bl The inclinometer readings indicate only
very small lateral soil displacement durin a

the period in which large vertical settle~
ment was observed (Fig. 16).

(cl The field vane tests carried out after the
removal of the embankment show an
increase of undrained shear strength (Fig.
17). This may be explained only on the
basis of the achieved consolidation.

The 611-time trend observed in almost all piezo-

meters 1 of different types is in contradiction with
what has been deduced from strain and settlement
observations. All these piezometers exhibit a very
slow pore pressure dissipation. Those shown in Fig.
15 lead to a consolidation at points in which
piezometers are located in the range of 25-40%.
Such low values cannot be justified even if making
reference to the lowest laboratory-determined con
solidation properties (Table 6). In addition, in many
pIezometers, even a very long time after the load
application when settlement had almost ceased
significant residual excess pore pressure remains:
showing no tendency to further dissipation.

This case record, representing only a small part
of the large experience gained with vertical drain
age problems in Porto Tolle, showed the following.

(a) Vertical drains have performed correctly.
With the type of preloading technique
utilized they solved, in an economical way,
many important foundation problems.

(b) The observed consolidation speed de
duced from the settlement observations is
appreciably higher than that which can be
predicted on the basis of the consolidation
properties determined by means of in 'situ
tests given in Table 5. This may be ex
plained by the trace of the penetration
pore pressure curve in Fig. 13, which
indicates frequent occurrence of thin
coarse seams (probably silt horizons).
When these seams are interconnected by
vertical drains, there is on average a very
short vertical drainage path. The presence
of seams may thus make a substantial
contribution to the consolidation by
vertical flow.

(c) The delayed excess pore pressure dissipa
tion,2 or eyen lack of it (with the 'trapped'
values of 6u, 30-40 kPa, in excess of
existing static pore pressure), which is in
contrast with all other information gained
from the monitoring programme, cannot
be explained at the present stage of the
Authors' knowledge.

Trieste case record

In early 1969 an area of about 1·5 km 2, reserved
for the extension of an existing refinery, was filled
up under uncontrolled geotechnical conditions
with regard to fill thickness and relevant soil

1 The discussed piezometer performance is typical for th~

majority of about 150 piezometers of difTerenI types
lI1stallcd In Porte Tolle on areas with vertical drains.

2 On the other areas with vertical drains few piezometers
showed a reasonable "'" dissipation leading to the back
ealculatcd ch value given in Table 5 and in agreemcnt with
other in situ tcsts.
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Table 6. Porto Tolle, piezometer types used, as shown in Fig. 15
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In June 1973, two embankments, 4·0 m and 3-6 m
in height, were placed on the drained area, repre
senting in the intention of the designer a first lift of a
two-stage preloading embankment with the aim of
anticipating the consolidation of the soft clay
stratum before the construction of the steel tanks.

The lower embankment (3,6 m) which is con
sidered here was instrumented as shown in Fig. 20.
The pore pressure measurements, made before the
placement of the fill. revealed that in June 1973 the
soft clay stratum was practically unconsolidated
under the weight of the general fill dumped over the
area in 1969.

During and immediately after the placement of
the first preloading lift, large vertical settlement and
horizontal displacement (Fig. 21) took place within

May 1973: 100 mm diameter, 25 m long Sandwicks
installed in equilateral triangular array, spacing 1· 9 m

NVI ~ northern vertical inclinometer tube
SVI ~ southern vertical inclinometer tube

VERTICAL DRAINS

H F= 4'5-50 m Fill placed 1969-1970

Very soft to soft silty clay containing shell fragments
and uniformly distributed traces of organic matter

~ . R = 37·5 m I
NVI ~""""'-""""'------1-1 Preloadll1g embankment SVIy HE - 3·6 m i placed August 1973 =-:-=;:J.

Observed Predicted~

tiU/!J.Umu !J.u/!J.umu

Time in days
Type of Depth:* Drain type/

piezometer m areat 175 345 175 345

+ Hydraulic. Bishop type 240 Jctted drain 0·807 0·594 0·510 0·260
o Electro-pneumatic 19·4 Soildrain 0·812 0·673 0·534 0·290
x Vibrating wire. Maihak 19·3 Geodrain 0893 0·767 0·534 0·290
o Hydraulic. Bishop type 240 Sandwick 0·824 0·577 0·520 0·276
A Electrical. BAT type 12·2 Geodrain 0·718 0565 0·534 0290
"V Electrical, BAT type 20·2 Jetted drain 0·893 0·699 0538 0·293

Dense Silty_ sandorve·
8 - ry Sl,ff Silty cl

edrOCk - __ ay

Fig. 18. Trieste preloading embankment, cross-section

• Below ground level at depth O·IOm below \ISL.
t Under the centre of each area and halfway from the drains.
~ Tcrzaghi consolidation theory with no allowance for smear and well resistance assuming minimum possible

consolidation properties: C, = ch = 9 m1/year.

characteristics (Fig. 18). Extensive in situ and
laboratory investigations were later carried out,
leading to the geotechnical characterization of the
soft NC clay stratum beneath the fill, summarized
in Table 7.

In March 1973, after it had been decided to build
two 50000 m 3 crude oil steel tanks on the examined
area, displacement-type sand drains (Sandwicks),
0·10 m in diameter. were installed with 2 m spacing
in an equilateral triangular pattern at the sites of
the tanks to be built. The drainage system was
designed, assuming Cv = 0·6 m1 jyear and
Ch = 1·2 m 2 jyear, representing the upper limit of the
laboratory values determined on good quality,
small-volume, undisturbed specimens (see Fig. 19
and Jamiolkowski, 1974).

:zometers
the back
nell! with

reserved
laS filled
nditions
ant soil

~ dissipa
'trapped'
;xccss of
lich is in
,n gained
:, cannot
;e of the

:al for the
~nt types
Jrains.

iction with
. settlement
libit a very
own in Fig.
, in which
.Jf 25-40%.
1 if making
'nined con
ln, In many
:r the load
)st ceased,
e remains,
lion.
small part
ical drain
following.
correctly.
technique
nical way,
.Jblems.
;peed de
~vations is
ich can be
iolidation
of in situ

.ly be ex
netration
3, which
of thin

lOrizons).
lected by
ge a very
presence

Ibstantial
ltion by

lU. __ ,_",w-.uf



Undrained
behaviour cufa,,' Eu5ola,,'

FYT TC-CkoU TE-CkoU DSS-CkoU TC-CkoU TE-CkoU DSS-CkoU

0·3S' 032 0·26 0·28 90 77 144

Index y: w: IVL: I p: CF:
properties t/m 3 % % % %

\·72±0·04 49·9±4·0 70·7±II·S 47·4±100 4S·8±6·7

Fig. 21.
cal and ho

E
E

ments we
ing roof
areas. Th
tions. cor
tion of tl'

Finall~

allow ur.
examinat
of the tar
preloadir.
1'2-\-4m
perimeter
almost tc

Durint
addition~

were can
better the
and obta:
case reco
meter pr
obtained
vertical d

(a) I
I'
r
r

(bl I
r
I

(c) 1

in
C
~ 400
~

'"a.
.!!?
'0
'0

~ 800

~
£J
o

N
E

80Z
""i::i
'" 400

~
>
0 a

1

n settlement stack
e pneumatic warlam-type piezometer
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-0 vertical inclinometer tube
= == horizontal inclinometer tube

Fig. 20. Trieste preloading embankment, instrumenta
tion

decay (Fig. 22). This decay is in accordance with the
conventional Terzaghi consolidation theory adop
ting Cv = ch = 0·3 m2 /year corresponding to the
lower limit of the laboratory determined values
of Cv'

In April 1974, because of the observed very slow
rate of consolidation, the idea of using the preload
ing technique was abandoned and the embank-

•

•
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Coefficient of consolidation, cv' c
h

: m2/year

2 x 10-' 3 4 6 8 10 20
o 0
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Vertical flow, C
v

: • incremental loading oedometer
.. controlled hydraUlic gradient

oedometer
x triaxial dissipation test

Horizontal flow, c
h

: 0 incremental loading oedometer
+ triaxial dissipalion test

Fig. 19. Trieste preloading embankment, laboratory
determined coefficients of consolidation

Table 7. Trieste, soil properties

'Sensitivity as obiJined from the FYT = 2-4.

Drained
behaviour TC-CkoU Ocdometer tests

(1/: c': CR Cv :

degrees t/m 2 m2,year

26 0 0·24 03-0'9

the soft clay stratum, with effectively no excess pore
pressure (Liu) dissipation recorded, indicating pro
nounced confined plastic flow within the clay
formation (estimated safety factor against un
drained bearing capacity failure::::: 1'15-1'30).

In the following 9 months large vertical settle
ment and increasing lateral displacements were
observed, together with very slow pore pressure

• • •
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Fig. 22. Trieste preloading embankment, typical piezo
meter record

A :ietw rell case record

For quick and efficient inst3llation of prefabri
cated drains, contractors ofTer in principle two
methods.

In the static type of installation a heavy machine

80
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1973 1974
Time: number of month

from piezometer probe dissipation tests
and from relaxation tests run with the self- .
boring device gave as a result the July 1980 .
distribution of 6u beneath the area
without drains that is shown in Fig. 23.
This confirms very low clay consolidation
properties with respect to the vertical flow.

The examination of the Trieste case record allows
the following comments.

(a) The vertical drainage design and perfor
mance must be considered as unsatis
factory. The consolida tion process un
expectedly coin::ldes with the lower limit
values C y = ch = O· 3 m2 /year determined
in the laboratory on small-size undis
turbed clay specimens.

(b) In respect to this, why, at the considered
site, is the field consolidation so slow?
What is the influence on the consolidation
process of the measured large, virtually
undrained, lateral and vertical displace
ments?

The change in soil structure thatlYould follow upon'
large undrained deformations may lead to a reduc
tion of the coefficient of consolidation; and the
conventional consolidation theory may be in
adequate when applied to high plasticity clays with
pronounced viscous response, particularly at high
stress level. These theories may at least partially
explain the peculiar behaviour of the Trieste
embankment.

Fig. 21. Trieste preloading embankment, observed verti
cal and horizontal displacements

6 1973 12 1974
Time: numberofmonth

• Horizontal inclinometer tube.
i.e. vertical displacement under the
centreline of embankment

• Northern\ vertical inclinometer tubes
• Southernfmaximum horizontal displacement
x Vertical settlement under the embankment

centre caused by lateral soil displacement

ments were therefore removed. In 1975, two float
ing roof tanks were constructed on the drained
areas. These tanks were subjected to storage restric
tions. controlled by the measurements ofconsolida
tion of the soft clay stratum.

Finally, in November 1978, it was possible to
allow unrestricted use of the two tanks under
examination. In July 1980 the observed settlement
of the tanks, except that which occurred under the
preloading em'bankment, reached values of
1'2-1-4 m under the centre and 0·8-1·0 m under the
perimeter, with the primary consolidation process
almost totally completed.

During the period 1975-80 (Ghionna et al., 1980)
additional in situ and laboratory soil investigations
were carried out with the aim of understanding
bet tel' the geotechnica I behaviou I' of the Trieste cIay
and obtaining a deeper insight into the examined
case record. The investigations using the piezo
meter probe and the self-boring pressuremeter
obtained the following information relevant to the
vertical drainage problem.

(a) Penetration pore pressure, not reported
here, revealed a complete lack of any more
permeable layers of lenses within the clay
mass.

(b) Dissipation tests with the piezometer
probe indicated a range of Cy from '·2 to
1-4 m! /year.

(c) The equilibrium pore pressure deduced
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Characteristics Static Dynamic

Penetration velocity ::::0·5 m/s ::::1 m/s
(mandrel)

Frequency (vibrator) 25Hz
Cross-sectional area 52/70cm2 50cm2

of mandrel

8-50 Hz, can be electrically or electro-hydraulically
operated. As the vibrating mandrel eliminates an
important part of the friction along the shaft, a
light crane can handle the combination of vibrating
hammer, guidemast and mandrel (Table 8).

To study the effect of the two installation tech
niques on pore pressure and consolidation re
sponse, a new industrial site in the western harbour
area of Amsterdam was chosen. The actual site was
intersected by an old gully, which was completely
filled with naturally sedimented layers of clay and
peat. The geographical layout of the area and some
depth contour lines are given in Fig. 24. This area
needed improvement as far as soil conditions were
concerned. It was decided to accelerate the con
solidation of the compressible layers by means of
vertical drains and prcloading.

In view of the techniques the area was divided
into two sub-areas. In each sub-area 150000m of
prefabicated drain (Geodrain) were installed. static-

Table 8. Characteristics of the installation techniques
(Aziehav'en and Hcmspoor case records)

250

• "EqUilibrium" pore pressure measured by means of
piezometer probe JUly 1980
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Fig. 24. Azii'ha,'en, location of test area and depth of
clay/peat layer

with surticient thrust forces a mandrel down to the
required deplh. This machinery has a high produc
tion rate, but has to be assembled on the site.

In the dynamic type of installation the mandrel is
either hammered down (as in piling) or the driving
force is delivered by a vibrating hammer. These
vibrating hammers.· with working frequencies of

I
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Fig. 27. "\ziehaven, excess pore pressure after static and
dynamic installation

Fig. 26. Aziehaven, soil characteristics

mandrel. If this is so then high pore pressures are set
up in the direct neighbourhood of the mandrel
during penetration, and in the plastic zone very
close to the mandrel the generated excess pore
pressure Illay exceed the original effective stress

Fig. 25. Aziehaven, schematic view of test area

ally as well as dynamically. A schematic view IS

given in Fig. 25.
Additional subdivision was provided to detect

differences in the drain spacing. Triangular grids
with drain spacings of 1·2 and 1·8 m were used. The
characteristics of the soil strata encountered are
shown in Fig. 26.

Direct excess porewater pressure response. Electri
cal pore pressure devices were installed beforehand
in the anticipated triangular grids. A general pic
ture of the excess pore pressure behaviour during
and after installation of the prefabricated drains is
given in Fig. 27. These results were obtained from
the clay layer at depths of 14-15 m below datum. In
the static case, relatively small excess and under
pressure with respect to hydrostatic pore pres :ure is
generated. In the dynamic case the pore pressure is
significantly higher. If it is assumed that the pore
water pressure generation in the static case can be
calculated according to the theorv of an expanding
cavity, an estimate can be maJe of the relation
between excess porewater pressure and distance
from the mandrel. The result of this calculation,
made according to Vesic (1972), is indicated in Fig.
28. The magnitude of the calculated pore pressure is
dependent on the unconfined compressive strength
(cohesion), but independent of the cross-sectional
area of the mandrel.

The pore pressure distribution in soil space is
dependent 'un the cross-sectional area of the

verlical drains
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account in the presentation of the consolidation
process because of the inexplicably high excess pore
pressures compared with recorded settlement. No
significant difference between the two methods of
installation can be made with regard to the rate of
consolidation (Fig. 29).

Hemspoor case record

This record shows a pseudo-consolidation effect
with respect to piercing the soil layers to be
consolida ted.

A new elevated railway track had to be built very
close to the city of Amsterdam and the alignment of
the embankment had to cross an old gully, natur
ally filled with very soft clay (Fig. 30). The depth of
this very compressible layer is approximately 25 m.
The design of the elevated embankment shows a
maximum height of 5 m above datum and it was
assumed that about 13 m of sand was needed to
reach this design height (Fig. 30).

To obtain sufficient stability during the construc
tion. and a minimum of end settlement in the long
term, vertical drainage by means of prefabricated
drains was envisaged. Prefabricated drains were
chosen because of successful applications in other
projects (Azieha ven case record) and the hazards to
be expected during the installation of sand drai'ns
over 25 m length.

Characteristics of the soil, which consists of soft
clay, except just below original ground level, are
shown in Fig. 31. Prefabricated drains were in
stalled in a triangular grid with spacing of 1·2 m by
dynamic means. Piezometers were installed at
various depths in the soft clay and the first fill was
placed. The filling operations and the appropriate
pore pressure readings can be seen in Figs 32 and
33. When the prefabricated Geodrains were in
stalled, an immediate pore pressure response was
obtained. The excess pore pressure dropped
dramatically. but there was conccrn when a new
load (dry sand fill) was placed and there was no sign

1?
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.Q 40
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c
o
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N Piezometer

~
\
Prefabricated
drain

62

Fig. 28. Azii'haven, excess pore pressure vs dislance from
the mandrel

(D.II/(Jy~~ 1). This criterion may be used to deter
mine a zone of disturbance (remoulding) around
the mandrel. Arbitrarily, D.u/(Jy~ = 0·8 might be
chosen as a criterion for the extension of the zone of
smear. From the pore pressure coefficient the
distance R can be determined and chosen as ds in
the dimensionless form ds/d = s. This criterion
would be invalidated if permeable layers in
stratified soils are blocked horizontally due to a
dragdown of clay by the mandrel. In certain soils
mandrel penetration can cause additional fractur
ing of the clay layer and improve the permeability
of the surrounding soil of the installed prefabri
cated drain. A substantial effect on drain per
formance can be achieved if the cross-sectional
areas of the prefabricated drain and mandrel,
including the anchor plate, are well adapted to the
characteristics of the soil to be consolidated. Where
prefabricated drains are used to improve the
stability of soil structures account must be taken of
the generated excess porewater pressure during
installation. For that purpose static installation is
to be preferred.

Direct cOllsolidatioll rrspollse. The sub-areas were
equipped with instruments to record various events
like pore pressure, settlements and horizontal dis
placement. From the settlement records in both
areas the consolidation velocity was calculated
with respect to time. 0 distinction is made here
with regard to drain spacing (1,2 and 1·8m). The
excess porewater pressure was not taken into
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Fig. 30. Hemspoor, view and cross-section of test area with depth of soft layer
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drains; this release has no direct connection with
consolidation by drain wells in itself.

::r·
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of a quick release of excess porewater pressure.
Additional prefabricated drains were installed to
obtain a spacing of 0·6 m. The excess porewater
pressure responded immediately. Again filling the
site resulted in a load-dependent increase in pore
pressure, without a significant drainage effect. The
results are given schematically in Fig. 34.

No satisfactory answer for. this odd drainage
beha viour has been given yet. This elTect could be
initiated by the installation of the drain itself. The
large cross-sectional area ratio between mandrel
and prefabricated drain may cause the release of
excess pore pressure. The pore pressure coefficient
ru recorded during the normal filling proced ures
with dry sand, varied between 0·6 and 0·7. An
exceptional decrease of the pore pressure coefficient
was observed directly and for three months after
installing the prefabricated drains.

CONCLUSIONS AND RECOMMENDATIO S
Illstal/alioll effects

There is a remarkable dilTerence in the excess
porewater pressure generation between the static
and the dynamic installation techniques.

There is no significant dilTerence, it seems,
between dynamic and static installation techniques
in respect of consolidation.

A remarkable excess pore pressure release is
recorded immediately after the installation of
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design, The fact that drains with different diameters
but equal spacing may give the same consolidation
effects can be explained by different values of s or
kclkc'·

Process of col/solidatiol/

Notwithstanding good progress made in labora
tory and field techniques allowing determination of
kh or ch, the reliable assessment of these critical
design parameters remains one of the most difficult
tasks within the area of geotechnical engineering.
Even ifin the majority of the examined case records
Ch~cv, an uncritical and generalized assumption
that this is always the case is not justified. For long
prefabricated drains and small-diameter sand
drains. well resistance has to be considered in the
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When prefabricated drains are used to impro\'e
the stability of, for instance, slopes of foundatiol:".
the dynamic installation technique should be
avoided. Otherwise the installation of drains may
occasionally affect the existing stability condition.

Excess pore pressures are generated by the
insertion of the mandrel. This can lead to an
extended zone of disturbance, The ratio of cross
sectional area of drain and mandrel (anchor plate)
should be carefully adapted to the soil. More
attention should therefore be given to the installa
tion equipment. The adopted installation pro
cedure and related modifications of properties of
the soil surrounding the drain have a great
influence on the drainage system performance and
therefore this fa'cror has to be considered in the
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Fig. 32. Hemspoor, pore pressure and fill height vs time
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,---------DESIGNING WITH SOIL DEWATERING WICKS

BACKGROUND
In foundation engineering, consolidation settlement of
clay and mud often creates serious problems. Significant
consolidation settlement occurs when, for some reason,
the preconsolidation pressure of the subsoil, representing
the past maximum effective stress, is exceeded. When
the stresses in the subsoil exceed the preconsolidation
pressure, the soil skeleton will break down (internal shear
failure) and the stress increment will have to be carried
by excess porewater pressure (in water saturated soils)
or by a combination of excess porewater and excess pore
gas pressures (in non-saturated soils) Porewater (and
dissolved pore gas) will thereby be squeezed out of the
soil until the soil skeleton is again able to carry the load.

This consolidation process is governed by the rate of
excess pore pressure dissipation, i.e. by the coefficient
of consolidation of the soil and of the thickness of the
consolidating layer. In a case where the clay or mud layer
is homogeneous (having no horizontal continuous highly

(AJermeable seams or layers) and the width of the load
~laced on the layer is large in comparison with the thick

ness of the 'layer, the porewater is squeezed out mainly
on the vertical direction. In such a case, the time during
which consolidation settlement will occur is often very
long-for a 10m (33 ft) homogeneous clay layer drained
at the top and bottom, some 50 to 100 years depending
upon the magnitude of the coefficient of consolidation
of the soil. If the thickness of the homogeneous layer is
doubled, consolidation time will be increased four-fold.

To reduce consolidation time, it is obviously necessary
to shorten the length of the flow paths One way of doing
this is to install vertical drains of high permeability
Thereby porewater can also escape in the horizontal di
rection toward the drains and flow freely along the drains
vertically to a drainage blanket placed on the soil surface
or to other highly permeable layers deeper down in the
soil.

DRAIN TYPES
The best-known type of drain in foundation engineering
is the sand drain. It is probably less well known that

(~refabriCateddrains were introduced into the field in 1937,
_.most simultaneously with sand drains.

Early prefabricated drains were constructed of cardboard
which proved to be an inferior material due to its poor
permeability and inadequate strength The new AMER
DRAIN wick drain takes advantage of recent advantages

in geotextiles to provide a highly permeable, extremely
strong wick with high water discharge capacity AMER
DRAIN soil drainage wick can be installed in a fraction
of the time and at a fraction of the cost of sand drains.

Engineers who have worked only with vertical cylindri
cal drains of conventional type, i.e. sand drains, may be
unfamiliar with prefabricated drains and be unaware of
how to apply the knowledge obtained from their pre
vious experience of vertical drain installations. It there
fore seems necessary to discuss the design of a vertical
drain installation with prefab drains and to clarify the
difference between these drains and the more well-known
cylindrical sand drains.

DESIGN CONSIDERATIONS

Basic Approach
The principle underlying vertical drainage is simple, but
the theoretical description of the operating mechanism
is fairly complex Basically, the task is to determine the
drain spacing which will give the required settlement in
the desired time given the soil conditions at the con
struction site.

Theoretical calculation (Hansbo, 1979)

The theoretical calculation of the maximum drain spac
ing required to obtain a desired result is based on the
classical assumption that each drain has a zone of influ
ence represented by a circular cylindrical soil column of
the same length as the drain and containing that volume
of soil from which water can be assumed to be squeezed
(or sucked) into the drain in question It can then be
readily found that the diameter D of the dewatered cyl
inder varies from 105 times the spacing when the drains
are placed in an equilateral triangle grid to 1.15 times the
drain spacing when they are placed in a square grid

Another basic assumption which considerably facili
tates the theoretical calculation is that, during consoli
dation, horizontal sections remain horizontal (equal strain
theory). The difference between the results thus ob
tained and the result of-as is often believed-the more
correct assumption of a free development of strains in
the clay between the drains (free strain theory) is negli
gible (Barron, 1944) Moreover, settlement observations
in the field strongly support the assumption of equal ver-
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tical stains (cf Holtz & Holm, 1972). In the classical so
lution it is further assumed that the permeability of the
drain is infinite in comparison with that of the clay and
that Darcy's law is valid.

As has been shown in several investigations (e.g. Hansbo,
1960), Darcy's law is sometimes invalidated at small hy
draulic gradients prevailing in practice in drained areas.
Thus, the results of permeability tests in the laboratory
and of fullscale consolidation tests at Ska-Edeby; Swe
den, showed that the relation between porewater flow v
and hydraulic gradient i in this case followed the expo
nentiallaw v = Kin where K = the coefficient of perme
ability in non-Darcian flow A new solution to the "equal
stain" consolidation theory based on this exponential
law was presented (Hansbo, 1960)

The best agreement between the fullscale test results at
Ska-Edeby and this new theory was obtained for the
exponent value n = 15 (Hansbo, 1960; Holtz & Broms,
1972) For this value, the new theory gives:

where

t = time of consolidation,

ex = function of D / d (see below).

D = diameter of dewatered soil cylinder,

d = diameter of drain,

A = KIv1' = coefficient of consolidation in horizontal
gpw non-Darcian porewater flow,

M = 11m" = compression modulus,

K = permeability in horizontal direction,

Pw = density of water,

g = acceleration of gravity;

Lluo = average excess pore pressure at t = 0, and

0" = average degree of consolidation taking into
account only the effect of the vertical drains.

The coefficient of consolidation Acan be assumed to be
approximately equal to c,. as determined by an oedom
eter test The magnitude of the consolidation load or
surcharge (i.e. the instantaneous excess pore pressure
Lluo due to loading) has an influence on the time of con
solidation the higher the load, the shorter the time of
consolidation. This is encountered in many cases in
practice. Furthermore, the process of consolidation is more
rapid at the beginning, a fact which also agrees in many
cases with practical experience, particularly on a site
with soft highly plastic clay

In the theoretical calculation, it is presumed that the drain
is a circular cylinder with the diameter d. When dealing
with a band-shaped drain, we therefore have to assume
a d value that will produce the same effect as the band
shaped prefabricated drain in question This question
was treated by Kjellman (1948) who stated that "the
draining effect of a drain depends to a great extent upon
the circumference of its cross-section, but very little upon
its cross-sectional area" and that "certain considerations
show that the cardboard wick is as effective as a circular
drain with a 1 inch radius". Kjellman's assumption has
been verified by finite element analysis (Runesson,
Tagnfors & Wiberg, 1977). The result of this analysis shows
that the equivalent diameter of a band-shaped drain
with width b and thickness t can be expressed by:

d = 2(b + t) (2)
1T

yielding an equivalent diameter for AMERDRAIN
(b = 100mm, t = 3mm) of 50mm.

Drain Layout
The most common drain layout is with the drains placed
in a triangular pattern, i.e. the drains in the corner points
of equilateral triangles. This is the most efficient place
ment of drains. For a triangular spacing, the drain spac
ing is D (the diameter of the dewatered cylinder as
determined by equation 1) divided by 105. If a square
pattern is used, the drain spacing is equal to D divided
by 115. In either case, the number of drains will be the
same, as the spacing must be closer with the square
pattern to compensate for a less efficient layout

c
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Drain Spacing
Equation 1 determines the diameter of the dewatered
cylinder D and therefore the drain spacing required to
achieve the desired consolidation. The equation is pre
sented graphically in Figures 1-5 so that drain spacing
may be determined easily Using Figure 1, with the re
quired degree of consolidation 0" plus the desired time .'"
of consolidation t yields an intermediate factor f2 ex- I

pressed in years This factor is used with Figures 2 & 3
for metric units or Figures 4 & 5 for English units to
determine drain spacing.

~------
/

,,/'

0.5

o 03o
E
~ 0.2

D..

0.4



FIGURE 1

£2 in years

Example (metric units)

What drain spacing is required using a
triangular pattern to achieve a 90% av
erage consolidation in 12 months in a
homogeneous clay with c,. = 0.2m2/year
and with a surcharge of 80kN/m2

For a time of 12 months and an average
consolidation of 90%, Figure 1 provides
f2 = 0.46 year therefore f2A = 0.092 m2

For f2A = 0.092 and a loading of 80
kN/m2, Figure 3 yields D = 10 meter.
For a triangular pattern, drain spacing is
0.97 divided by 105 or .9 meter.
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FIGURE 4
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r"
Example (English units)

What drain spacing using a square pat
tern is required to reach a 70% consoli
dation after 10 months in a homogeneous
silt with c,. = 50 ft2/year and with a sur
charge of 600 lbs/ft2?

For a time of 10 months and an average
40 50 60 70 80 90 100 consolidation of 70%, Figure 1 provides

f2 = 1.0 year. There f2A. = 50 ft2.

For f2A. = 50 and a loading of 600 lbs/ft2,
Figure 4 yields D = 10.8 feet. On a square
pattern, the drain spacing would be 10
divided by U5 or 9.4 feet.
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INSTALLATION CONSIDERATIONS

Installation Methods
Two methods are used for installing wick drains. Com
monly, they are referred to as the "static" and "dynamic"
methods. Both methods utilize a crane or back-hoe to
gether with a mast which contains a hollow mandrel or
lance through which the drain material is threaded. An
anchor plate or device is attached to the end of the drain
and serves not only to keep the soil out of the inside of
the mandrel but, primarily, to keep the drain anchored in
the soil at the proper installation depth when the man
drel is removed.
In the static method, hydraulic pressure is used to push
the mandrel into the soil and to extract it. In the dynamic
method, vibration is used to drive and extract the man
drel Both methods have merits. Recently in Holland, at
Aziehanen, both methods were employed on the same
large scale project according to Hansbo, Jarniolowski and
Kok (1981) Comparison results showed no difference in
the performance of drains installed by either method.

Checking the Consolidation Process
The methods used for checking the degree of consoli
dation generally consist of measuring the excess pore
pressure dissipation and/or the amount of settlement
(Hansbo, 1979 & 1981).

Some case records indicate that measuring pore pres
sure dissipation is not fully reliable. Excess pore pressure
may remain although settlement has ceased entirely This
may be caused by a change in the ground water level
due to the placement of the surcharge Another reason
can be that the drainage blanket is not pervious enough
and that back pressure exists in the drains.
The most reliable way of checking the rate of consoli
dation is usually to measure the rate of settlement and
the increase in undrained shear strength.

AMERICAN WICK DRAIN CORPORATION
301 Warehouse Drive Matthews, N.C. 28105

Phones 800 438-9281 & 704 821-7681 Telex 572385

AB2-1183-5C PRINTED IN U.S.A.





Flood Control District of Maricopa County
3335 West Durango Street
Phoenix, Arizona 85009

Chief, Construction and Contracting B~
~. /'

OCT 23 '85

RECEIVED3737 East Broadway Road
P.O. Box 21387
Phoenix, Arizona 85036
(602) 437-3737

WESTERN
TECHNOLOGIES
INC.

Attn:

Re: Aqua Fria River Improvement Project
Thomas Road to north of Indian School RoadConstruction Contract 85-10
Consultant Contract 85-12 Job No. 2l55J020-E

•

This report contains the results of our geotechnical investigation
for a portion of the proposed RID canal embankment located be~ween
Stations 20+50 to 24+00 on the above referenced project. The pur
pose of these services is to provide information relative to foun
dation conditions and the anticipated performance of the proposed
embankment within this portion of the alignment •

Prior to the time of our exploration, this portion of the proposed
embankment had been covered by 15 to 20 foot high aggregate stock
piles. We were informed by JSJ personnel that these stockpiles had
been in-place approximately 18 months. During removal of the
stockpiles, soft subsurface material was encountered which would
not support large earthmoving equipment. At this point, removal of
the aggregate was discontinued and several test pits were excavated
in the area. Observation of the pits indicated that 3 to 8 feet of
coarse aggregate remained over the very soft, saturated clay. JSJ
personnel later confirmed that this area had been mined as an
aggregate source, and then used as, a settling pond for wash water
from the nearby aggregate and ready-mix plant •

•



Flood Control District of Maricopa County
Job No. 2155J020-E .'

Three borings were drilled to depths of 25 to 39 feet at the sta
tions shown on the Log of Boring sheets. In addition, continuous
penetration resistance was measured at 10 other locations in an
attempt to better define the western limits of the old pit. During
exploration, subsurface materials were examined visually and sam
pled at selected intervals. As presented on Logs of Borings, 3.5
to 7.5 feet of coarse aggregate remained at the locations drilled.
The underlying clay material exhibited low density and very high
plasticity. The clay was soft to very soft and at or near satura
tion throughout the entire depth. Indications of organic material
were encountered in all samples of the clay. Borings 1 and 2,
drilled to depths of 25 and 27 feet, did not penetrate the clay.
Dense sand, gravel and cobbles were encountered at a depth of 30.5
feet in Boring 3. Auger refusal occurred on cobbles at a depth of
39 feet in Boring 3. A static groundwater table did not develop in
any of the borings at the time of this exploration.

Selected samples were tested for water content, density, gradation,
plasticity, unconfined compressive strength, and consolidation
characteristics. Laboratory test results indicate that the clay
material is highly compressible and exhibits relatively low uncon
fined compressive strength. The water content of the clay was well
above the plastic limit and nearing the liquid limit in all of the
samples tested. Laboratory test results are included hereinafter.

During the field exploration, a shallow backhoe trench was exca
vated to locate the south side of the old pit. The edge was
located approximately 5 feet south of the proposed canal center
line. This correlated well with t~e south edge of the existing pit
near Sta. 13+00. Based on the continuous penetration measurements,
the west end of the old pit'was somewhat variable, but appeared to
occur around Sta. 23+75. The side slope angles of the old pit are
still unknown.

-2-



. ~~OOd control District of Maricopa County
Job No. 2l55J020-E

Based on the data developed during the field exploration and labo
ratory testing, the following conclusions and recommendations are
presented:

• The clay sediment material contained within the old settl
ing pond area is highly compressible and exhibits rela
tively low shear strength. It is anticipated that con
struction of the embankment, as designed, would be
extremely difficult. Calculations indicate that continual
progressive bearing capacity failure would occur in the
pit "foundation area during construction.

• Time rate of settlement analysis indicates that the clay
deposit would require 12 to 15 years to reach 90 percent
of primary consolidation. In addition, the moderate
organic content of the clay would result in significant
long-term secondary compression •

• •

•

Total settlements at the top of the north side-slope of
the proposed embankment are estimated to be within a range
of 3 to 4 feet.. Native subsoils in the area consist of
medium dense sand and gravel which will exhibit only minor
settlements under embankment loadings. Since the edge of
the old pit occurs within the canal prism~ severe differ
ential settlements will occur at this location resulting
in cracking and displacement of the canal lining.

The canal embankment, as designed, will be extremely dif
ficult to construct over this portion of the proposen
alignment. In addition, continual long-term maintenance
problems should be anticipated as the clay sediment mate
rial consolidates with time.

-3-



Flood Control District of Maricopa County
Job No. 2155J020-E

It is recommended that the clay sediment material be removed if the

canal embankment, as designed, is constructed over this portion of

~he alignment. Consideration should be given to redesigning and/or

realigning the canal in this area.- One such redesign might be a

structural flume founded on the native subsoils south of the old

pit. A reinforced fill, isolated from the flume, could then be

constructed for required access adjacent to the north side. Move

ments would still be experienced in the fill areas underlain by the

clay, but the flume would remain intact and maintenance problems

would be greatly reduced. A large diameter pipeline, constructed

in the native soil area, may also be a feasible alternative.

The conclusions and recommendations presented in this report are

based on the assumption that the subsurface conditions do not devi

ate appreciably from those disclosed by the borings. If realign

ment or redesign is performed, additional exploration should be

conducted to supplement this information and provide detailed geo

technical recommendations.

If you have any questions concerning this information, or if we may

be of any additional service, please call us.

Reviewed by: Kenneth L. Ricker, P.E.

Copies to:- Addressee (3)
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ALLOWABLE SOIL BEARINC CAPACITY
ALLOWABLE FOUNDATION PRESSURE

BACKFILL

BASE COURSE

BASE COURSE GRADE

BENCH

CAISSON

CONCRETE SLABS-QN-GRADE

CRUSHED ROCK BASE COURSE

DIFFERENTIAL SETTLEMENT

ENGINEERED FILL

EXISTING FILL

EXISTINC GRADE

EXPANSIVE POTENTIAL

FILL

FINISHED GRADE

GRAVEL BASE COURSE

HEAVE

NATIVE GRADE

NATIVE SOIL

ROCK

SAND AND GRAVEL BASE

SAND BASE COURSE

SCARIFY

SETTLEMENT

SOIL

STRIP

SUBBASE

SUBBASE GRADE

SUBGRAOE

DEFINITION OF TERMINOLOGY

The recommended maximum contact stress developed at the interface of
the foundation element and the supporting material.

A specified material placed and compacted in a confined area.

A layer of specified material placed on a subgrade or subbase.

Top of base cou~se.

A horizontal surface in a sloped deposit.

A concrete foundation element cast in a circular excavation which may
have an enlarged base. Sometimes referred to as a cast-in-place pier.

A concrete surface layer cast directly upon a base, subbase or subgrade.

A base course composed of crushed rock of a specified gradation.

Unequal settlement between or within foundation elements of a
structure.

Specified material placed and compacted to specified density and/or
. moisture conditions under observation of a representative of a soil
engineer...
Materials deposited through the action of man prior to exploration of the
site. .

The ground surface at the time of field exploration.

The potential of a soil to expand (increase in volume) due to the absorp
tion of moisture.

Materials deposited by the action of man.

The final grade created as a part of the project.

A base course composed of naturally occurring gravel with a specified
gradation.

Upward movement.

The naturally occurring ground surface.

Naturally occurring on-site soil.

··:".A natural aggregate of mineral grains connected by strong and per
manent cohesive forces. Usually requires drilling, wedging, blasting or
other methods of extraordinary force for excavation.

A base course of sand and gravel of a specified gradation.

A base course composed primarily of sand of a specified gradation.

To mechanically loosen soil or break down existing soil structure.

Downward movement.

Any unconsolidated material composed of discrete solid particles,
derived from the physical and/or chemical disintegration of vegetable or
mineral matter, which can be separated by gentle mechanical means
such as ;lgitation in water.

To remove from present location.

A layer of specified material placed to form a layer between the subgrade
and base course.

Top of subbase.

Prepared native soil surface.



COARSE-GRAINED SOILS

LESS THAN SO% FINES·

METHOD OF SOIL CLASSIFICATION
(ASTM 0 2487)

FINE-GRAINED SOILS

MORE THAN 50% FINES·

GROUP DESCRIPTION MAJOR
SYMBOLS DIVISIONS

GW
WELL~RADED GRAVELS OR GRAVEL-
SAND MIXTURES, LESS THAN 5% FINES

POORLY~RADED GRAVELS OR GRAVEL-
GRAVELS

GP SAND MIXTURES. LESS THAN 5% FINES
More than half

of coarse fraction

SILTY GRAVELS. GRAVEL-SAND-SILT is larger than
GM MIXTURES. /'vIORE THAN 12% FINES NO.4

sieve size

GC
CLAYEY GRAVELS, GRAVEL·SAND-eLAY
MIXTURES. /'vIORE THAN 12% FINES

SW
WELL~RADED SANDS OR GRAVELLY
SANDS. LESS THAN 5% FINES

POORLY~RADED SANDS OR GRAVELLY SANDS
SP SANDS. LESS THAN 5% FINES More than half

of coane fraction

SILTY SANDS. SAND -SILT MIXTURES, is smaller than
SM MORE THAN 12% FINES No.4

sieve siz~

SC
CLAYEY SANDS. SAND-eLAY MIXTURES.
MORE THAN 12% FINES

NOTE:
Coarse grained soils receive dual symbols if
they contain 5 to 12% fines (e.g. 5W-5M,
GP-GC, etc.)

SOIL SIZES

GROUP DESCRIPTION MA~OR
SYMBOLS DIVI IONS

INORGANIC SILTS. VERY FINE SANDS,
ML ROCK FLOUR, SILTY OR ClAYEY FINE

SANDS SILTS
INORGANIC CLAYS OF LOW TO MEDIUM AND

CL PLASTICITY. GRAVELLY CLAYS. SANDY CLAYS
CLAYS. SILTY CLAYS. LEAN CLAYS liquid limit

ORGANIC SILTS OR ORGANIC SILTY-eLAYS
less than 50

OL OF LOW PLASTICITY

INORGANIC SILTS. MICACEOUS OR DIA-
MH TOMACEOUS FINE SANDS OR SILTS.

ELASTIC SILTS SILTS

INORGANIC CLAYS OF HIGH PLASTICITY,
AND

CH CLAYSFAT CLAYS Liquid Limit
more than 50

. OH ORGANIC CLAYS OF MEDIUM TO HIGH
PLASTICITY

PEAT. MUCK. AND OTHER HIGHLY HIGHLY
PT ORGANIC SOILS ORGANIC

SOILS

NOTE:
Fine grained soils receive dual symbols if their
limits plot in the hatched zone on the Plasticity
Chart (ML-CL)

PLASTICITY CHART

I I I I /FOR FINE GRAINED SOILS

AN,? FINE,FRAeJ;ION O~
CH VCOARSE-GRAINED SOILS

/

/
/'

CL .~
.~

/
V MH&OH

ML-eL ,

-- zrPr4V'
--- MLfOLML ,

COMPONENT SIZE RANGE

BOULDERS ABOVE 12 in.

COBBLES 3 in. to 12 in.

GRAVEl NO.4t03in.

Coane Yo in. to 3 in:

Fine NO.4 to Y. in.

SAND No. 200 to NO.4

Coane No. 10 to NO.4

Medium No. 40 to No. 10

Fine No. 200 to No. 40

• FINES (Silt or Clay) BELOW No. 200

NOTE:
Only sizes smaller than three inches are
used to classify soils.
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--~ -SOIL PROPERTIES
Job No. •21SSJ020-E

~

Expansion/Compression Water Soluble Shear Strength Consolidation
Boring

Depth, ft. Soil Initial Dry Initial
Surcharge + Expan. Max. Swell Maller, % Initial Dry

~ Initial
No. Class. De;fity Moisture -Compo Pressure Test Moisture Density C

Void Surcharge ConsoloContent, % KSF % KSF Salts Sulfates Method Cootent. % pet KSF Deg. Ratio KSF %1 5 - 8 CH UC ~5.1 94.5 0.21. ..
p1.3(4) 64.2(1 ) 0.18

..2 14 - 17 CH UC
f5 8 •1(4) 63.6(1 )0.60

.- • __• 4 •.• ~ •3 5 - 8 CH UC
.. _.. _.... ..... _.

.. • •••• OM . ~ _.. -
- ... .. . . . - _.. . .....

.. .... .....

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

... . .... . .

.. . .
- " -- .. -- '.- ....

Boring
Depth, ft.

Remarks
No.

1 5 - 8 Possible sample disturbance during test preparation.
.. .. .

.. ..._.. _.' .

..

. .

. .

. ..
. -. -.'.

..,

LEGEND

Shear Strenith Test Method
DS Di rect Shear
DS Direct Shear (saturated)
UC: Unconfined Compression
\.&l Unconsolidated Undrained
CU Consolidated Undrained w/pore pressCD Consolidated Undrained
CD Consolidated Drained
CR Cyclic Consolidated Undrained w/pore press

REMARKS

1. In·situ density.
2. Compacted density (Approx. 95% of ASTM:D698 max. density at moisture content slightly below optimum).3. Compacted density (Approx. 95% of ASTM:D1557 max. density at moisture content slightly below optimum).4. In·situ moisture.
5. Submerged to approximate saturation.
6. Consolidation % upon saturation.
7.



e e
PHYSICAL PROPERTIES

e

Job No. 2155J020-E

~

Particle Size Distribution, % Allerberll Moisture - Density ReI. Permeability 'R'ValueBorinll Depth, ft. Soil Passing by wt. limits Dry Optimum -5 Specific Dry
K Remarks

No. Class. Density Moisture Gravity Density Corrected"3' If4 #10 #40 #200 LL PI pet % ~ pet Cm/Sec 'R'

1 5 - 8 CH 100 70 52 2
1 8 - 9 CH 96 85 63 2
1 17 - CH 100 81 63 2
2 It. - 17 CH 98 77 57 2
2 24 - 27 CH 100 78 57 2
3 5 - 8 CH 100 65 48 2
3 13 - 16· CH 90 72 55 2

,

.-

Boring
Depth. ft.

CommentsNo.

REMARKS

Classification/Particle Size
1. Visual
2. laboratory Tested
3. Minus M2000nly

Moisture Density Relationship
4. Tested ASTMD·689/AASHTOT-9'l
5. Tested ASJMD-1557/MSHTOT-180
6 Other ( ..... -,t~~ ---

Specific Gravity
7. Minus #4
8. Plus #4

Permeability
9. Constant Head

10. Falling Head

'R' Value
11. Expansion Pressure psf

12. Exudation Pressure psi

Note: NP = nonplastic
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CONSOLIDATION PROPERTIES OF SOIL

Job No. ",,-Z....IS""'SuJ/..IoOu.ZU/.O.::.-.!=.E__

lab/Invoice No. _

Date of Report _

Reviewed By _~CUPuWl.- _
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CONSOLIDATION PROPERTIES OF SOIL

Job No. 2_1_5_5J_0_2_0_-_E__

Lab/Invoice No. _

Date of Report -=

Reviewed By __c_p_w -..>.;~

Type of Material __C.=..;l::..:a::.y~(~C~H~) _

Source of Material_..;.S_h_e_l_b~y_T_u_b_e_S_am~p:...l_e IlO Undisturbed 0 Remolded 0 Compacted

Boring ....2:..- Depth __1=-4..;,.--"-1.;..7 Test Procedure ASTM 02435-

0.2 0.5 1.0 5.0 100.0

NORMAL PRESSURE, KSF

r: '{:.
C'

100.0 -50.0

Initial % Saturation ........:9:...;9=-- _

Initial Dry Density, pd__--=-6.=.3...;.0-:Z _

Initial Moisture Content, %_6,,-,--1.;..0.;;;Z _

S G fS I'd 2.70 00 Assumed
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CONSOLIDATION PROPERTIES OF SOIL

Boring .-;:3'-- _

•
)ob No. -=2:;.:1:.=:S..:::.S.::...JO::..;2:..:0:.....-..=E__

Lab/Invoice No. _

Date of Report _

Reviewed By __....:C::..::P'-'W-'-- _

Type of Mate;'ial_--",C:=l""a,-,y---,(...::C::..:H~),-- _

Source of Materia~ _.:::.S.:..:h..:::ec.=l..:::b~y--=T:...:u:..:b:...:e=--=S:..:a::;:m:;;Jp>:..;l::..e.::;.... ...;.... !XI Undisturbed 0 Remolded 0 Compacted

Depth S_-_8 Test Procedure ASTM 02435-

0.2 0.5
"

1.0 5.0 100.0

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

Initial Dry Density, pcf 6.::..7.:....:..• .;...7__

Initial Moisture Content, %_-'S::....:4..:.'-=9'--__

Initial % Saturation .;;;.l...;;O-'O'-- _

Sp. Gr. of Solids 2. 70 ~ Assumed--...;:;..;..'----0 Tested
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Flood Control District of Maricopa County
Job No. 2l55J020-E

BORING LOG NOTES

"STA" refers to the approximate stationing of the boring along theproposed canal alignment according to centerline control points.

"R" or "L" refers to the approximate lateral offset, right or leftrespectively, from the centerline of the proposed canal alignment.

"ELEVATION" refers to ground surface elevation at the boring location relative to the indicated "DATUM" established by measurementswith a hand level from a project bench mark.

"TYPE/SIZE BORING" refers to the exploratory equipment used in theboring wherein HSA = hollow-stem auger.

"c" in "Blows/Foot" refers to the number of blows of a l40-poundweight, dropped 30 inches, required to advance an AW rod tippedwith a two-inch-outside-diameter disk a distance of 1 foot.Refusal to penetration is considered more than 100 blows per foot.
"N" in "Blows/Foot" refers to the number of blows of a l40-poundweight, dropped 30 inches, required to advance a two-inch-outsidediameter split-barrel sampler a distance of 1 foot, Standard Penetration Test (ASTM D1586). Refusal to penetration is defined asmore than 100 blows per foot.

"R" in "Blows/Foot" refers to the number of blows of a l40-pound ~.,weight, dropped 30 inches, required to advance a 2.42-inch-insidediameter ring sampler a distance of 1 foot. Refusal to penetrationis considered more than 50 blows per foot.

"Sample Type" refers to the form of sample recovery, in which N =Split-barrel sample, R = Ring sample, and T = Thin-walled tubesample.

"Dry Density, pcf" refers to the laboratory-determined dry densityin pounds per cubic foot. The symbol "NR" indicates that no samplewas recovered. The symbol "*" indicates that determination of drydensity was not possible.

"Water Content, %" refers to the laboratory-determined moisturecontent in percent (ASTM D22l6).

"Unified Classification" refers to' the soil type as defined by"Method of Soil Classification". The. soils were classified visually in the field and, where appropriate, classifications weremodified by visual examination of samples in the laboratory and/orby appropriate tests.

(-'-;'
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Flood Control District of Maricopa County
Job No. 2155J020-E

BORING LOG NOTES (Cont'd)

These notes and boring logs are intended for use in conjunction
with the purposes of our services defined in the text. Boring log
data should not be construed as part of the construction plans nor
as defining construction conditions.

Boring logs depict our interpretations of subsurface conditions at
the locations and on the date(s) noted. Variations in subsurface
conditions and soil characteristics may occur between borings.
Groundwater levels may fluctuate due to seasonal variations and
other factors.

In general, terms and symbols on the boring logs conform with
"Standard Definitions of Terms and Symbols Relating to Soil and
Rock Mechanics" (ASTM D653) •



LOG 0 F BORING NO. __l __S_ta. 23+60 - 34' Rt.

RID Canal Embankment 2155J02~-EProject__..:.:.:=- Job No. ....:....-....:....----:......:...-_

Elevation _....!1..J,0lJ,0L.;,9z....' Datum__C_e_n_t_e_r_l_i_n_e_C_o_n_t_r_o_l _

HSA/7 lt CME 45Type/Size Boring _~~:L_~ Rig Type

Groundwater Conditions None Encountered Date 9/16/85

6 ....B_J.,4.6 53.5

Stopped @ 25.0 feet

CH CLAY; some silt, trace fine sand, reddish brown to
grey, soft to very soft, contains plant fibers, near
saturation

I

Description

GP SANDY GRAVEL AND COBBLES; some silt, trace clay,
remnants of aggregate stockpile, brown to grey, med
ium dense, moist to wet

c:
o

1l'~._ u.....-
·c~
::l'"<0o

... ,
<11... c:
<0<11
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*

T

T 94.5 85.1
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~
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LOG OF BORING NO. __2__5tao 22+60 - 23' Rt.

Date 9/17/85

RID Canal Embankment 2155J020 EPrpject Job No. -

Elevation _1_0_0_7_._5_' Datum__-..:::C~e;:.:n~t~e:..:r~l~i~n~e~C::.::o::..::n~t"'"r:..:o~l~ _

Type/Size Boring -.:H;.;.;S:::.;;A""I;...7;...'_' Rig Type_--=CME=:.....-4:..::5~ _

Groundwater Conditions None Encountered

~
<11 >- #. C
c. 0

~ Blows/Foot >- .~ ... -0 "Z;r- '"c"tj
<11- <1I«l

..c: <11
_C

~~ Description
a. ~c.

«l<1l
C. ~c c·-
CIJ E ~ 0 ;:)::::
a C «l U «l

N/R VI a D

GP SANDY GRAVEL AND COBBLES; some silt. trace clay.
f-

remnants of aggregate stockpile. brown to grey. med-
f- ium dense. moist to wet

f-

f-

~

--
-
- CH CLAY; silt. fine sand. reddish brownsome trace to
f- f--o grey. soft to very soft. contains plant fibers. near

~O
saturation

T 62.E 47.5
f-

-- f--

-
,.... f--

,25

f- T 64.2 61.3

-- -
-
f-

r-l0

f-

f-

f-

f- f--

~5

f- T 56. L 63.2

I- Stopped @ 27.0 feet

f-

30
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Datum_--=C~e:.:.:n:..:t:..:e:..:r~l:..:i:.;.n:.:e:......;C:.:o:.:n~t::.;r:...:o::.;l=__ _

lart)".s

1tx:b!5

LOGOF BORING NO._-:3=----=-Sta. 21+57 - 19' Rt.

Project_~R;!:.ID~C~a~n~a~l:::.....;E::::m=_b:::.;a:::.:n:::.:km=e:::.:n:.:..t=_ Job No. 2155J020-E

Elevation 1005.5 '

Type/Size Boring ---'H~S~A~I7~" Rig Type CME 75

Groundwater Conditions None Encountered Date 9/17/85 I

- ~

?: '#.
c

~ a. 0

~ Blows/Foot >- ... ~.~l- V>c _ ~ ..
~

_ c
.:=.~ Description.c ~~

II)~

0. a. ~c
·c~

~ E c:- o :J~
0 '" U II)

C N/R V'l 0 D

GP SANDY GRAVEL AND COBBLES; some silt, trace clay,
f- remnants of aggregate stockpile, brown to grey, med-

f- ium dense, moist to wet

f-

f-

5
CH CLAY; some silt, trace fine sand, reddish brown to

f- grey, soft to very soft, contains plant fibers, near
T f>3.6 58.1 saturation

f-

r- -
f-

....l0 ---
4 N NR

f- -
f-

l->.
I '

f- -
f-

-15 T 02.7 62.4

- ---
-

- f--

f-

,...1.0 T p3.0 55.9

f- I--

f-

f-

f-

~S

f-

f-

f-

f-
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LOG OF BORING NO.__3__CONTINUEO

RID Canal Embankment J bN 2155J020 EProject _.....:.=.:. 0 o. -

QJ C
a. .~ QJ~

0
Qj >- "'0 -z
~ Blows/Foot to- '" ... QJn:l

c_ ::l--
~~QJ ,"U -c Description.r. a. Co. .~ QJ c·-a. 0- ::::l~E >- ~a n:lQJ

n:l ...
0C C N/R V) C u

CH CLAY; (Cont'd),21 39 N *
GW SAND, GRAVEL AND COBBLES; trace silt and clay, brown,

f- dense, wet
l-

f-

~

~ -
0-

l-

E
~O Refusal @ 39.0 feet on cobbles

I-

0-

f-

0-

~

f-

l-

I-

I-

29
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to--
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55..-

-
-
to--

f-
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I
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LOG OF BORING NO. __4..:...--.:::.Sta. 24+00 - 12' Rt.

Project__~R=ID~C:::;a:::;n~a:::;l=-=Em=b=an=km=en=t Job No. __2_1-,-S-,-S_J-,-0_2..;;;,0_-.=E__

Elevation _~l~O~l~l:..:.~O~' Datum__..::C;,;:e;.:,n:.:t:.:e:.:r:..:l:.:i::n.:.:e:.....C::..:o::..:n:.:.t::..:r:..o=.l=-- _

10/1/85o

"-
Type/Size Boring ----:=-=._. Rig Type ./1

Groundwater Conditions None Encountered ate

Q;
dl

*-
C

a. C 0

~ Blows/Foot >- ... ].~..... '"c_ dl ....
dl .... c

~~ Description..c
~~

IVdl

a. a. 3:c c·-
d> E ~ 0 ::J~
a C IV U IV

N/R V'l a D

41 CONTINUOUS PENETRATION ONLY
-

86-
118-

78
I-

r--? 44

33
I-

30
I-

17
I-

6
I-

,..J.O 7

I-
7

- 12

26
,-

- 38

.-25 39

- 30

I- 37

I-
47

I-

~O

-
-
,- '.

-
2 5

-
-

,
-
-

I30



· .
LOG OF BORING NO. _...::s~--=..;Sta. 24+00 - 37' Rt.

RID Canal Embankment 2155J020 EProject_~~~=:=-==.::..:.::::::::.:..=.. JobNo. -

10/1/85D

Datum Centerline ControlElevation 1010.7 '
Type/Size Boring _-_- Rig Type_-_- _

Groundwater Conditions None Encountered ate

~
11)

eft.
c

a. .~ 0

~ Blows/Foot >- ... -0"';::
f- '"c _ 11)- 11)'"

~
11)

_ c ._ u
Description

~~ "'11)
_.-

a. a. ~c
·c:-=

11) E c:- o ::l~
0 C N/R '" U '"VI 0 D

- 10 CONTINUOUS PENETRATION ONLY

- 20

~
26

- 28

.2 84

- 75

I-
245

I- 137

I-
103

~O 90

I- 80

I- 55

I- '55

i- 50

-15 30

- 35

i- 22

i- 22

- 21

r-l-0 22

I- 24

- 13

- 9

I- 12

2 5 11

-
-
I-

-
30



LOGOFBORINGNO._......::::o_-:::.~l:a. L..j;-/U - 33' Rt.

Date 10/l /85

Project__~R.=.ID:!.-~C~an~a=.l--..::.Em~b=an~km=e:::.;n~t.:::....- Job No. 2155J020-E

Elevation _~1..),;O~O~8'-'-.~6~' Datum Centerline Control

Type/Size Boring _-_- . Rig Type _

Groundwater Conditions None Encountered

Q)
~

?: '#.
c

a. 0

~ Blows/Foot >- ... ~·z
~ '" ~ ... ~Ill

.J:; 11.1 ~'R
... c ~.~ DescriptionIII 11.1

0- 0- $c ·c~

<IJ E c:- o ::>~
0 C III U III

N/R VI 0 D

9 CONTINUOUS PENETRATION ONLY
f-

17r-

r- 14

r- 14

r-5 20

r- 17

f-
16

f-
17

r- 19

-.10 15

6 ~-
- 6

- 7

- 7

...25 6

- 6

r- 5

f-
6

f- 6

~O 6

r- 6

r- 7

r- 6

r- 8
25 8l-

f-

-
I-

r-
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10/1/85D

LOG OF BORING NO. __7,--_Sta. 23+76 - 34' Rt.

~~~t_~~R~I~D~C~a~n~a~l~E=m~b~a=n~~~e=n~t~~~~~~~~~~~~~~~~~~~J~No.2155J020-E

Elevation _--::1:..::0:..::0:..::9~.-=5;,..'~~~~~~~~~~_ Datum Centerline Control

Type/Size Boring_~~~~~~~~~~~~Rig Type_-_-~~~~~~~~~~~~~~~~~~~~~

Groundwater Conditions None Encountered ate

Qj
ClJ

.~ "$.
c

a. 0

~ Blows/Foot >- .. "'00;::..... II>

~'R
ClJ'" ClJnl

.l:: ~
... c ~.~ DescriptionnlClJ

a. a. ~c
·c~

ClJ E C 0 ::l~
a ro U nl

C N/R VI a D

~
2 CONTINUOUS PENETRATION ONLY

5
I-

16
~

~
20

~ 152

f-
240

I-
64 -

I- 45

I- 51

~o 34

~
24

I- .19

i-
·7

I- 6

...J.5 8

I- 8

f- 9

I- 9

I- 9

....10 9

l-

I-

f-

f-

~5

~

l-

f-

I-
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LOGOFBORINGNO._-,8,--~Sta. 23+90 - 34' Rt.

~~~t~~~R=I=D~C~a=n=a=l~E=m~b=a=n=~~e=n~t~~~~~~~~~~~~~~~~~~~_J~No.2155J020-E

Elevation _-=.l.::O-=l.::O...:•..::O~' Datum Centerline Control

10/1/85Date

-,
Type/Size Boring_-_-~~~~~~~~~~~_Rjg Type_-~~~~~~~~~~~~~~~~~~~~~_

Groundwater Conditions None Encountered

Qj
<IJ

*"
C

a. ?: a
~ Blows/Foot >- "- "O'z

~ V\

~'R
<IJ'" <IJ'"

<IJ ... c
~~ Description~ "'<IJa. a. 3:c c·-

<IJ E ~ a ::::>~
0 '" U '"C N/R Vl 0 0

- 3 CONTINUOUS PENETRATION ONLY

7-
17-
27-

..2 252

-
-
l-

I-

~O

l-

I-

l-

I-

r-l5

l-

I-

l-

I-

~O

l-

I-

I- "

I-

,..].5

l-

I-
f

l-

I-

I30



LOG OF BORING NO. _~8Au.-_Sta. 23+88 - 34' Rt.

~~~~~R~I~D~C=a=n=a=l~~=b~a=n=~~e=n~t~~~~~~~~~~~~~~~~~~~_JobNo.2155J020-E

Elevation 1010.0 I Datum Centerline Control

10/1/85D

Type/Size Boring _-_- Rig Type_~ ~__~ ~~_~ _

Groundwater Conditions None Encountered ate

Qj
ClJ

.~ *'
c

0. 0

~ Blows/Foot >- ... "0 '':;
I- '"

~~
ClJ- ClJtO

.c ~
~C

,_ u
DescriptiontOClJ .....-.- ....

0. 0. 3c c·-
ClJ E ~ 0 :::l~
0 C to U to

N/R VI 0 D

I-
4 CONTINUOUS PENETRATION ONLY
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f-
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55

~
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November 22, 1985
84 -210B

Simons, Li &Associates
120 West Broadway, Suite 170
Tucson, Arizona 85701

ATTN: John Lynch

RE: Geotechnical Engineering Design Investigation Relating to
Options for Roosevelt Irrigation District Canal
Station 20+50 to Station 24+00
Phoenix, Arizona

(~

~

f~e

~!~~

Gentlemen:

At your request Desert Earth Engineering has reviewed several proposed

solutions to the problem of placing the proposed Roosevelt Irrigation District

canal over the clay filled waste pit near the Agua Fria River in Phoenix. The

options reviewed include the following: 1) realigning the canal, 2) removal of

the clay and replacing it with engineered fill, 3) a pier and grade beam

system to support the canal, 4) a pier system to support an elevated flume

soil by use of geotechnical fabric or sand drains, 6) and a combination of

limit the width of the canal and the attendant removal of the clay material.

and the approximate configuration of the waste pit side slopes, as shown in

524 North Sixth Avenue
Tucson. Arizona 85705
(602) 623-7774

On November 20, 1985 Desert Earth Engineering drilled six boreholes on

partial realignment of the canal and the constructuion of a retaining wall to

the site. These borings were used to establish the depth of the clay layer

over the stretch of the alignment affected by the waste pit, 5) stablizing the

at a later date.

Fig. 1. These boring confirm the findings of Western Technologies Inc. report

#21555020-E. Boring logs and results of further lab testing will be suppliedIri

l.~~.-r==-TFI~



Roosevelt Irrigation District Canal

Based on the results of our borings and analysis, it is the

Page 2

t'·'",,~

.•J

opinion of our soils engineers that extreme difficulty may be anticipated for

the proposed solutions which involve removal of the clay material from the pit

area below the canal. This is the result of the extremely weak nature of the

material, the depth of the deposit, and the large lateral extent of excavation

required to produce stable conditions both during construction and afterwards.

It will also be extremely difficult to operate heavy equipment in this weak,

saturated material. Therefore, it is the recommendation of Desert Earth

Engineering that the options which would allow the material to remain in place

be given priority over those which would require removal of the clay.

It has been a pleasure being associated with you on this project. If we

may be of further assistance to you, please call.

Submi tted By:

I):-~/~
DonN~ ft:R~:aarr~~,B.S.C.L

\ \ \ ,
\\ \

l

Ralph P ittison, B.S.C.E.

R.

RLS/ajt

Copies: (2) Addressee

n



Due to the presence of the clay material in this pit, the canal

Roosevelt Irrigation District Canal

1. REALIGN CANAL
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may be realigned so as to avoid the area. Based upon the current

configuration this alternative would require moving the centerline of the

channel approximately 80 to 90 feet south of the currently envisioned

alignment in the area of the clay-filled waste pit.

Due to the highly variable soil conditions encountered across

this entire project, if the realignment option is selected, it would be

inadvisable to generalize the soil conditions under any new alignment

from those encountered in our test borings. Any new alignment which may

be selected should be drilled prior to design and construction in order

to accurately ascertain soil conditions prevalent along the route chosen.

REMOVE CLAY AND REPLACE WITH ENGINEERED FILL

A second alternative is to remove the saturated clay and replace it

with engineered fill. If this alternative is selected extreme difficulty

may be anticipated during excavation. Due to the extremely weak nature

of the clay the angle of excavation should not exceed 1 vertical to 4

horizontal. The anticipated depth of excavation is in excess of 30 feet

in some areas of this project. The splay angle below the toe of the

slope will be dependent on the material selected as fill; however a 1

horizontal to 1 vertical splay slope may be used for preliminary design

Based on these dimensions, and the currently proposed canal cross section

and alignment the lateral extent of removal would be approximately 265

feet at the top and 145 feet at the bottom.

Our analysis of this option was based on an average value for

cohesion obtained from unconfined compressive strength testing performed
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by Western Technologies Inc. The results of these tests also indicate

that weaker spots are present in some areas of the pit. In these weaker

areas even greater excavation difficulties may be anticipated. The

stable excavation slope in these areas is 6 horizontal to 1 vertical

which translates to a top width of excavation equal to 325 feet.

CONSTRUCT THE CANAL ALONG THE CURRENTLY PROPOSED ALIGNMENT WITH THE FLUME
INDEPENDENTLY SUPPORTED

A third alternative is to construct the canal along the

currently proposed alignment while supporting the flume independently on

drilled, cast-in-place, concrete shafts. Assuming a system of two shafts

per pier groups with each group spaced 10 feet on center, the required

depth of embedment for a 2 foot diameter shaft would be 20 feet, (bottom

elevation = 993) for the shafts on the south side of the flume and 23

feet, (bottom elevation = 969) for the shafts on the north side of the

flume. These shafts could then be connected by a grade beam to support

the fl ume (see Fi g. 2A).

Alternatively a single 3-foot-diameter shaft may be used directly

beneath the center of the flume. Assuming a 10-foot, on-center spacing,

the required depth of embedment would be 22 feet, corresponding to a

bottom elevation of 967 (see Fig. 28). This alternative would not

require a grade beam. All embedment depths are measured from the lowest

adjacent granular material grade. The clay material is not to be used in

determining embedment depth.

It should be noted that if alternative 3 is chosen the flume itself

will need to be designed so as to be structurally sound without soil

support since considerable settlement will occur in the clay material

supporting the canal fill.



4. CONSTRUCT AN ELEVATED FLUME SUPPORTED BY SHAFTS ALONG THE CURRENTLY
PROPOSED ALIGNMENT
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A fourth alternative is to construct the flume along this stretch.

This would result in an elevated flume along this section. The flume

could then be supported on single, 3 foot diameter, drilled, cast-in-

place, concrete shafts (see Fig. 3). Based upon 10-foot, on-center

spacing for these shafts the required depth of embedment would be 24 feet

which corresponds to a bottom elevation of approximately 969. Once again

if alternative 4 is chosen the depth of embedment is to be measured from

the lowest adjacent granular material grade. The depth of embedment for

this option reflects vertical capacity only. A lateral load analysis

should be performed prior to final design.

STABILIZATION OF SOIL USING GEOTEXTILE FABRIC OR SAND DRAINS

Geotextile fabric by itself will not be sufficient to stabilize the

clay. This method was recommended for the portion of the alignment

passing over the waste pits between Station 11+80 to Station 20+60

because it was beneficial to maintain separation between the embankment

materi al and the quick~settl ing waste pi t materi al. For the portion of

the alignment from Station 20+60 to Station 24+00, the waste pit material

is a slow settling clay; geotextile fabric will not prevent settlement of

this clay. Nevertheless, fabric should be used with any alternative that

involves placement of fill over the clay layer since it will be

beneficial to maintain separation between the layers.

Geotextile reinforcement could also be used in soil below the

embankment if the clay were removed. If clay removal is a preferred

option, then use of reinforcing fabric can be analyzed further. However,

for reasons given elsewhere in this report, clay removal is not



feasible to use 1-foot-diameter or even 6 5/8-inch-diameter drilled

alignment.

would enable construction of the embanked channel to proceed as

Page 6

recommended.

portion of the clay that will support the embanked channel. It would be

Tentatively, sand drains could be spaced 10 feet apart over that

layer, 90% consolidation or better could be achieved within a year. This

alternative worthy of consideration. If these drains were constructed as

Stabilizing the soil through placement of sand drains is an

soon as possible, and a sufficient overburden placed above the clay

originally intended, without modification of the cross-section or the

shafts. The latter diameter has the advantage of being easily drilled

Roosevelt Irrigation District Canal
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using standard hollow-stem, continuous-flight auger, which would make

drilling and placement of the sand easily manageable.

Actual spacing of sand drains would depend on measurable settlement

taking place during early stages of the operation. If this settlement

were occurring too slowly, it could be accelerated through placement of

additional drains. These could be readily drilled with the overburden

already in place.

PARTIALLY REALIGN CHANNEL AND CONSTRUCT RETAINING WALLS ALONG THE
SIDES OF THE CANAL

A sixth alternative is to partially realign the channel by shifting

the centerline approximately 26 feet to the south and construct retaining

r
[

walls along the sides of the canal to restrict the canal width and

subsequent need for clay removal.

The splay angle of the foundation for this retaining wall would

depend on the material selected for fill but a 1:1 horizontal to vertical
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slope may be assumed for preliminary design. Due to the weak nature of

the clay an excavation slope not to exceed 1 vertical to 4 horizontal is

recommended during the clay removal. Based on an embedment depth of 5

feet for this wall and a 30 foot depth of excavation to remove the clay,

this alternative would result in a top width of 33 feet.

It should be noted that if this alternative is chosen, the problems

attendant with the removal of the clay material which have been outlined

previously would also be encountered for this option.
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December 12, 1985
84-2108

SimoGs, Li &Associates
P.O. Sax 1816
3555 Stanfot·d Read
Ft. Collins, Colorado 80522

ATTN:

RI:"·
L.

~!ael Bor:r.an

Sand Drain Spacing Design Parameters
Roosevelt Irrigation District Flume

Dear Noel:

The parctmeters given below are derived from laboratory testing of

taili~s-p0nd clays fourtd between Station 21+00 and Station 24+00 along the

Roose~elt Irrigation District flume alignment. These parameters may be used

for .:alcl.ilat·joY! of sand-dl~ain spacing as may be required to accelerate

consGI idation of the clay strata. Coefficients of Consolidation and

Permeability were assumed identical horizontally and vertically. Because of

the hcmogen2ity af this clay layer no testing was done to provide an accurat~

horizontal coefficient of perr.leabi1ity.

A sample calculation is also shown. To calculate the required spacing

for different tiffi~ periods of consolidation, sim~ly substitute the time period

(t) and calculate H. H is the drainage path to the sand drain, and should be

doubled to indicate spacing between between drains.

524 North Sixth Avenue
Tucson, Arizona 85705
(602) 623-7774
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Roosevelt Irrigation District Flume Page 2

-5
eoeffi ci en t of Permeabil ity k = 4 x 10 ftl day I I'"

~. • {TI··.' ,
/ ( ;f.../'lJ

Time Factor'H: for 90% of primary consolidation .848
.......

Compression Index C = .66
c

Coefficient of Consolidation C
v

2
= 0.043 ft Iday ......-- ~

, '
I

" , l ~ i." : \.

I',.... ' I I

I ..
I I ' .~. J

I I, (I )
I I r /.

2

H = tCv
T

Sample Calculation of Sand-Drain Spacing for lUO Days
~6L-{;' ~

= 100 days 0.022 ft 2 /day = 5.1 ft~

.848

H =15.1 ft2 = 2.25 • Spacing is 4.5 ft

If you have any questions, please call.

RLS/ajt

Copies: (1) Addressee

B.S.C.E.
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December 18, 1985
84-210B

Simons, Li &Associates
P.O. Box 1816
3555 Stanford Road
Ft. Collins, Colorado 80522

ATTN: Noel Borman

RE: Geotechnical Engineering Report
RID Canal Station 11+00 to Station 24+00
Phoenix, Arizona

Introduction

This report is supplementary to Desert Earth Engineering reports on the

Roosevelt irrigation District Canal dated October 23, 1984 and November 22,

1985. This report primarily discusses the use of vertical drains to

accelerate consolidation of the clay-filled waste pit between Stations 21+00

and 24+00. Consideration is also given to problems in the water-filled waste

pit between Stations 11+00 and 18+00.

C
l_~=r==-Tir=r7'T'---

524 North Sixth Avenue
Tucson, Arizona 85705
(602) 623-7774



Roosevelt Irrigation District Canal

Field Investigation

Number of Test Borings: 5

Location: See Site Plan, Fig. 1

Date Drilled: November 20, 1985

Page 2
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Subsurface soils were sampled using a CME-55 drill rig equipped with

split spoon and ring samplers. Boring logs containing descriptions of the

materials encountered in the subsurface investigation of the site are

presented in Appendix A. Continuous penetrometer testing was used to locate

the bottom of the waste pit. The penetration resistance values are included

on the boring logs.

A soil profil e for the project site is presented in Fi g. 2. Thi s soil

profile is transverse to the canal alignment and shows the approximate side

slope of the filled waste pit at Station 21+40. All evidence indicates that

this profile is consistent from Station 21+00 to Station 24+00.

Laboratory Test Results

Selected samples taken in the field investigation were tested in the

laboratory for grain size, Atterberg Limits, consolidation, and permeability.

No test values for cohesion were taken, since the use of vertical drains will

preclude the requirement of excavating clay. If clay excavation is needed,

cohesion values and slope stability analyses can be provided on request.

Summary of Laboratory Testing Results (Complete Results are given in Appendix B)

Gradation and Plastic Index Tests

[~

l '~...

Boring
No.

B-13

B-13

Depth
( ft)

14-15.5

34-35

% Passing
#200 Sieve

99

99

LL

77

80

PI

51

53

USCS
Symbol

CH

CH

11



Roosevelt Irrigation District Canal Page 3

Consolidation Characteristic of Soil Subjected to Saturation

Surcharge
Boring Depth Pressure Consolidation

No. (ft ) (psf) %

. B-13 24-25 2800 19.1

B-18 14-15 1400 9.8

Consolidation Parameters

Compression Index C = .66
c

2
Coefficient of Consolidation C = 0.043 ft /day

v

-5
Coefficient of Permeability k = 4 x 10 ft/day

Time Factor H, for

90% of primary consolidation .848

Conclusions and Recommendations

Our field and laboratory testing shows the waste pit to be filled with a

uniform, very plastic, saturated clay. This clay is unconsolidated and, under

the expected loading, has a settlement potential of up to 20%. This could

lead to total settlements of up to 5 feet for overburden placed above the clay

1ayer.

Because of the low permeability of the clay, settlement will be

dependent on dissipation of pore-water pressure over time. Laboratory testing

indicates that 90% of primary consolidation will occur 8-12 years after

placement of the overburden.



Consolidation of the clay can be greatly accelerated through the use of

the spacing between them. A graph of percent consolidation versus time for 3

different spacings is given in Fig. 3. This graph is based on radial drainage

Page 4

vertical drains. Effectiveness of these drains will be largely determined by

Roosevelt Irrigation District Canal

theory and accounts for both vertical and radical drainage.

Properly spaced vertical drains can reduce the time required for 90

~ percent of primary consolidation to months or less. Some degree of secondary

consolidation will occur simultaneously with primary consolidation. Remaining

secondary consolidation may take place over many years, but should not results

in significant settlement. If greater than 90% of primary consolidation is

achieved, differential settlement of the embankment will be limited to less

than 2 inches.

The application of fabric wick drains is especially suitable to this

site. The existing sand-gravel-cobble overburden, 5 to 7 feet thick, can be

graded out to provide a smooth surface for construction equipment. Wicks

should be hammered through this layer and all the way through the clay layer

r
'-'"'."..,
J:':

to depths as great as 45 feet below the surface, depending on where firm

native soil is encountered.

A system of adequate drainage must also be provided to conduct water from

the drains horizontally away from the site. This may be accomplished by the

use of French drains filled with permeable soil or with filter fabric. Once

this system of drainage is installed, placement of the overburden may begin.

Further problems at the site have been encountered in the area of the

water-filled waste pond between Stations 11+00 and 18+00. These problems were

discussed in an informal meeting between Ralph Pattison of Desert Earth

rt Engineering and Kent Hamm of Western Technologies Incorporated on December 6,

1985.
I~;
l~,

J



Construction problems in the area of the water-filled waste pit seem to

be primarily related to the inability to provide an adequate dewatering system

G.;Iii
Roosevelt Irrigation District Canal Page 5

for the pond. Furthermore, a soft clay or silt layer at the bottom of the

U pond, 2-9 feet thick, aggravates the difficulty of bringing construction

I equipment onto the site. The depth of this layer was determined by WTI

I' ~ 1personne by pushing a probe down from a boat in the pond. These probes

I ~ indicate that, at its maximum depth about 110 feet north of the alignment

centerline, this layer starts about 4 feet below the water surface (Elevation

1001.5) and is about 9 feet thick.

According to Mr. Hamm it has been the experience of contractors that,

during placement of backfill in the waste pond, this extremely soft layer

fj
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.
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forms a mud wave which impinges on the property of the gravel yard and poses a

danger to their pumps. This is one of the factors that makes the construction

of a dike necessary for dewatering the pond difficult.

As an alternative to dewatering we propose that fill be pushed out slowly

from the south end of the pond, so that construction equipment may be

supported. If necessary, clay pushed out ahead of this fill may then be

removed with equipment supported on the fill. When the entire canal right-of-

way has been so covered several random test borings should be made to assess

the condition of waste material below the pad. If no problems are exposed by

these borings treatment of the site may continue as planned and specified in

our report of October 23, 1984. If a problem is encountered, the worst case

will be the presence of clay. If necessary this can be meliorated through the

use of vertical drains as planned for the clay pit between Stations 21+00 and

24+00.
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We thank you for working with us on this project. If we can be of

~
rM~·

~
.,.-
i~

further help, please call.

RLSjajt

Copies: (1) Addressee
I~ (1) Simons, Li &Associates
lli. TUCson, Ari zona

ATTN: John Lynch
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Soil Boring Logs



JOB NO. CLIENT LOCATION

DESERT EARTH ENGINEERING 84-2108 Simons, Li &Assoc. RID

LOCATION OF BORING DRILLING METHOD 6 EQUIPMENT
BORING NO.

CME-55 Drill Rio eauiooed 8-13

with 6 5/8" 00 3 1/4" 10
SHEET

Sta. 21+47 24 ft N of CL hollow-stem continuous 1 OF 2
flight augers ENGINEER

SAMPLING METHOD RMP
Sol it-spoon Penetrometer TIME

and Ring Sampler
DATE

DATUr.4 ELEVATION 1005 CASING DEPTH 20 Nov 85

~
w SURFACE CONDITIONS

IIl~, Cl: '!!~ 0
x:~

~~
a:.J

UlW
~~ ::!

~w WW
..JQ. BLOws/6" Q.W

'~
~>Q.)- - Ill'" wu. «w

~~ I 'l!~ SAMPLER Oz ~g ~.J

,I III 1/ ~~ jQjQ

./ ~ 0
hr;lll "'lnri Rrnwn <;ANn Rnrk' ;,nri rnRRI r,

/
l-

i 11- ~

1/
I-

21-
1)

i/
l-

I 31- Some r1av

/
I-

~
41-

1/
I-

51-
,

i/
I-

61-
(CH) Brnwn rlAY with trrlrp "rlnrl· ,,;,tllY''''ltprl VPY'II

l-

i/ 7 nlrl"tir ~()f't

S5 1% 9/8/8
8

, 1/ 91-

1/
t-

10 f-

/
I-

; 11 f-

1/
.....

12 ..... . .

/
I-

13 I-

/
I-

14
(CH) CLAY

SS % 1518 1/1/1

1/ 16 .....

1/
f-

17 f-

1// f-

18 .....

/
f-

19

f~RS 3/3 20



Joe NO. Cl-IENT LOC AriONDESERT EARTH ENGINEERING 84-210B Simons, Li & Assoc. RID
LOCATION OF BORING

DRILLING "'ET~OD & EQUIPMENT
BORING NO.

OlE-55 Drill Riq equipped B-13
with 6 5/8 11 00 3 1/4 11 10 SHEET

hollow-stem continuous 2OF 2
fl i gh t augers ENGINEER

SAMPLING METHOD RMP
Solit-sooon Penetrometer TIME

and Ring Sampler
DATE

D"TUM ELEVATION CASING DEPTH 20 Nov 85
Z l w SuRFACE CONDITIONSa: OIl ...

x~

~~
a:.Jw~ ,!,? '8 ~w WW...Jll. ¥~/~~ IILOws/'" ll.W

'I: ~>Cl., w'"" ""w:E>- " !~ SAM"L~" Oz ~3 ~.J

"" ' uu
'" 1/ z ... IQ.-g:

1/ 20 L

21 ~
(CH) Brown CLAY- ,rlturated verv nlastic soft

/
1/ 22~/ 23 ~

I

//
\

24

1- 7(RS 2/1 25

/ -
26 -.

'-

./ 27 -. -<-

/,.
28 -';

/
,....

1- 29
'C
't

1%SS 24 2/2/2 30

~ / 31 ~
~ --'

/ 32 -
.~

,/ I--:J
33 I--

..~
"

/
-

34
,

SS % 35 (SM) Brown SAND with trace silt; moist, medlum4/12/16 .
dense nonolastic

. / 36 f- \,..
I--

/ 37 - - Bottom of hole at 35.5 ft
.,

~/
-

.~,;.

38 -,-
".'t:...

i-

i/ 39 '-
;.~

V
I--

';~ 40 I--



JOB NO. CLIENT LOCATION

DESERT EARTH ENGINEERING ...

84-210B Simons, Li &Assoc. RID

LOCATION OF BORING BORING NO.
DRILLING METHOD & EQUIPMENT

01E-55 Drill Ria eauiooed B-14

with 6 5/8" 00 3 1/4" 10 SHEET

Sta. 21+44 12 ft N of CL hollow-stem continuous 1 OF 1
flight augers ENGINEER

SAMPLING METHOD RMP
Solit-sooon Penetrometer TIME

and Ring Sampler
DATE

DATUM ELEVATION 1004 CASING DEPTH 20 Nov 85

M
~ SURFACE CONDITIONSVlw

II: ~~ 0
:I:~

~~
a::..J

uJw
~~ ~

~w wL<.l
...Jil. BLOwS!6" il.L<.I Ie ~:>
11.>- - VI'" L<.II4. «L<.I
~t- / 'i!~ SAMPLER Oz ~3 ~..J

<Jl 1/ ~~ IIQIIQ
-a:

V 1-0
Grav and Brown SAND GRAVEL rlnd COBBLES

V
i-

1~ -
V

~

21-
.

~

/ 3~

/
-

e 4-

/
- Bottom of overburden laver 5.0 ft5-

/
-

6 - - -

- 5 Bullnose oenetration only 6 ft to 14 ft

/ 7 --
- 6

/ 8--
- 9

1/ 9~ -

1/ I- 9
10 i- -

l- II

1/ 11 I- -

1/
I- 22

12 f- -

1/
I- 37

13 I- -

/
i- 44

k4

.~:/
~

15 I-
Bottom of hole at 14.0 ft

1/
I-

16 I-

/
l-e 17 ~

~/
I-

18 i-

/
I-

19 l-

V
i-

20 ~



~
~ JOB NO. CLIENT LOCATION

DESERT EARTH ENGINEERING -- -

84-210B Simons, Li &Assoc. RID

LOCATION OF BORING BORING NO.
DRILLING METHOD 6 EQUIPMENT

Ct>1E-55 Drill Ria eauipped B-15

with 6 5/8" DO 3 1/4" 10
SHEET

Sta. 21+42 2 ft N of CL hollow-stem continuous l oF 1
flight augers ENGINEER

SAMPLING METHOD RMP
Split-spoon Penetrometer TIME

and Ring Sampler
DATE

DATUM ELEVATION 1003 CASING DEPTH 20 Nov 85

M
w SURFACE CONDITIONS

Vlu
II: 'i? 0

xl-
~~

a::.Jww I-W WW
.J(1. ~3 ~ BLOws/6" a. w

'~
1-:>

(1.>- - VlW w~ -e: w
~1- / 'i~ SAMPLER Oz ~S ~.J

III / ~ti ......
-a:

1/ 1-0
(;rflV flnrl Rrnwn <;ANn r.:RAV~1 ;mri rnRRI Fe:;

1/
I--

11--
~

V
I--

21--

/
-

3- Clean Brown SAND with trace Qrave1; moist,-

/ 4
medium dense, clasts are rounded

SS % 5
H tl/~17

1/ 61--
I--

1/ 71--
-

/ 8-

l/
-

9

,% 10SS 18 12/15/14
,

1/ 11f-
I--

1/ 12 I--
Rnttnm nf hnlp r1t In ~ ft ..

1/
I--

13 I--

/
~

14 l-

i/
I-

15 I--

1/
I--

16 ~

i/
I-

17 I-

~/
f-

18 f-

1/
f-

19 f-

/
I--

20 I--



JOB NO. CLIENT LOCATION

DESERT EARTH ENGINEERING 84-210B Simons, Li &Assoc. RID

LOCATION OF BORING BORING NO.
DRILLING METHOD 8< EQUIPMENT

CME-55 Drill Ria eauiooed B-16
..

SHEET

· with 6 5/8 11 00 3 1/4 11 10
Sta. 21+43 15 ft N of CL hollow-stem continuous 1 OF 1

.~
flight augers ! ENGINEER

· SAMPLING METHOD RMP
Solit-sooon Penetrometer TIME

"

~ and Ring Sampler
DATE

DATUM ELEVATION CASING DEPTH 20 Nov 85

iJ w SURF ACE CONDITIONSIll..,· a:: ~~ c xl-
~~

a::.J
~w I-W
...Ja. \i~ ~ BLows/5" a. W UJW

'~
1->a.>- - Ill.., wI>. «w

~f- / 'i!~ SAhl"LER o~ ~3 ~.J

1Il / ~~ ~~
-a:

/ -0
'-

Gri'lV i'lnrl Rrnwn <;ANn r,RAV~1 ;lnri rnRRI ~s

/ 1~ -

'/
-

2'-

/
'-

3'-

/
'-

4-

/
-

5 -

/
-

6 -

/
-

7 -
- (CH) Brown CLAY' saturatE"d \/(>rv nlilc:;tic soft

/ 8 -
/

,.-

9

IRS % 10 - -~

5/6 Bull nosE" ~ .. '-".ion onlv 1n ft to 1Ii ft'- 8
1/ 11 >- -

/
>- 8

12 >- - . ,

1/
'- 6

13 '- -

/
>- 9

14 >- -

/
- 11

15 - -

/
- 16

16 - -

/
- 17

17 - -

//
- 24

-18
4

1/
-

19 '-
f- Ijottom of nOle at I:LU tt

V
'-

20 '-

f
"'1'

"". ,
':)

[:':',".
.:.;,

~

[
e

f.

r~
[]



JOB NO. CLIENT LOCATION

DESERT EARTH ENGINEERING 84-210B Simons, Li &Assoc. RID

LOCATION OF BORING DRILLING METHOD 8r EQUIP .... ENT BORING NO.

CME-55 Drill Ria equipped B-17

with 6 5/8" 00 3 1/4" 10 SHEET

Sta. 21+21 20 ft N of CL hollow-stem continuous 1 oF2
flight augers ENGINEER

SAMPLING METHOD RMP

Solit-sooon Penetrometer TIME

and Ring Sampler
DATE

DATUM ELEVATION 1003 CASING DEPTH 20 Nov 85

M
w SURFACE CONDITIONS

Vlw
cr '!'~ c xl-

~~
cr..JWw

~ i5 :i
I-W WUI

...J(l BLOwS/'" (lUI 1->(l; - Vlw wLo. '~ <w
~1- / 'i~

SAMPLER Oz ~3 ~..J

III 1/ 'i~ ....
-0:

/ f-O

I-
hr;w ilnn Rrnwn <:;ANn hRAV~1 ilnn rnRRI FS

/ 1 ~
"-

1/ 2f-

/
f-

3"-
-

/ 4- Some clay

/
~

5r-

/" "-
6"-

f-

/ 7 -
- (CH) Brown CLAY; saturated. very plastic soft

/ 8-

/
f-

9

SS % 10 - / ,
'1 ? -:l/?/4

,
(SM) Brown SAND with some silt

1/ 11 ~

/
>-

12 I-

"- f-

1/ 13 "- (CH) CLAY interlavered with (SM) SAND with some silt;
f-

<; rl t.1l r rl t."Pr! <:.nft

/ 14 W -
RS % 15 (CH) CLAY

21:l

/
-

16 ~

/
~

17 ~

//
f-

18 l-

I/
~

19
! Some lavpr<; wit.h trrlrp nrl1iln;rc::.

SS r~ UUl 20



Joe NO, CLIENT LOC A TION .. 'DESERT EARTH ENGINEERING 84-210B Simons, Li & Assoc. RID
~OCATION OF BORING BORING NO,DRILLING METHOD & EQUIPMENT

OlE-55 Drill Riq equipped B-17
with 6 5/8" 00 3 1/4 11 10 SHEET

hollow-stem continuous 2OF 2
fl i gh t augers ENG[NEER

SAMP~ING METHOD RMP,
Split-spoon Penetrometer TIME

and Ring Sampler
CATE,

20 Nov 85
D .. TUM ELEVATION CASING DEPTH

" l w SURFACE CONDITIONSa:: "'''' 'I:~

~~
a::.J'!? '0""101 'f~ I ~ ~loi 101101.Jll. BLOWS/'" ll."I t->Il.~ - I", ... "I'"" 't: ~"I:It- " 'f~ SAM"LI!:" Oz ~S j;.J< • wLJ

"" i "\oJ 111111

~
-a:

/ 2a~ (CH) CLAY

~ / 21 H
1/

~
22n

/ 23~"

I

l~/ ~

I~
S /'1 ? 111 24

1,//, 2S

/
,-

~ 261--
I-- GRAVELLY

i/ 27 -

/ -
, 28 ,-

/
I--

~ 29
(,GW) Brown SANDY GRAVEL with some clay"i:

%SS
9/8/5 30

~ / 31 -
.~ -/ 32 .....

I~ I--;:;it'":;

1/~.~ 33 -
1

"O~

/ -
~ 3, ~

I

(r,W) Rrown SANDY GRAVEL with trace clay' very dense% anaular to subanaular55 33/47 35

'- I/ -
\~ ~I--

~ Bottom of hole at 35.0 ft-~

/
-

J/-

V //
.....

38 I--..!j

/
.....

f"';,; 39 -
~~~

V -
~ 40 -

S



JOB NO. CLIENT LOCATION

DESERT EARTH ENGINEERING
.. -

84-210B Simons, Li &Assoc. RID

LOCATION OF BORING BORING NO. -DRILLING METHOD & EQUIPMENT

CME-55 Drill Rio equipped 6-18

with 6 5/8" 00 3 1/4" 10 SHEET

Sta. 23+60 35 ft N of CL hollow-stem continuous 1 OF 3
flight augers ENGINEER

SAMPLING METHOD RMP
Solit-sooon Penetrometer TIME

and Ring Sampler
DATE

DATUM ELEVATION 1009 CASING DEPTH 20 Nov 85

i4
w SURFACE CONDITIONS

Ill ....a: 'ii~ 0
J:~

~~
a:.J

LlJw ~w WW
.Ja. ~~ ::! BLows/6" a. W 'e ~>CL)- - IIlloJ wI>. c(W
~t- / 'i~

SAMPL.ER Oz ~3 ~.J

III / i!~ IQIQ
-a:

1/ 0-- Grav nne! Brnwn ,IlNn r,RlllI[:" I ::Inri rnRRI [:",
f-

/ 1 l-

f-

/ 2-

/
-

31-
-

/ 4-

/
f-

Sf-

1/
I-

6-
-

/ 7 -
- (CH) CLAY

/ 8 -

V
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D. P. ICHOLSO * and R. J. JARDINEt

Pelformance of vertical drains at Queenborough bypass
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verticaux. Les comparaisons effectuees revelenl une
reduction analogue du coefficient de consolidation
lorsque la cOnlrainte efficace depasse la pression de pre
consolidation.

INTRODUCTION

Queenborough bypass is being constructed by
Kent County Council to improve access to Sheer
ness Docks and to relieve traffic congestion in
Queenborough. The bypass alignment crosses an
area of former tidal marshland and an existing
railway track that will be bridged by the new road
(Fig. 1). A section through the northern bridge
approach embankment, which has to be con
structed to +8·5 mOD, approximately 7 m above
the original ground level, is shown in Fig. 2.

The initial site investigation was undertaken by
Kent County Council in 19i3 and revealed about
10 m ofsort alluvial clays which would necessitate a
staged construction programme for the approach
embankment. An examination of consecutive
piston samples indicated the presence of some
laminations and layers of permeable peat and silt. It
was considered that these migh t be sufficient to
provide adequate horizontal drainage to c;,abk the
embankment to be constructed with a 4 year
programme.

The first construction stage was placed in 1976,
with fully instrumented sections to study the in situ
behaviour and rate of consolidation of the founda
tion soils so that the placing of subsequent stages
could be determined. The measured rates of con
solidation were found to be too slow to enable the
programmed completion date in August 1981 to be
met by natural drainage alone. At this point. in
August 1977, Kent County Council requested Ove
Arup and Partners to give advic:e on alternative
ways of completing the embankment.

Further site investigations werc made during the
winter of 1977-78 together with an analysis of
existing instrumentation readings. Preliminary
studies showed that vertical drains would be re
quired to accelerate consolidation and that savings
in cost could be madc hy the usc of lightweight !ill
coupled with a lengthening of the viaduct and a
revision of the vertical alignmcnt.

In order to arrive at the mOSI efficient design,
studies of thc in situ permeability werc carried out
to evaluate the drainage propcrties of thc soil. In

'Ove ,\rup &. Partners.
t Kent County Council.

67

The bypass round the town of Queenborough on the Isle
ofSheppey, Kent is constructed on soft alluvial clay up to
to m deep. Where the bypass bridges an existing railway
line the approach embankments rise to a height of 7 m
above the existing marshland. Embankment construction
was started in 1976, but instrument readings indicated
that the initial stage of filling could not safely be
constructed higher than 3-0 m. Further site investigations
were made which included in situ constant head perme
ability tests performed by reducing the pore pressure at
the piezometer cell using recently developed equipment.
Analysis showed that vertical drains would be required to
accelerate the consolidation and enable the embankment
to be completed within the remaining construction pro
gramme. Subsequently, two types of vertical drains were
assessed during trials in 1978: a 65 mm dia. Sandwick
drain and a 300 mm wide AV Colbond fabric strip drain.
The Paper compares the consolidation parameters and
selliements predicted from laboratory and in situ tests
with the field performance of the embankment with and
without the vertical drains. Good agreement was found
between these comparisons which confirm the predicted
decrease in coefficient of consolidation as effective stress
exceeded the preconsolidation pressure.

La Route de Deviation autour de la ville de Queen
borough sur I'Ile Sheppey. Kent, a ete construite sur de
I"argile alluvionnaire molle d'une profondeur atteignant
10 metres. Lil ou la route de deviation passe au-dessus
d'une ligne de chemin de fer exist ante, les remblais
d'approche s'elevent a une hauteur de 7 m au-dessus du
terrain marecageux exisrant. La construction des remblais
a commence en 1976 mais les valeurs obtenues a I"aide
d'instruments de mesure indiquaient que I'on ne pouvait
depasser sans danger 3-0 m pour Ie rernblai initial. Une
analyse ulterieure a re\"ele qu'il faudrait prevoir des drains
verticaux pour accelcrer la cadence de consolidation et
pour permettre de terminer les remblais dans les limites du
programme de construction portant sur trois ans. Des
essais de permeabilite in situ a charge cOnstanle ont e[e
elTectues en reduisant la pression interstitielle ~i I"extremile
du piczometre ~i I"aide d'un materiel recemment mis au
point. Deux types de drains verticaux onl ete lestes par Ia
suite lors des essais elTectues en 1978: d s'agissait du drain
du type 'Sandwick' de 65nll11 de diamctre~et du drain du
lyre ~i bande de lode 'A V Colbond·. de 300 mm de large.
L'article compare les raramCtre de consolidatIon et de
tassemenl. deduits des cssais de consolidation en
laboraloirc et des essais de permcabilile in situ. :i la
performance sur place du rcmblai a\'cc et sans drains

aVllles in 1 nite soil
Am. So'c. Civ. Engrs.

,f consolidation coef
I. Fdns Div. Am. Soc.

r., Antwerp.
laligh, M. ;\"1. (1978).
'one penerromerer and
:ept, Dept Civ. Engng,

74). Consolidation of
Is with finite perme
'I Engn 14, No.2.
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2400

seasonal variations; the level rises to the ground
surface during winter months when the low lying
areas are prone to flooding, and falls to about 1m
below ground level during the summer. The soil
profile and properties are summarized in Figs 2 and
3. These indicate very soft to soft recent alluvial
clays to about - 8·5 m 00 below a firm desiccated
crust which decreases in strength with depth to
-0·5 mOD. with firm brown London clay below
the alluvial clays. The London clay becomes very
stiff with depth and was proved by boring to about
-30m 00.

During the 1978 site investigation, borings were
made in sets of three. Consecutive I m long by
102 mm dia. piston samples were taken from the
first borehole of the set. Hand vane tests were made
as these samples were extruded and split for visual
examination and index tests (Fig. 3). The samples
were then photographed at various stages ofdrying
to examine the soil fabric. This revealed numerous
vertical 1-2 mm dia. hollow root holes in the
alluvial clays. with occ3sional 5-8 mm dia. peat
filled holes. On drying. the soils in the crust showed
signs of silty laminations but these were not
observed in the underlying alluvium. Peaty layers
and thin beds ofrecd stems were occasionally found
(Fig. 2). i\ t the base of the alluvium a layer of gra vel
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addition, the field performance of two commercial
vertical drain systems were evaluated in full-scale
trials using the 65 mm dia. Sandwick drain installed
by Cementation Ground Engineering Ltd and the
300 mm wide AV Colbond strip drain installed by
Soil Mechanics Ltd. These trials were carried out
over the summer of 1978.

Based on these studics, a drain layout was
designed to provide sufficient dissipation to ensure
stability during construction and to limit the
settlement remaining at the programmed comple
tion of the viaduct and road. A cont'.lct was
subsequently let to Cemcntation Ground i ~1gineer
ing to install 7500 Sandwick drains in the approach
embankments. This work was carried out bctween
October and D~cember 1978. Embank ment con
struction is now nearing completion and it is
possible to compare the predicted and mcasured
performance of the vertical drains.

GROUND CONDITIONS AND SITE

At the approach embankment ground levels vary
from about 0 D to + 1·8 mOD. the lower areas
being associatcd with drainage ditches and chan
nels. The ~round surface is covered by rough marsh
grasses. 'rh~ groundwater level is subject to

Fig. 2. Section along centreline of northern approach embankment
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pressures; (b) compression index, co; (c) compression ratio,
c,/(l + eo); (d) predicted primary seltlement

E

c

'"E 004
~
Qi
Vl

c
E 0·8
.~

D

'"U
D '·2
'"0::

1·6

(d)

in a clay matrix was identified. The large scatter of
plasticity index values, which generally indicated
high plasticity clays. may be seen in Fig. 3(d). The
liquidity index profile (Fig. 3(e)) showed less scatter.
with an average value of about O' below - 2 m
00.

Field vane tests were made in the second bore
hole: of each set of three and undisturbed samples
were taken over the same depths to examine the soil
tested by the vane and provide material for plasti
city index tests. The: vane shear strengths are shown
in Fig 3(c).

Additional piston samples were taken in the third
borehole of each set for detaikd laboratory testing
which included consolidation tests, unconsolidated
'quick' undrained triaxial tests (UU) together with
isotropically (CI U) and al1isotropically (CA U) con
solidated undrained triaxial tests.

COllsolidatioll tests

Consolidation tests were made on 75 mm dia.
samples over a representative range ofdepths based
on the soil profile determined from the split piston
samples. These tests were performed in the manner
recommended by Bjerrum (1973) with small incre
ments of load up to preconsolidation pressure.
Each successive increment was added when 90°;';
of the primary settlement had been defined on the
plot of settlement versus the square root of time vI.
Further increments above preconsolidation pre:s
sure were added at approximately 24 h intervals by
generally doubling the applied load to minimize
the effects of creep. A profile of the preconsolida
tion pressures p<' based on the Casagrande con
struction method is shown in Fig. 4(a). Also shown
are the compression index and compression r:ltio
profiles (Fig. 4(b!. (c)) on which the primary settle:
ment calculations shown in Fig. .:l(d) were based.
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Fig. 6. (Below and facing page.) Initial stage of con
struction: (a) plan: (b) instrumentation section (section
AA--eontours of excess piezometric pressure at day 140):
(c) typical instrumentation records; (d) centreline settle
ment profile: (e) lateral movement profile; (f) piezometric
level profile
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Fig. 7. Piezometer response to embankment loading; (a) piezometric pressure change with centreline embankment load
ing; (b) efTecli,'e vertical stress profile on day 140; (c) section AA·-contours of excess piezometric pressure on day 708
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stability analysis showed that a maximum thick
ness of ground of about 3 m offill could be placed in
the tirst undrained loading stage. Construction to
higher levels required a multi-stage construction
technique with consolidation pause periods
betwe~n lifts so th:tt each increment of load could
he balanced by a corresponding gain in strength.
The multi-stage :lnalysis was based on the assump
tiontha t consolida ted und rained st rengths cu would
grow in proportion to their maximum vertical pre
consl,lidation stress P,'. and the calculations were
therefore dominated by the choice of C

U
'P,' ratio

(where Cu is undrain~d shear strength). Both iso
tropicallvconsolidated undrained lCI land aniso
tropically consolidated ICA l undrained triaxial

,
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The stability of the first stage of construction was
governcd by the original undrained shear strengths
illustrated in Fig. 3(c). The field vane strength differs
from th~ overall strength mobilized in embankmcnt
railur~s because of strain rate. anisotropy and
progres,i\'~ failure ~ffects: the empirical correction
factors proposed h\' Bjerrum (1')73) were applied to
the data in order to produce design parameters.
One of the case histories used by I3jerrum to
develop the vane correction factors was that of
Scrapsgate. approximately 5 km north cast of the
Qu~enhorough bypass site (Golder & Palmer.
1')55).

Using these corrected strengths. undrained
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mum inclinometer movement at the toe divided by
the centreline settlement) and its differential tJ.Ym/tJ.s
may be used to compare the displacement patterns
beneath different embankments. The ratio tJ.Ym/tJ.s
interpolated for the first loading at Queenborough
was approximately 0·9 after the soil reached pre
consolidation pressures, and shows close agree
ment with Tavenas's study of 21 embankments
from sites around the world.

The variation of piezometric level with time is
shown in Fig. 6(c) for a shallow piezometer (P6/4 at
+0'7 mOD) and two deep piezometers (P6/1 at
-S'6m 00 and PS/2 at -SAm 00). Typical
profiles of piezometric level are given on Fig. 6(f) for
different contract days. Assuming an initial increase
in pore pressure equal to the embankment pressure,
the profile on contract day 110 indicates that a
substantial drop in pore pressure occurred above
- 2 mOD, whereas below this level very little
dissipation occurred. This effect is confirmed by the
overall distribution of excess piezometric pressure
at the completion of the first construction period
(shown on Fig. 6(b) for contract day 140).

The linear response of piezometer PS/2 to;
embankment pressure at the centreline is shown in
Fig. 7(a), together with that of P2/1 at -5,5 mOD
below the embankment toe. The net effect of this
dissipation is to increase the in situ vertical effective
stresses in the foundation soils up to their pre
consolidation pressures. This may be seen in Fig.
7(b), which compares the vertical effective stress
data calculated from the piezometer readings for
contract day 140, with the original preconsolida
tion pressure profile from Fig. 4(a). The largest
changes in vertical effective stress, above - 2 mOD,
corresponded to the area with greatest vertical
settlements as shown on Fig. 6(d). This process of
rapid reconsolidation to Pc' followed by very slow
dissipation above this stress level is also reflected in
the 5 kN/m 2 difference between the centreline
piezometer response and the applied embankment
pressure for piezometer PS/2. This is similar to the
difference between the original in situ vertical stress
and the preconsolidation pressure for that depth.
(Figs 7(a) and 4(a». The effects noted at Queen
borough are in accordance with the findings of
Rowe (1972), Marsland & Powell (1977) and
Ta venas & Lerouil (1980).

COllstruction plluse period

o additional construction took place from
contract day 140 to contract day 708 and the period
was therefore one of undisturbed natural drainage.
The contours of excess piezometric pressure are
shown on Fig. 7(cl for contract day 708 and these
may be compared with the contours for contract
day 1-10 shown on Fig. 6(6). These indicate that very
little lateral drainage was occurring under the

FIRST STAGE OF EMBANKMENT
CONSTRUCTION

The first stage of embankment construction was
placed during the summer of 1976 to the levels
shown in Figs 2 and 6(b), at a construction rate
shown in Fig. 6(c). The embankment consisted of a
blanket of free-draining material comprising silty
sand and gravel to a level of + 2·5 m 00 with chalk
fill being placed above this level. The bulk density of
the free-drainage material is about 22 kN/m 3

, while
the bulk density of the chalk is about 18 k /m 3•

The positions of the instruments used to monitor
the embankment are shown in Figs 6(a) and (b).
Piezometric pressures were recorded by push-in
twin tube hydraulic piezometers, while the vertical
settlements were measured by magnetic settlement
gauges and lateral movements were monitored by
inclinometers. The examination of the first stage
loading behaviour may be divided chronologically
into the construction period up to contract day 140
(19 September, 1976) and the post-construction
pause period from contract day 140 to contract day
708 (lOA pril, 1978).

compression tests were carried out over the range of
effecti\'e stress anticipated under the embankment
to assess the correct choice of the parameter cu/Pe'
as shown in Fig. S(a).

The corrected vane test results were also
normalized by the preconsolidation pressure given
in Fig. 4(a) and are shown in Fig. 5(b). An overall
ratio of cu/Pc' = 0·25 was selected after considering
the likely effects of the change to plane strain
conditions, anisotropy and strain rate dependence
for the multi-stage case. Reference was made to the
SHAl'SEPprocedures of Ladd & Foott (1974), and to
the work of Wesley (1975) on the Thames alluvial
clays.

Construction period

The construction period was characterized by a
rapid buildup in piezometric pressures in the
alluvial soils, some initial settlements and sub
stantial horizontal movements. Some cracking of
the chalk fill occurred along the centreline on
placing the final lift of the first construction stage.
To ensure stability the maximum thickness of fill
was red uced slightly, with this material being used
to form a 0·5 m thick toe surcharge in the critical
areas.

The development of the vertical and horizontal
displacements is best illustrated by the records of
settlement gauges 56/5 and S6/4 and readings from
inclinometers I and 19 measured 2 m below
ground level (Fig. 6(c»). Typical displacement pro
files for contract day 140 are shown in Fig. 6(d) and
(e). Taw:nas. Miessens & Bourges (1979) proposed
that the non-dimensional ratios Ym/s (i.e. the maxi-
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Fig. 8, Laboratory consolidation parameters
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horizontal radial drainage ('vh which. being a
combined permeability and compressibility
parameter, was expected to vary with effec
tive stress, since

Vertical effective stress, u;: kN/m2

khcvh =-
111 v )'w

La!Jorator.l' cOllso/idotioll (larwlleters

The range of c,.v from 75 mm consolidation tests
is shown on Fig. 8 plotted against vertical effective
stress. Also shown is the band of results given by
Rowe (1972) from 250 mm hydraulic oedollleter
tests for his D-type clay into which group lhe
Qucenborough clays broadly fall. The results of
both vertically and horizontally draining 250 mm
Rowe celltesls on similar oils from a nearby site at

where kh = horizontal permeability;
I11 v = mod ulus of volume change: and
)'W = unit weight of water; cvv and k v similarly
apply to vertical drainage conditions

(b) the equivalent cylindrical drain diameter for
non-circular strip drains

(c) the effect that remoulding and smearing
produced during installation has on the
drain's performance

With reference to parameter (c), Richart (1959) and
Johnson (1970) have shown that reductions in the
drain's effective diameter could be made to model
such efTects, but the magnitude of any reductions
was not known. Alternatively, the uncorrected
cylindrical drain diameter could be used and the
smear and remoulding effects incorporated into a
reduced 'bulk' value of c,..

To assess these factors a study of laboratory and
in situ coefficients of consolidation and an exam
ination of the performance of two drain systems
in a full-scale trial were carricd out.
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VERTICAL DRAIN DESIG CONSIDERATIONS

The analysis of the first stage of loading clearly
indicated that natural drainage would be in
sufficiently rapid to allow subsequent stages 'of
filling to be placed within the four year construction
programme. The use of large loading berms to
assist construction was restricted by the presence of
the existing railway track and availability of land.
Consolidation assisted by vertical drains was con
sidered to be the most efficient means ofcompleting
the embankment within these constraints.

The design requirements for the vertical drains
were based on the followirJg three criteria. Firstly,
the rate of consolidation and increase in strength of
the alluvium had to be sufficiently rapid to allow
completion of the remaining stages ofembankment
construction while maintaining a minimum factor
of safety of I· 25. Secondly, the primary consolida
tion at the abutments had to be at least 95%
complete before bridge construction work could
commence to prevent excessive ground movements
near the piled bridge foundations. Thirdly, the
remaining settlement on completion of the road
surface had to be such that significant differential
settlements would not occur in the approach
embankment, particubrly adjacent to the bridge
abutment. A design difTerential settlement limit of
I: 250 was used in the calculations with the pro
vision that, at road construction stage, the vertical
alignment would be finally adjusted to accollnt for
remaining primary and secondary consolidation.

As the first stage of loading had shown the
Qucenborough clays to be relatively impamcable,
it was considercd that a vertical drain systcm would
gcnerate a nearly one-dimensional radial con
solidation pattcrn and that Barron's (1948) simple
equal strain theory could be employed for design
calculations. The main design problems then
centred on the selection of the following para
meters:

(a) the range of the in situ 'undisturbed'
codlicient (11: vcrtical consolidation due to

centre of the embankment.
The profiles of piezometric pressure (Fig. 6(1))

showed significant dissipation between - 3 and
- 6 mOD which was also demonstrated by further
settlement between these levels. However, the
instrumentation below - 6 m 00 showed that very
little consolidation was taking place below this
level.

The changes in the profile of piezometric pres
sure during this period were modelled by a finite
difference method after Gibson & Lumb (1953)
assuming vertical drainage and a reasonable agree
ment could be demonstrated with a coefficient of
consolidation (vertical) ('yy of 9 m 2/year above
- 2·5:n 00, and 1·0 m2/year below this level.
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to A = 1/3 in Gibson's solution (where A is the pore
pressure parameter). However, when a loosely
deposited sand cell is used the draw-down will lead
to rapid consolidation of the sand and causing a
change in total stress and porewater pressures in
the surrounding soils.

Further study of Gibson's work indicates that
the consolidation process becomes independent of
the initial boundary conditions once the time factor
T> I, where T = cvh t/a,2 and t is the time after the
start of the test on a piezometer of equivalent
spherical radius a,. At this stage in the test it is
possible to extrapolate linearly the data on a q
versus l/Jt plot to q co at I/Je = O. In the case of the
hydraulic piezometers (a, = 40 mm) this condition
was always met. However, the larger Casagrande
standpipe piezometer tests did not achieve this time
factor requirement. In these cases the value of c

v

was obtained by fitting Gibson's curves (Gibson,
1970, Fig. I) relating cv, £I, r and the pore pressure
parameter A to piezometer data plotted as £I versus
I/J t. Figure 9(c) shows a range of curves which
have been fitted through a specific data point at the
end of an 8·25 h test that satisfy Gibson's solution
for IIl v = 1·5 m 2/MN and three values of A.

The plot offield data falls between the theoretical
limits of a perfectly rigid cell, and a perfectly
compressible cell with A = l. Within these bounds
the value of £I co (and hence c.) may be roughly
estimated with reasonable confidence from the
results of a single day's testing. It is preferable
to extend the test until the time factor reaches a
value of about l. For Cv = O· 3 m 2 /year such a time
factor is reached after approximately two weeks.

Recent testing at various sites in the UK and
Ireland using commercial versions of the apparatus
has shown that, when the permeability is too low
for a suitable value of Tto be reached in a single
day's testing, the flow into the standpipe usually
becomes low after the first 10 h of pumping. With
these low flow rates the withd ra wal of water may be
carried out intermittently; pumping can often be
stopped overnight without seriously affecting the
constant head condition, thus enabling the test to
be extended indefinitely. Alternatively, a smaller
diameter of sand cell may be lIsed to achieve higher
values of Twithin a given period. A t the completion
of the test further confirmation of the permeability
may be obtained by monitoring the recovery curve
as a rising head test.

Res/liis

The coefficients of consolidation C"h were calcu
lated frolll the permeability data by using the
coefficient of volume compressibility Ill" obtained
frolll the laboratory consolidation tests over the
relevant effective stress range. The calculated coeffi
cients of consolidation a-re plotted against the

IN SITU PERMEABILITY TESTS
Two different types of constant head perme

ability tests were made. The simpler method made
use of the artesian pressures acting in the alluvium
under the embankment (Fig. 9(a)). A constant head
reduction was created at the cells of a number of
twin tube hydraulic piezometers by disconnecting
one of the tubes and clamping it at a fixed level in
the gauge hou e. The flow rate from this tube was
monitored with a measuring cylinder, and the
precise head change at the cell was found from the
mercury manometer connected to the remaining
piezometer limb.

The second method of testing was a miniature
pumping test carried out using Casagrande piezo
meters. The standpipe water levels were drawn
down using the permeability apparatus described
by Jardine (1979). The test equipment (Fig. 9(b))
used a 12 V small diaphragm vacuum pump to
achieve a constant head condition at the base of the
suction pipe. The rate of groundwater flow into the
piezometer was moni tored by the ra te of collection
in the graduated separator traps at the ground
surface. Further details of the equipment may be
obtained from the manufacturer's data sheet
(Jaybury Ltd, 1978).

ClitTe are also given. All the tests showed the same
overall trend for the coefficient of consolidation to
fall steeply with increasing etTective stress. The
value of Cvv of I m 2/year back-calculated from the
dissipation of pore pressures after the first stage of
embankment loading are seen to be in general
agreement with the laboratory data. The vertical
etTective stresses under the centreline increased to
60-70 kN/m 2 by contract day 708. On completion
of the embankment vertical etTective stresses of up
to 200 kN/m 2 are anticipated.

CalClilacions of perllleabiliry and resr reqlliremellTs

Field permeability is usually found from a steady
state flow calculation. However, in clayey soils. the
test involves a consolidation process and the ste.ILlv
state flow rate q ",,' is only approached ark" ;1
considerable interval of time. This consolidatilln
process is dependent on the initial etTective stress
and pore prcssure regime ind uced in the ground
surrounding the piezometer cell (Gibson. 1970).
This in turn is a function of the magnitude and si"n
of the initial change in head in the-piezometer, the
rigidity of the piezometer cell itself, and the soil's
undrained pore pressure behaviour.

Where a rigid piezometer cell is used. such as the
hydraulic push-in piezometer. a draw-down test
will cause no appreciable change in cell volume. As
a result there are no changes in total stress around
the cell and the initial etT;ctive stress distributions
in the soil will emain unchanged. This corresponds
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VERTICAL DRAIN TRIALS

During the preliminary assessment of alternative
ways of completing the embankment. several verti
cal drain systems were considered including driven.
augered and jet led sand drains as well as the
various hand and wick drain systems. However. the
need to install the drains Ihrough the existing
embankment without Imp,uring its integrity
limited Ihe trials to the S;.tndwick and AV Colbond
system5.

effective stress has increased.

men! fill

Approximate draw-down

(a)

Grout

./
Push-in twin tube hydraulic
piezometer

(c)

0'08 0'12
1/"'1: min-'h

0·04

D. P. NICiiULSON A D R. J. JARDINE

Gauge hut

,-/---,
I I
II lliJ--M-e.L..a-su-ring

cylinder
I 0 I

effective stress range induced in the soil during the
test in Fig. 9(d). The reduction in cvh caused by
increasing the draw-down on the Casagrande
standpipe piezometer and therefore the effCctive
stress around the cell may be seen in Fig. 9(d).

In 19S0 some additional permeability tests were
made on the same hydraulic peizometers tested in
1975. During these two years consolidation had
occurred in the soil under the embankment and the
in situ vertical cfkctive stresses had increased by
ahout 70kN,m 2 The coeflieient of consolidation
has decreased by a factor of about 3 as the vertical

Fig. 9. In-situ permeability tests; (a) hydraulic piezometer system: (b) standpipe piezometer system: (e) test results: solid
lines represent 'theoretical' curves eaused to pass through point of intersection for the following assumptions: in spherical
piezometer. 0·14 m radius: compressibility from ocdometers, III, = 1'5m1;mN; piezometer draw-down = 7·2 m; (d) co
efficients of consolidation

Mercury manometer records
precise draw-down at tiP
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Sa/llhrick draills

The Sandwick drain was developed in India
(Dastidor, Gupta & Ghosh, 1969; Hughes &
Chalmers. 1972). It consists of a 65 mm dia. porous
woven fabric sock filled with medium sand. For the
trials the drains were installed by predrilling holes
through the embankment fill using rotary percus
sive air flush drilling rigs. A 95 mm outside dia.
hollow mandrel, with a disposable shoe at its base,
was then driven, with the assistance of a vibratory
hammer mounted on the top of the mandrel, to a
depth of 13'5 m below the top of the embankment.
A 12 m long Sandwick drain was then lowered into
the mandrel which was subsequently removed
leaving the drain in place. These drains had been
used previously under similar circumstances at
Sandwich bypass (Cole & Garrett, 1981). The
Sand wick drain was provisionally assumed for
preliminary purposes to have an equivalent theore-
tical diameter of 65 mm. .

AV Colbolld draills

The AV Colbond drain is a more recent develop
ment (van der Elzen, Risseeuw & Beyer, 1977). It
comprises a strip. 300 mm wide by 4 mm thick, of
polyester fabric material. The drains were installed
by initially preboring a 0·3 m dia. hole through the
1·7 m ofchalk and loosening the upper 0·5 m offree
draining material using a crane-mounted auger
(Fig. 10(a)). A 165 mm dia. lance was then driven,
using vibration, to a depth of 13-5 m. A disposable
anchor plate retained the fabric in position in the
soil when the lance was retracted. To induce the
fabric to lea ve the lance and remain in the ground as
a 300 mm wide strip, the end of the lance has been
splayed out (Fig. 10(b)).

Reports in the literature by Kjellman (1948) and
Hansbo & Torstensson (1977) suggest that 100 mm
strip drains gave performances equivalent to cylin
drical sand drains of similar peripheral length. For
the 300 mm wide AV Colbond strip d rain such a
relationship gives an equivalent diameter of
194 mm. Risseeuw & van der Elzen (1977), however,
suggested that the AV Colbond drain was equiva
lent to a 150-300 mm dia. sand drain. An equivalent
diameter of 220 mm was assumed in the design of
the drainage trial.

LilrOlle of eriols

Two trial areas were prepared: area A consisted
of 256 A V Col bond d rains. and area B consisted of
.+06 Sandwick drains. as shown on Figs I and 10(c).
The Sandwick drains were set out on a I m square
grid which allowed a direct comparison with a
previous trial at Sandwich bypass, and the A V
Colbond d rains were set out on a I· 35 m square grid
to give theoretically similar rates of consolidation
based on the equivalent drain diameters discussed
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previously. These d rains were installed bet ween 12
and 20 April, 1978.

IllserlllllelllQeioll of erials

Use was made of the existing instrumentation at
trial area A to monitor the A V Colbond drains.
Some additional instruments were added to replace
those damaged during the installation of the drains.
Details of the operational instruments are given in
Fig. 11(a). Additional instrumen tation was installed
to monitor the Sandwick drains in trial area B (Fig.
tl(b)). Every effort was made to ensure the grid of
drains was placed squarely round the instruments.

To monitor the hydraulic head loss between the
base of the drain and the drainage blanket,
standpipe piezometers were attached to some of the
vertical drains (Fig. II(c)). These indicated a maxi
mum of 0·5 m head loss between the base of the
drains and the drainage blanket for both types of
vertical drains.

A number of measurements were made of the
volume of water flowing from instrumented vertical
drains. These showed the volume flowing agreed
with the settlement multiplied by the area of
influence of the individual drain over the same'
period of time.

Rl'slI/rs of erials

Typical piezometer and selliement gauge records
for both trial areas are shown in Fig. 12(a) and 6(c).
Increases in piezometric levels of up to 3 m were
observed in both areas as the drains were installed;
these were caused by large increases in horizontal
stress induced by the driving process. The piezo
metric levels then decayed rapidly to their pre
installation values. These large changes in piezo
metric pressure were achieved with small settle
ments of around .+) mm in both areas, indicating
the relatively low compressibility of the soil during
this phase of consolidation. The piezometric level
and settlement pwnles shown in Fig. 12(b) illustrate
the relatively uniform nature of the dissipation
throughout the full depth of the alluvium as water
flolwd from the soil into the d rains and thcn to the.
surface.

A comparison of the rates of dissipation of excess
head. taking the time origin from when the piezo
metric level returned to its pre-installation value, is
given in Fig. 13. This shows that dissipation was
more rapid in thc Sandwick trial area B thalt in the
AV Colbond trial area (Fig. 12).

For comparisl1lt the dissipation curve for a 1m
square grid of drains 01'65 mm equivalent diameter
is also shown in Fig. 13(a) computed from Barron's
theorv with a coefficient of consolidation (' of
1m" ;·car. The Curl'C fits the field data reasolt<:bly
wcll between day ~O and 60. However. for the A V
Colbond trial arC<1 the same theoretical curve was
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Completed
drain

Anchor plate 90 angte
50·8 x 46mm 3S0mm long

PERFORMA CE OF S BSEQUENT STAGES OF
EMBANKMENT CO STRUCTION

The vertical drain trial confirmed the tendencv
for Cvh to fall with increasing efTective stress and also
ga ve reliable equivalent d rain diameters for thefull
scale design. The design coefficient of con
solidation was taken as 0·7 m1 /year for efTective
stresses below 130 kN/m 2

• and O' 35 m1 /year abo I'e
that value after considering the field permeability
tests (Fig. 9td)). the laboratory consolidation data
(Fig. S) and the results of the drainage trial.
Alternative designs were worked out for each
system and separate tenders were invited.

On this basis the Sandwick system proved to he

(b)

Driving lance

16Smm OD tube With
12'Smm wall thickness

~
I~I 60mm

~-=f

D. P. NICHOLSON AND R. J. JARDINE

-Alluvlum-------------------

00''''''''"~L=-':.-=:..~ "'" - - - - _. - - -~==- == ==- -=- - - - -- -== == -=- ==
(a)

-AllUVial crust

Drilling
300mm dia. hole

8-9m
thick

>20m thick

1m thick

Embankment
fill about
3m thick

only found to fit well if the equivalent drain
diameter was reduced to 120 mm. which was
considerably less than the 220 mm diameter used
for the provisional design. A possible explanation
for the anomaly may be that the edges of the strip
were folded inwards or became compressed during
the installation process. On the basis of the trial
results the AVColbond drains would be required at
1·15 m centres to achieve a similar rate of dissi
pation to the Sandwick drains. In both cases the
recorded behaviour suggests a continuous slowing
of dissipation associated with a reduction in the
coefficient of consolidation with increasing vertical
cffecti I'e. stress.

Fig. 10. (Above and facing page.) Vertical drain trials: (a) AV Colbor:d drain installation method; (b) details of A\'
Colbond installation lance; (c) layout of drain trial areas

80



! .
, ;
! ., .

I'
j
i!,.

81

Trial area A;
AV Col bond drains
at 1'35m centres

Trial area B;
Sandwick drains
at 1· Om centres

Hydraulic piezometer (1978)
Standpipe piezometer (1978)
Magnetic selliemeni gauge

•
~

X

_ ~A

10 check the overall consolidation of the alluvial
clay. Good agreement can be seen belween the
predicted and actual settlements shown in Figs 15
and 16 immediately before placing addilionallifts.
By contract day 1580 (September 1980) the Sand
wick trial area had seuled 1·2m compared with the
1·0 m in the AV Col bond trial area. Profiles of
piezometric level and total settlement are shown in
Fig. 17. The settlements were seen to develop
uniformly through the alluvial clays and the piezo
metric profiles were seen to be similarly uniform
with the exceplion of instrumenl 13 13/3 which was
apparently installed in a more permeable peaty
layer found al -4·7 mOD. The permeability test
on piezometer 13/3/3 showed the soil around the tip
10 be up to 10 limes more permeable than al olher
piezomelers. The development of lateral displace
menlS may also be seen from Fig. 15 which shows
the plOI for the maximum movements at 3 m depth
for Inclinometer 19.

From contract day 1060 to contract day 1600 the
lateral movements occurred at a fairly uniform rale.
The ralio of changes in the lateral movemenlS 10

VERTICAL DRAINS
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the more economical and 7500 Sandwick drains
were installed in the remaining embankments
between October and December 1978. Details of
the Sandwick drain layout are shown in Fig. 14.
The drains were installed across the full wid th of the
embankment. the square grid spacings in the blocks
being progressively increased from 0·9 m at the
abutment to a maximum of 3 m away from the
viaduct (Fig. 14).

The remaining stages of embankment construc
tion were made using pulverized fuel ash fill (PFA)
with a bulk density of about 13 kN Im J Details of
when this fill was placed and the response of the
instruments in the Sandwick and AV Colbond trial
areas are shown in Figs 15 and 16. Also shown are
the stabilily conlrol charts which give Ihe upper
piezomelric level for various embankment eleva
tions to maintain Ihe minimum factor of safety.
These were used as Ihe primary conslruction
control mel hod. The predicled seulement required
before a further 0·5111 lift of PFA could be added is
also shown. This was based on Ihe laboratory
consolidalion lesls and used as a secondary control
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upper piezometric level
from stability chart-----"

"

/I, = excess pore pressure at radius r

1/ = average excess pore pressure

de = equivalent diameter of drain influcnce

r e = equivalent radius of drain influence

r w = equivalent radius of drain
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centreline vertical settlement was about 0·20. From
an analysis of case histories. Tavanas & Left'lieil
(1980) suggest a ratio of 0·09 for the 1 in 2·3 ,ide
slopes for consolidating single stage embankments.
The placing of subsequent lifts has not been
accompanied by large increases in lateral and
vertical movement.

DISCUSSION OF RESULTS

Sufficient field dissipation has now occurred to
enable the variation of codficient of consolidation
C,h with effcctive stress to be calculated from the
piaometer records between contract day 700 and
1600. This has been done by assuming only radial
drainage and applying Barron's solution which
gives

, ,
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The bulk coefficient of consolidation (horizontal)
cvh has been back-calculated using equation (4),
taking the excess pore pressure and rate of dissipa
tion from the piezometcr records over increments
of time when the embankment load remained
constant. The coefficients of consolidation Cvh

calculated by applying Barron's theory in this
manner are shown in Fig. 18 for six piezometers in.
the Sandwick trial area and four in the A V Colbond
area. A similar variation of Cvh with effective stress
may be seen.

The in situ permeability tests which were also
performed on the same piaometers in the Sand
wick trial area (Fig. 9(d)) show similar valucs of C'h

to those obtained frolll Uarron's theory shown in
Fig. 18. Furthermore, in this case the C'h values arc
similar to those obtained from the laboratory
consolidation tests shown in Fig. 8.

The permeabilities calculated from the in situ
lcsts described in the Paper do not nccessarily
correspond to the undisturbed rield horizontal
permeability because the piezometer installation
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I/O = initial average pore pressure

. - 8Th - 8cvh (
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Differentiating equation (2) with respect to time
and substituting equation (1)

The relationship between lI, and 11 expressed in
equation (1) is a function of the geometry and
independent of time. A result of this equation is that
a piezometer placed near the centre of the grid
should express a constant proportion of the aver
age pore pressure.

The variation of ii with time is
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process may have caused local remoulding and
smearing of the surrounding soil. This effect has
been demonstrated by Jezequel & Mieussen (1975).
However. when the cell installation method is
similar to that proposed for the vertical drain
system the draw-down in situ test provides a
method of obtaining the bulk permeability which
incorporates these local effects. The in situ test also
subjects the soil to hydraulic gradients similar to
those encountered around the vertical drain.

The exact correspondence between the labora
tory consolidation, in situ permeability and full
scale performance is not easy to analyse. The theory
developed for all three cases is based on a constant
coefficient of consolidation. In practice, this par,\
meter varies with effective stress. This Iimitali,Jll
can be overcome by analysing the dissipation over
small increments of effective stress, i.e. in the
manner adopted for the full-scale test results.

In constant head permeability tests where large
variations of draw-down are considered, the
distribution of piezometric pressure and total ·tress
between the piezometer boundary and some distant
radius is not known. However. by incrementally
increasing the d ra w-down the sensitivity of the bulk
horizontal permeability k and hence bulk C,.h can be
found.

At Queenborough the similarity of the results
obtained from the small driven hydraulic piezo
meter and the large augered >tandpipe piezometer

cells indicates the uniformity of the alluvial clay and
its insensitivity to smear and remoulding caused
by installation. The uniformity of the clay also
explains the unusual agreement between the
laboratory consolidation tests and the field per
formance.' Draw-down tests at 0ther sites have
yielded horizontal permeabilities in excess of the
76 mm oedometer laboratory (vertical) values when
the soils have contained important macro-fabric
systems, such as silty laminations.

A problem encountered with the interpretation
of the in situ permeability test was that of
identifying the appropriate vertical effective stress
to which the bulk C,.h derived frol11 that test applied.
The test is made over an effective stress range which
varies with the distance from the cell wall as shown
by the bars on Fig. 9(d). It it tentatively suggested
that the average stress be adopted from the experi
ence to date.

The excess piezometric pressures set up by the
drain installation process dissipated rapidly (Fig.
12). Uack-calculated C'.h values for this stage of
dissipation. where the vertical effective stresses
were less than the values before drain installation,
are also sholVn in Fig. 18. These initial C,h values
were often 10-20 times the values calculated for
effective stress increments in excess of the pre
consolidation pressure. This reflects the rapid
variations in compressibility and permeability
which should be considered in the interpretation of
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pressures caused by expansion of the pressurcmeter
or driving the sounding probe. From the informa
tion set out in this Paper it would be expected that
the coefficients determined by these new methods
would be appropriate to problems of drive piles
rather than embank ment construction on soft cbys
where the preconsolidation pressure is often
exceeded.
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Fig. 18. Comparisons of C.h from piezometer dissipation: (a) Sandwick drains trial area: (b) AV Col bond drains trial area

the vertical drain trial results.
Other in situ methods of obtaining a field

coefficient of consolidation have recently been
developed. They include the pressuremeter test
(Clarke. Carter & Wroth. 1979) and the pore
pressure sounding probe (Torstensson. 1975:
Hanbro & Torstensson. 1977). These methods are
bascd on monitoring the decay of excess pore
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It is therefore recommended that the appropriate
in situ test which models the proposed construction
work should be selected. In the case ofembankment
construction where consolidation is assisted by
vertical drains the draw-down in situ permeability
test on a piezometer installed in the appropriate
manner is suggested. This may be combined with
the III v obtained from laboratory consolidation
tests to obtain a bulk cvh value.

CONCLUSIONS
This case history highlights the problems

involved in determining the rate of dissipation
when reliance is placed on the continuity of hori
zontal permeable drainage layers within the al
luvium. At Queenborough, vertical drains have
been used successfully to improve the rate of
dissipation enabling the bypass approach em
bankments to be completed within the construc
tion programme. Barron's equal strain theory
provided an adequate model of field performance
once allowance had been made for the variation
of the coefficient of consolidation with effective
stress, and field trials had been made in order to
assess the equivalent diameters of the vertical drain
systems.

The assess men t of the coefficient ofconsolida tion
C,h is of paramount importance for the successful
design of any vertical drain scheme. This parameter
is shown to vary with the type of loading process
and the effective stress level. particularly around the
preconsolidation pressure. The Use of draw-down
in situ constant head permeability tests in
conjunction with laboratory consolidation tests is
discussed and the results obtained are found to
agree with those back-calculated from the field
performance of the drains.

Full-scale trials were made on 65 mm dia.
Sandwick drains and 300 mm wide AV Colbond
drains to assess their field performance and com
pare their theoretical equivalent diameters. The
field dissipation was found to fit equal strain theory
when an equivalent drain diameter of 65 mm was
used for the Sand wick d rain and 120 mm for the AV
Colbond drain. This latter figure was less than the
equivalent diameter of 220 mm on which the drain
trial design was based. A possible explanation may
be that cdges of the fabric strip had folded inwards
or had become compressed. Hydraulic head losses
measured in both types of drains did not exceed
0·5 m of water.

Settlements predicted from one-dimensional
consolidation tests agreed well with those observed
in the field. Changes in lateral movement at the toe
during the first stage of construction amounted to
about 90" .. of the centreline settlement. During
subsequent construction stages after drain instal
lation this figure dropped to 20" ...
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0-: A Stitch in Grime
Saves Time
Textiles, Wick Drains
Dry Out Soggy Site
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A tractor-supported sewing machine stitches seams along heavy, hand-spread geotextile used to SLiPpOrt workers and equipment censtructing
new marine terminal on soft, wet dredgings in Baltimore Harbor. .

Cover Story
:-

A. Stuich in Grome Saves TBme

A 2',.ft. layer of sand and 6 in. of slag are
spread over geolextile by wide-Irack dozers.

top of the spoil distributes loads to the
point that a man is safe, even in the
softest areas, where movement feels like
walking on a water bed. A 2V2 ft. blanket
of sand must be placed over the geotex
tile and capped with a six in. layer of
crushed slag to provide barely adequate
support for heavy equipment.

Equipment works on slag surface
Subcontractor Geotechnics, Inc., Bay

St. Louis, Miss., works off the slag sur
face while installing the wicks with a
modified Koehring 266 hydraulic exca
vator. It has 42-in.-wide crawler tracks
to reduce its ground pressure to 6 psi,
and its ·bucket and boom have been re
placed with a 56-ft.-high mast. A man
drel in the mast, actually a fixed lead,
acts like a needle while inserting the
wick drain from 16 to 50 ft. down into
the soft goo.

The toughest part is punching through
the heavy geotextile, which is usually
done with the rig's IS-ton static force.
On occasions. a short burst of vibratory
power helps. Once the pointed mandrel
tip pierces the geotextilc. the mandrel is
pushed almost effortlessly to the bottom
ai' the spoil and withdrawn leal'ing the
wick behind.

After the mandrel is withdra\\n. a 1:1
borer cuts the wick material \\ith hand
held hedge trimmers. doubles the loose

'. ~ " -'. " .,.. ~ .' :>.::~:~: ~~'~;.:o<:'-' .. __:
: .

... .. ~. "
. ;.~... '

Ron Lange, project engineer for the Ad
ministration. "The heavy duty geotextile
is essential to support the equipment in
stalling the wicks. If we didn't usc the
wicks, the surcharge would have to re
main for a settlement period of at least
an additional year to adequately consoli
date the spoiL"

The pumped spoil is almost liquid. In
most areas, the surface crust will support
a man, but not construction machinery.
Some areas will not even support a man.
and equipment is safe only in a few areas
along the old shoreline.

The extra heavy woven geotextile on

48 HIGHWAY & HEAVY CONSTRUCTION'Seplembe< 1985

More than 3.000,000 1.1'. of vertical wick
drain-the largest such installation ever
in this country-and 300.000 sq, yd. of
an extra heavy geotextile field stitched in
ihe grime are saving time on a new ma
rine terminal in Baltimore.

The 113-acre disposal area for spoil
from the 1-95 tunnel under Baltimore
harbor is now being consolidated for de
velopment as a container facility. c.J,
Langenfelder & Son, Inc" Baltimore, is
the general contractor on the $1 0.9-mil
lion, 600-calendar-day project for the
Maryland Port Administration.

"It is all on a fast track schedule," said



ter the sand course has been leveled by
the small dozer~ dragging their blades.
After the wicks and underdrains are in
stalled, the 210,000 cu. yd. surcharge is
built up in one ft. lifts to provide the load
to squeeze water out of the subsoils.

"Sud" Cockey is project manager for
Langenfelder coordinating a work force
of 30 to 35, plus truck drivers. on the
project. Crews typically work five 10
hour days a week. 0

More information on equipment used is
available by circling the appropriatc Reader
Scrvice umbers in this issue.
176 Hydraulic excavator
177 Vertical wick drains
178 Perforatcd underdrains
179 Trencher
180 Extra heavy woven geotextile
181 Farm tractor
182 Portable generator
183 Small dozers

;f~_-;:~~~
Horizontal drains are installed in 21/2-ft. sand blanket to collect water to be discharged from
vertical wicks after a heavy, ean'h surcharge is placed.

The modified wide-track excavator with 56 ft. mast still sinks into soft ground while installing
more than three million I.f. of vertical wicks to drain the Wtit dredgings under new port site.
Mandrel is withdrawn from soft goo and top of wick is cut from reel with hand shears (inset).
Loose end from reel is then doubled back into tip of mandrel around a piece of rebar, and pulled
snug by laborer at left before next wick is installed.

Sand spread over geotextile
About 250.000 cu. yd. of sand is being

spread over the seamed geotextile to a
21f2 ft. depth. The sand is hauled in from
off-site locations by Ingram Trucking,
Co.. Baltimore, and spread by two small
Caterpillar D3B and one Komatsu D31 P
wide-track dozers.

Slag is placed in a similar manner af-

machine is powered by a Homelite HG
1400 portable generator mounted on the
rear of the tractor.

The longitudinal joints are double J
stitched in which two layers of geotextile
are lapped. folded over, and the four
thicknesses of material (about a third of
an inch) stitched together with a heavy
polyester "thread." In practice. this takes
a crew of six to eight laborers to support
and shape the fabric seams for the sew
ing machine operator.

Water is squeezed out
Once the wicks are installed and a

heavy, 7- to 9-ft. earth surcharge is
placed, water will be squeezed out of the
spoil through the filter fabric and up the
wicks for discharge into the sand blan
ket. An underdrain sy"stem in the sand
blanket will collect that water and con
vey it to a sump for pumping into a set
tling basin prior to discharge in the bay.

The ADS underdrain is a 6-in. corru
gated, perforated polypropylene pipe in
stalled within the 2Ifl-ft. sand blanket by
one of Langenfelder's crews using a Ver
meer V-430 trencher.

The extra heavy geotextile spread over
the surface of the spoil is Nicolon's
62809 woven fabric consisting of cords of
polypropylene if! one direction and poly
cstt:r in the other. The fabric wcighs
nearly two lb. per sq. yd. and has a ten:
silc strength of more than 1000 lb. pcr
lineal inch in each direction.

The fabric, which comes in 1200 lb.
rolls about 16 1/2-ft. wide and 270ft. long,
is towed to the site by wide track dozers,
unrolled and hand-spread by laborers.
Seaming is done with a special heavy
duty electric sewing machine hung on a
small Steiner farm tractor. The sewing

end back into the eye of the mandrel and
iOlserts a 9-in. length of Ifl-in. rebar to
hold the wick snuggly in position for the
next insertion.

One wick every 30 seconds
John Singleman, the foreman for Geo

lechnic, regularly installs one wick every
30 seconds as the rig rotates from side to
;;ide inserting two or three rows of wicks
from a single setting. The wicks are
.,paced about 5 ft. apart in a diamond
.;haped pattern. Daily production, includ
:ng downtime to change reels of wick
material or for major movement of the
'llachine. ranges from JO,OOO to 18,000
IJ. installed per 10-hour day.

-- Another modificatlon whtch Geotech
nic's Russell Joiner made on the rig is an
additional hydraulic system and cylinder
to raise or lower the mast. By extending
and pinning that cylinder to the mast,
the entire 56-ft.-high fixed lead can be
rotated to or from the horizontal position
by the operator in the cab without the
need for any support equipment.

With the mast lowered, the 70,000-lb.,
Ili/l-ft.-wide rig can be walked onto a
special four-axle, hydraulic. Jearn trailer,
jacked up to provide 6-in.' of clearance
under its tracks, and moved over the
highway as a 112,000-lb., special-permit
load when moving from job to job.

The Amerdrain vertical wick drain
used on the job is manufactured by ICE.
Each reel consists of 1000 ft. of a nat. 4
in.-wide sleeve of nonwoven filter fabric
surrounding a ribbon of longitudinally
corrugated plastic.
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Foundations
Excavation and replacement, replacement by rolling sur

charge, and gradual consolidation under the weight of an over
sized embankment are tried and true methods of coping with
wet or compressible foundation conditions. In some cases, sand
drains or rock drains (vertical columns of sand or rock) support
an embankment and also provide a drainageway through im-

can build the project. That's our outline-What's New and
Different in Drainage for foundations ... for surface runoff
... for area drainage and for construction sites.

,
t ~ U

The three most ·important factors in highway design-accord
ing to an old engineering adage-are drainage, drainage,
drainage. Good· drainage of the subsoils and embankments
provides the stable foundation needed to carry the loads. Good
surface drainage avoids ponding on pavements and allows traf
fic to movt' safely. Good area drainage-properly positioned
and adequately:sized culverts and bridges-maintains stream
flows and protects the highway from flooding and wash out.

Those same principals apply to most construction projects,
not just to highways. But there is a fourth often-neglected
factor, too. Dra.nage of the construction site so the contractor--:;

;.:, ..~.- .
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Wick drains inserted vertically in soft. wet soils provide a drainageway for water squeezed out of foundations by heavy embankments.

What's new and different in drainage for foundations . .. for surface runoff.
for area drainage and for construction sites.
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permeable soils into an underlying water bearing strata.
. But dynamic compaction and wick drains are relatively new

methods of stabilizing foundations. Dynamic compaction-the
dropping of multi-ton weights from heights of 50 to 100 ft.-is
faster than building a heavy embankment surcharge to com
pact compressible soils, but it does little to drain foundations.
Several companies which specialize in this kind of work (such
as GKN Hayward Baker, Inc., and Geopac, Inc.) will provide
further background on request.

Wick drains are the newest method for draining wet founda
tions. The wick is little more than a continuous sleeve of porous
construction fabric surrounding an irregular plastic core. It is
inserted vertically-usually to a depth of 20 ft. or more-in
soft, wet soils to provide a drainageway for water squeezed out
of the foundations by an oversized embankment. Companies
such as Vibroflotation Foundation Co., Geotechnics and others
should be consulted for further information on installing wicks.

Surface runoff
Adequate pavement cross slopes and curb and gutter sections

having adequate longitudinal slopes are the standard in munici-
I pal paving. Stringlines and sensors have greatly improved

grade control during paving, and modern slipformers can eco
nomically extrude a variety of curb and gutter sections to
collect and carry runoff to designated points of discharge. But
plugged inlets or heavy rainfalls can still cause ponding of
runoff on the pavement, frequently extending well into the
travelled lanes where it ~Iows traffic and creates a hazard.

In some cases, particularly where the terrain is very flat or
the paved areas are very large, slotted drains can be used to
store that runoff and reduce ponding on the paved surface.
Armco and ACO Polymer Products are two manufacturers of
this type of drain which is being used increasingly in parking
lots, driveways and municipal streets. It is probably being used
on runways and other large paved areas at airports, although
we're not aware of any such installations yet.

Most paving contractors are now familar with open graded
friction courses, a thin asphalt surface placed on many high
ways these days. It improves highway safety through increased
friction and better braking for vehicles, and by virtual elimina
tion of hydroplaning. Both occur because the lack of fines in
the paving mix creates a porous, sponge-like series of openings
in the surface to carry runoff to the edges and to provide a
means of escape for water which could otherwise be trapped
between the tire and a perfectly smooth pavement.

Other contractors specialize in cutting grooves in pavement
surfaces (usually concrete) to drain runoff and reduce the
possibilities of hydroplaning. A series of diamond-tipped circu
lar saws operating longitudinally on highway pavements and
transversely on runways are the norm for this work.

Similar diamond-tipped circular saws eliminate rutting (and
ponding in the wheel ruts) on worn concrete pavements. Mill
ing machines with carbide-tipped cutting teeth perform simi
larly along asphalt highways. But the millers also remove the
worn surfaces, which can then be recycled, and restore flow
lines along curbs on municipal streets.

Much of the surface runoff on older concrete highway pave
ments drains through cracks or joints in the slabs into the
underlying base. Many highway departments now specify lon
gitudinal underdrains along each edge of a roadway.

Frequently, the underdrain trench is lined with a filter fabric
to keep fine soils out of the perforated underdrain pipe. In
other cases, coils of perforated plastic pipe already encased in a
filter fabric sleeve are used.

In some areas, saw-like trenching machines arc being used to
retrofit old highways with underdrains. But at least one state
Georgia-prefers to invest in effective sealing of cracks and
joints in the pavement to prevent intrusion of surface drainage,
rather than investing in underdrains to remove that water.

Area drainage
Urban development invariably converts large areas of rain

absorbing soils to water-shedding rooftops and pavements.
That increases the amount of runoff after storms and tempo
rarily overloads existing storm sewer systems and increases the
likelihood of downstream flooding.

Many zoning codes now carry restrictions limiting peak run
offs after construction to the same flows that existed before
development. The result is to force temporary o"n-site storage of
peak runoff, with a gradual and controlled release when down
stream facilities are able to cope with the flow.

Construction of pre-planned, on-site retention basins as an
initial part of site development now occurs with increasing
regularity. Earthmovers are finding a new market in reshaping
flat lands to create storage lakes and ponds. Culverts limit the
outflows through dams, which arc designed to detain peak
flows exceeding the capacity of the outlet. Earthfill detention
dams are most frequent, but Roller Compacted Concrete dams
are being used in some cases (see following story).

This same stormwater storage concept is the basis for the
deep tunnel systems now being constructed in the Chicago and
Milwaukee Metropolitan Areas. Both areas have combined
sewers which collect and convey sanitary and storm flows to
treatment plants. In both cases, the treatment plants would be
flooded by peak runoffs after rainstorms if those flows weren't
discharged untreated into Lake Michigan. In both cases, those
runoffs will eventually be stored underground and pumped
back to the surface for treatment during off-peak periods.

In a similar vein, porous concrete pavements-which, like
the open graded asphalt friction courses, contain little in the
way of fines-are now being used in some parking lots to store

Slotted drains store runoff and reduce ponding on pave
ments after rainstorms.
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Earth saws and trenching machines have been adapted to retrofit existing highways with new longitudinal underdrains.

as much as an inch of runoff within the pavement. That stored
runoff later evaporates if the base is impermeable, or soaks into
the subsoil if the porous concrete is used for the full depth of
the pavement.

The latter concept is carried a step further in other cases
where an open, precast concrete grid is placed over the subsoils,
backfilled with topsoil and seeded. Further data on this ap
proach is available through Armortec and other companies.

Water quality-rather than water quantity-also affects the
design and construction of drainage facilities. Many power
plants and other similar facilities are in enviromental hot water
because of the high discharge temperature of their cooling
waters into streams and waterways. New reservoir projects to
further cool those waters are underway in several cases.

The Soil Conservation Service and other federal agencies are
deeply concerned about windborne and waterborne erosion of
agricultural lands. Land leveling, contour farming, check dams
in drainage ways and settling basins are current methods of
controlling soil erosion.

Construction sites
Most grading contractors are already well-versed in the use

of check dams and brush barriers in drainage ways, and in
settling basins and filter systems used to curtail soil erosion at
or near a construction site. But water pumps have been greatly
improved in recent years. Many pumps can be submerged,
while others can be fitted with trash guards. Impeller pumps
can "lift" (actually push) water for greater distances.

Wellpoints, actually small submersible pumps connected to a
surface level storm drain, are a traditional dewatering answer
to contractors working in sites below ground water levels. Sev
eral companies, including Stang Hydronics and Moretrench
American, specialize in this type of dewatering.

Concrete cutoff walls constructed in Bentonite slurry-sup
ported trenches are also used to protect many foundation exca
vations from unwanted inflows of water. ICOS and Case Inter
national are two of the companies active in this kind of work.

But the newest technique for temporarily protecting a con
struction site from ground water involves freezing-rather than
draining-the surrounding soils. Firms like Geofreeze Corp.
and Geo Systems, Inc., specialize in installing the coils and
refrigeration equipment to permit excavation to proceed in
areas which would otherwise defy drainage and construction.

References and training
Entire libraries of theoretical and technical data are avail·

able on the topic of drainage, and we won't bore you with any
such listings. But there are two sources which may be of par-
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ticular interest to designers and contractors involved in that
type of business.

The American Public 'Works Assn.'s. .1981 Special Report '"
No. "49, titled UrbGlfStornnyater Management, is one of the' ;I
most comprehensive documents on that topic we've seen .. It" j

provides legal and operational perspective for managing urban
stormwaters, and detailed guidelines for planning, designing
and constructing stormwater management facilities. This 15
chapter;'28'5~page aocu'men't ·isava·ifib1e af a··cos"t 'of $30 plus f1
postage thrmigh APWA~+3-1'3:E-.·"60thSt:,' Chicago,'TI: '60637.' i

The Federal Highway Administration's (FHWA) Demon- '
stration Projects Div. is developing a new demonstration pro-
ject which builds on an earlier, now completed series of work
shops. It is expected to start late this year and to consist of
three-day workshops to provide design guidance and proce·
dures for hydrologic analysis, culvert design, channel design
and bridge waterways. It will include demonstrations on the
use of microcomputers in hydrolgic and hydraulic analyses. A
portable hydraulic flume will be used. Further information on
this demonstration project can be obtained through: Douglas
A. Bernard, Chief; FHWA Demonstration Projects Div.; HH-
0, Nassif Building; 400 7th St., SW, Washington, DC 20590.

Reference manuals for these workshops are already avail
able. They include:

o HEC 12-Drainage of Highway Pavements (1984);
o HEC 13-Hydraulic Design of Improved Inlets for Cui·

verts (1972);
o HEC 14-Hydraulic Design of Energy Dissipators for Cul

verts and Channels (1983);
o HEC 15-Design of Stable Channels with Flexible Linings

(1975); and,
o HEC 19-Hydrology (1984).
Reference manuals HEC 12 and 19 are available from the

Government Printing Office. The others may be obtained, in
limited quantities, from the FH W A Office of Engineering;
Bridge Div., HNG-31; 400 7th St. SW, Washington, DC
20590. 0

More information on equipment used is available by circling the
appropriate Reader Service Numbers in this issue.
222 Dynamic compaction
223 Wick drains
224 Slotted drains
225 Open precast concrete grids
226 Earth saws/trenching machines
227 Corrugated polyethelene drains
228 Wellpoint systems
229 Bentonite slurry walls



Gecfabric F~oats Road On
Swamp For Easy Acc~ss

An access road was recently buil'. quick
ly and inexpensively over a swamp. A
high strength geotextile placed first on
the surface of the swamp effectively pre
vented the loss of fill to the swamp.

D&F Coal, Penn Run, Pa., needed a
new access to the coal mine. But the site
was surrounded by swamp and the pro
ject appeared too costly and difficult.
The use of a strong geotextile made the
job feasible.

Phillips Supac SWS(UV) was unrolled
over the swampy material. Two ft. of
sand rock fill was spread and compacted
by a Cat D6 dozer and the road was
ready to use. Encouraged by the success
with the road, D& F placed fabric and
fill over another couple of acres to in
crease their stockpile area. 0

More information on equipment used is
available by circling the appropriate Reader"
Service Numbers in this issue.
195 Geolextile
196 Dozer

Transmissions, manufactured by TWIN DISC,
WICHITA and FUNK. We also stock the parts
you need.
Palmer Johnson Distributors offer the knowledge
able service that you need to stay on the job.

"A COMMITMENT TO SERVICE" ~

PALMER JOHNSON DISTRIBUTORS, INC. ~
POWER TRANSMISSION GROUP <,,/r/\"'qJ

Madison, WI Chicago, IL Minneapolis, MN
608-222·3532 312·250·0370 612·770-0440

"';.!," ,

Your Palmer Johnson rep is a veteran of years of on
the-job experience. With a phone call, you can have
that technical skill at the job site.

Our 3 locations offer same day shipment of new
or rebuilt Clutches, PTOs, Torque Converters and

"~a~mer Johnson's quick
de~i~erlf of a rebuUi
ch.llftcDl rPYO saued me
$10,000 a dav."

For more details circle 34 on Reader Service Card
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Geotextile fabric is placed prior to two ft. of sand rock fill being spread and compacted to create
this access road over a swamp in Pennsylvania.





AMERICAN WICK CRAIN CORPORATION
• MATTHEWS. NORTH CAROLINA 28105 • 800 - 438-9281 or 704 - 821-7681 / TELEX 572385

December 6, 1985

Simons, Li & Associates
P. O. Box 1816
Fort Collins, CO 80522

Attention: Mr. Jim Wailes

•
As per your request, I have enclosed literature and samples
of the AMERDRAIN Type 407 wick drain and Type 360 sheet
drain .

If you have questions, please contact me at 704-821-7681.

Thank you, _

Z'~n~~
TC:1b
Enc1s:





AMERDRAIN VERSUS SAND DRAINS

AMERDRAlN soil drainage wick can be installed in a
fraction of the time and at a fraction of the cost of sand
drains. A comparison of AMERDRAIN with sand
drains reveals a number of advantages in using
AMERDRAIN.

1. AMERDRAIN wicks work in all types of soils.

2. AMERDRAIN wicks are constant in quality. Sand
drains suffer from variations in sand quality The
ideal quality of sand is often not available nearby.

3. There is much less soil disturbance during place
ment of the drain due to the small size of the
AMERDRAIN wick. There is minimum reduction in
soil permeability and minimum increase in pore
pressure.

4. Installation is less expensive as installation
equipment is simpler and fewer people are re
quired.

5. Installation speed is high - 2000 to 4000 meters
(6500-13,000 feet) per day is not uncommon.

PHYSICAL PROPERTIES

6. No water is usually required during installation
eliminating environmental nuisance and cold
weather problems.

7. Transportation costs are much lower. One truck
can handle 120,000 meters (360,000 feet) of wick.
Sand for the same amount of sand drains would
require over a thousand 12-ton trucks.

8. The design and high strength of the AMERDRAIN
assures drain operation despite large lateral soil
movement or high soil pressures.

9. Installation is feasible to depths of over 50 meters
064 feet).

SPACING OF AMERDRAIN WICKS VERSUS SAND
DRAINS

Some engineers call for replacement of sand drains
with wick drains on a one-to-one basis. However, a
1V2 or 2-to-one ratio is more common. To obtain op
timum results, a complete geotechnical analysis
should be completed to finalize drain spacing.

AMERDRAIN 407 VALUES TEST METHODS
Drain Core Polypropylene

. Filter Fabric Polypropylene

Weight 93 gm.lm. (1.0 oz.lft.)

Width 10Omm. (4 in.)

Thickness 3mm. (lI8 in.)

Grab Tensile* 61.3 kg. 035 Ibs.) ASTM Dl682-64 (975)

Elongation at Break* 62% ASTM D1682-64 (975)

Modulus* 544 kg. (1200 Ibs.) ASTM Dl682-64 (1975)

Trapezoidal Tear* 33.6 kg. (741bs.) ASTM D2263-68

Puncture Strength* 22.7 kg. (50 lbs.) ASTM D751-73

Mullen Burst* 14 kg/cm.2 (200 psi) ASTM D774-46

Abrasion Resistance* 19.1 kg. (42 Ibs.) ASTM D1l75-71

Specific Gravity 0.95

Flux* 3238 liUm. 2/min.
(230 gal.lft.2/min.) EURM-100 (DuPont)

Coefficient of H2O
Permeability (K)* 2 X lO-2cm.lsec.

(7.9 X 10-3 in.lsec.) EURM-100 (DuPont)
*Data for filter fabric only

The facts stated and the recommendations made herein, based on our research and research of others, are
ffered free of charge, and are believed to be accurate. No guarantee of this accuracy is made, however, and the

products discussed are distributed without warranty; expressed or implied, and upon condition that recipients
shall make their own tests to determine the suitability of such products for their particular purposes. Likewise,
statements concerning the possible uses of our product are not intended as a recommendation to use in the
infringement of any patent, whether owned by American Wick Drain Co. or by others.



TYPICAL APPLICATIONS

EMBANKMENT CONSTRUCTION
Drain wicks may be used to accelerate settlement of
embankments for roadways, railroad tracks, run
ways, or bridge approaches which must be put into
operation very soon after construction is completed.
Presettlement can greatly reduce long-term mainte
nance costs that would result from extended periods
of settlement during the life of the project.

/////A

UNDERWATER CONSOLIDATION
Vertical wicks may be used to accelerate settlement
of soil below water level. The differential pressure
created by the surcharge is as effective under water
as on land. This technique can be used in prepara
tion for placing tunnel sections in a river bed, for
example.

'/ / / /

TANK FARM FOUNDATIONS &
MATER~STORAGEAREAS

Because of high unit loadings, liquid storage tanks
are subject to settlement in soft soils. Vertical drain
wicks used in conjunction with a sand surcharge can
provide rapid soil consolidation prior to construction.
Storage sites for solid materials - coal, ore, paper
also can benefit from vertical drainage prior to use.

r'
g~'6'<f~'p;;:9G~~.'Cl-~fioo:.:D.;:.~;"·o'-"·~''''·o~?\jDdD':.°.0 0 o';~ \.
~N~ ~.t?~•• o~~ °0 o~ .~;"';.;.:i.'.0.":?r\l:::::::; 0 0 s:J:R~Ap~ 0 0 '0"0° o· 0 :=?'0~" \.,

LANDFILL AREAS
Fill is often placed behind sheet piling walls or cof
ferdams for use as docks or industrial sites. Vertical
drainage with wicks is an effective method to accel
erate settlement thereby making the site available for
use in the shortest possible time..



HOW AMERDRAIN FUNCTIONS

NATURAL
SOIL

FILTER
JACKET

DRAIN
CORE

GRADED
SOIL
FILTER

Figure 3
50x Magnification of AMERDRAIN Filter Fabric

terns. A total of 38 longitudinal grooves distributed on
both sides of the core provides discharge passages
for water flowing to the surface. The core is dimen
sionally stable when wet, has good puncture and
collapse resistance and will not shrink or rot.

Figure 4
Graded Soil Filter Formed Against AMERDRAIN

Figure 5
AMERDRAIN Wick Core

e function of the AMERDRAIN has two aspects-1)
_ e capacity of the drain to accept water through the
filter jacket and 2) the capacity to discharge the water
vertically.
The AMERDRAIN filter material uses a strong, tough,
permeable nonwoven filter fabric of 100% poly
propylene specifically designed for drainage. Its
continuous filaments are arranged preferentially in
the length and width directions of the sheet and
thermally bonded. AMERDRAIN filter fabric resists
mildew, rotting, insects and chemicals normally en
countered in a subsurface drainage system. It is di
mensionally stable, wet or dry, has good tear and
puncture resistance and will not shrink, grow or un
ravel.
AMERDRAIN has a unique structure (Figure 3) that
enhances its function as a filter fabric. It has a large
number of openings with a range of opening sizes
throughout its structure instead of a few openings of
fixed size as in woven fabrics. Its bonded fibers create
a tortuous pathway resembling that of a well graded
aggregate filter rather than a simple, straight line
exit for soil particles. Because of its unique structure,
the filter fabric has both high permeability and the
ability to restrict the movement of most soil particles,

hile allowing the very fine silts to flow into and out
f the drain. The initial removal of very fine silts is

beneficial because this leaves the larger particles to
form a highly permeable soil network (Figure 4)
against the fabric. The soil network restricts the
further movement of fine soil particles and helps to
develop a graded soil filter. This soil filter effectively
stops piping of soil and prevents other fine particles
from entering the drain. The fabric filter, being more
permeable than the soil filter and the natural soiL
does not restrict the flow of water into the drain.
The effectiveness of the filter fabric has been proven
in government and commercial projects in a wide
range of soil types. Its effectiveness has also been
confirmed by extensive laboratory tests at the Col
orado State University Engineering Research
Center. Tests were run with soil mixtures of fine sand,
silts and clays which simulated actual drainage sys
tems. Under these conditions, the tests confirmed
that, after the initial passage of fine silts through the
filter there was:'

(a) No measurable migration of soil fines within the
soil filter or into the drain, and

(b) No measurable pressure drop across the filter
indicating no reduction of water flow through
the fabric. Scanning electron microscopy con
firmed that there was no clogging of the fabric.

The AMERDRAIN core (Figure 5) is a strong, tough
structural member extended from 100% poly
propylene specifically designed for drain wick sys-



INSTALLING AMERDRAIN

AMERDRAlN may be installed employing either vib
ratory or static methods. In either case, the wick is
enclosed in a tubular steel mandrel of small cross
sectional area (usually 2 X 5 inches). A small steel
anchor plate is attached to the wick at the bottom of
the mandrel. The mandrel is then driven into the soil

either with a static or vibratory rig. When the depth is
reached, the mandrel is extracted. The anchor plate
retains the wick in the soil. When the mandrel is fully
extracted, the wick is cut off, a new anchor plate is
installed and the process begins again.
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AMERICAN WICK DRAIN CORP.
301 Warehouse Drive Matthews, NC 28105

Phones 800 438-9281 & 704821-7681 Telex 572385

AB1-0983-5C



GEOTECHNICS
AMERICA, INC,

INSTALLERS· OF
SOIL DRAINAGE WICKS

Geotechnics America Inc. is a nationwide construction firm specializing in the supply
and installation of AMER-DRAIN soil drainage wicks. Geotechnics America employs both
vibratory and static installation equipment which can install drains to depths of 125 feet
(40 meters). The vibratory method has been proved during the installation of over 40 million
feet in Europe and over five million feet in the United States to be the most reliable and
predictable installation technique. For unusual job sites or soil conditions, the static tech
nique may be used.

During installation, the drainage wick is completely protected by the steel mandrel
from damage from rocks or other materials. An economical anchor plate holds the wick in
place during extraction of the mandrel. .

AMER-DRAIN is manufactured by the American Wick Drain Co. in Matthews, North
Carolina. It is the only soil wick drain manufactured in the United States and is therefore
the only wick drain that can offer the assured supply and economy of U.S. manufacture.

As illustrated in the accompanying literature, AMER-DRAIN can accomplish the
stabilization and strengthening of water saturated soils by promoting their rapid consolida
tion through drainage. AMER-DRAIN can be installed in half the time and for less than half
the cost of conventional sand drains.

We welcome inquiries about the supply and installation of AMER-DRAIN and its
pricing for specific projects.



INSTALLATION EQUIPMENT CAPABILITY
f---- HEAD6LOCK (Jlh

Maximum Depth 125' (40 meter, _~
++-- ~16 VIBRATOR

-'"

Geotechnlcs America's drain equipment is capable of in
sta lling dra Ins to a maximum depth of 125 feet (40 meters).

The installation mast and mandrel are modularthereby
allowing the most efficient length to be used on every

job. The vibratory driver provides 36 tons of penet
ration force. Production rates of 8000 - 10,000 feet

per day are typical.
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GEOTECHNICS
AMERICA, INC.

P. O. BOX 552
BA Y ST. LOUIS, MS 39520

(601) 255-3123

1,0482-35



An ICE 216 vibratory
driver is being used to
place the wick drains.

Fabrics Co., had to be layed down
to form a stabilization blanket.

Southeastern Highway Con
tracting Co. of Gainesville, Ga.,
won the contract for grading and
drainage which included site
preparation of the bridge ap
proach sections. The soil consoli-

- ..
A Link Belt LS78 crane moves slowly through a

field of wick drains being installed to stabilize soil on
a highway project.

dation part of the work was sub
contracted to Geotechnics
America, Inc. Preassembled drain
wicks were chosen to save both
time and money.

Nearly 640,000 linear ft. of
wicks were used in the state of the
art soil consolidation project. By
incorporating the use of a vibra-
tory installation rig the contractor
was able to install the wicks with
out resorting to predrilling.

According to Russell Joiner,
general manager of Geotechnics
America, "Our initial estimate was
to get between five and six
thousand (linear) feet (of wicks)
installed per day. Our actual pro
duction," he added, "averaged
eight to ten thousand feet a day."

The company used an ICE 216
vibratory driver to push down the
porous wicks to a depth of 25 ft.
Geotechnics America used a Link
Belt LS 78 "high walker" 20 ton
capacity crane as the support plat
form for the ICE vibratory driver
and 7,800 lb. power pack.

The general contractor's
superintendent, John Cox, said
that about three weeks after the
vertical wick drains were installed
in one a'rea there was a measured
seven and one-half inch ground
settlement. The vertical wicks
have enabled the state of Georgia
to go ahead rapidly with a much
needed project and save consider
able money.

ew m terials
are speeding
construction
and c tting
overall costs

Construction of the Torras
Causeway in Georgia marked the
first time in that state that the
vertical wick drain system was
used to obtain soil consolidation
on a m<Uor highway project. (See
page 17 for additional photos and
information. )

The $20 million effort to re
place four outdated bridges and
2.95 miles of roadway was ham
pered by an almost uniform 20 ft.
thick layer of loose water-satu
rated organic material at the loca
tion of the approaches to the
bridges. Before any equipment
could even be brought on to the
site a layer of polyester woven
fabric, .Pro Pex 2006 by Amoco

-,

DIXIE CONTRACTOR, October 7, 1983
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P. O. Box 552 ~
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ADVANCED DRAINAGE SYSTEMS,INC.

3300 RIVERSIDE DRIVE P.O. BOX 21307 COLUMBUS. OHIO 43221 (614) 457-3051 TELEX NO. 245-461

June 13, 1985

Mr. Jim Wailes
Engr.
Simons Li & Assoc.
Box 1816
Ft. Collins CO 80522

Dear Mr. Wailes:

Enclosed is the literature you requested on ADS corrugated
plastic drainage tubing and fittings.

In order to determine how we might address your specific
drainage application, please take a moment to fill out the
enclosed reply card and return it to me at your earliest
convenience.

We appreciate your interest in our products and look forward
to working with you in the near future.

7?'~
R.E. Slicker
Market Manager

FJP/ti

Enclosure

0951

D59.reen
number 1 in the land.
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Corrugated polyethylene tubing from
Advanced Drainage Systems, Inc. pro
vides years of trouble-free drainage in a
wide variety of applications, at a cost of
just pennies per foot. Lightweight ADS
tubing is available in continuous coiled
lengths, or in straight lengths, and is
flexible and easy to install, requiring
less labor than traditional drainage ma
terials. ADS tubing is manufactured
with high density polyethylene resin, a
virtually chemically inert material, so it
resists corrosion and abrasion, and
won't rot, rust or break down during
handling.

ADS grain aeration pipe contains
specially designed perforations with a
durable, knitted polyester "sock" wrap
to maximize air flow and prevent restric
tion of the perforations.

A full line of accessory fittings and
couplings help simplify even the most
challenging installations.

Residential and
Commercial
Construction
Ideal for all homesite and commercial
drainage, ADS tubing is lighter, easier
to handle, and requires less time and
equipment to install than PVC, clay,
concrete or corrugated metal. ADS
snap-on fittings and couplings keep in
stallation time and labor to a minimum.

Exteriorfoundation drains are neces
sary for both residential and industrial
buildings, below the level of the lowest
floor, where high water tables and rain
water result in wet basements. These
drains are placed to collect and chan
nel water away from footers and base
ment walls to a suitable outlet.
Interior foundation drains where
ground water is a problem. These
drains intercept water that otherwise
would gain entry through the basement
walls or floor.
Downspout run-off drains using cor
rugated plastic pipe are used to chan
nel water collected in the roof gutters to
areas away from the building. These
can be discharged into storm sewers,
into the curb at the edge of the street, or
into other suitable outlets.
Low-spot drainage in lawns or yards
can be accomplished using surface in
lets and corrugated polyethylene tub
ing to collect and carry the water to a
storm sewer or other disposal area.
Basement window well drainage pre
vents rainwater from seeping down the
foundation wall and entering the base
ment. This is accomplished by running
a length of non-perforated tubing from
the drain in the bottom of the well to the
disposal area.

Driveway and sidewalk underdrain
age is used to prevent frost damage or
pavement deterioration due to unstable
bases. Installation of perforated drain
age tubing in a bed of gravel allows the
water to drain out of the base course
and be channeled away from the
pavement.
SB2 gravel-less septic system, a
recent innovation, is constructed of
8" and 10" tubing encased in a spun/
bonded nylon mesh material, Drain
Guard protective wrap and eliminates
the need for gravel. Alternately, of the
most common methods for home waste
water disposal are septic tank leach
fields utiliZing 4" ADS tubing, which
features virtual immunity to the cor
rosive environment found in septic
tank leach fields.

Highways and Roads
Excess water in the subbase of high
way pavements is the leading cause of
pavement failures; the adverse effects
of inadequate drainage are evident in
highways which begin to deteriorate
after only two to three years. ADS corru
gated polyethylene berm and under
drains collect and remove excess sub
base water and reduce pavement
damage. Continuous lengths require
fewer fittings and connections and less
labor to install.
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Culverts are easily drained with ADS
culvert pipe; it is lighter and easierto
handle and install than clay, concrete or
corrugated metal, resulting in reduced
labor costs ADS culvert pipe has ex
cellent load bearing strength, meeting
the toughest requirements. It is ap
proved by most state departments of
transportation, and many county and
local regulatory agencies. ADS culvert
pipe is available in 10", 12" and 15"
diameters, in 20' standard lengths.

Parking Lots
The durability of ADS tubing makes it
especially suitable for parking lot appli
cations. Excellent deflection qualities
enable ADS tubing to resist critical
loading conditions without damage.

Airport Runways
Airport runways suffer from the same
water-related problems as highways
and roads. Whereas corrugated steel,
concrete or clay pipe have been widely
used in the past, corrugated polyethyl
ene tubing has recently been approved
by the Federal Aviation Administration
for use as collector systems, culverts
and runway underdrains.

Golf Courses
Golf courses are kept lush, green and
playable with ADS tubing. ADS tubing
resists rot and is flexible, so it follows
ground contours and adapts to under
ground obstacles. It's adaptable to a
wide range of soil conditions, including
sand traps that collect water or are sub
ject to erosion. Proper installation is an
important factor, and ADS provides de
tailed installation recommendations for
every type of soil and topographical
condition.

Athletic/Recreational
Strong and durable ADS tubing pro
vides year after year of reliable drain
age with minimal maintenance, to keep
landscapes as hardy as they are beau
tiful. Slope drainage is easy with ADS.
In sandy or other problem soils, ADS
Drain Guard keeps drains flowing. In
the case of athletic fields and other
places where it is desirable to use the
areas as soon as possible after a down
pour, the ADS drainage system pro
vides runoff that keeps up with rainfall.

Utility Companies
Public utilities and manufacturing com
panies have experienced problems
with excess water in coal handling and
storage operation. In the winter, freez
ing of wet coal is a problem, while dur
ing the warmer months, coal piles often
must be sprayed with water to reduce
coal dust and eliminate spontaneous
combustion.

The ADS drainage system utilizing
corrugated polyethylene tubing under
the coal pile is an effective means of re
moving excess water. Filter protective
wrap is required to prevent particles of
soil or coal from entering the tubing

Mining
ADS tubing offers low cost of installa
tion plus excellent performance in cor
rosive and abrasive environments,
solving mine-related water problems.
These include drainage of coal piles,
hollow-fills, earth dams, dam overflows,
air ducts, deep shaft mines, sedimenta
tion ponds, and roads.

Railroads
Poor railbed drainage often results in
an unstable subbase and unsafe condi
tions. ADS tubing is used on new proj
ects as well as to correct problems
caused by excess water in existing
railbeds. ADS performs under severe
loading applications, making it ideal for
railroad bed drainage.

Grain/Commodity
Aeration
ADS aeration pipe can be easily
adapted to all types of grain storage
facilities (temporary as well as perma
nent), including metal buildings, round
silos and wooden bins, resulting in
uniform air flow.

Technical Notes
ADS corrugated polyethylene tubing
is structurally designed to be used as
culvert pipe and for other heavy dUly
drainage applications. This corrugated
pipe may also be adapted to other drain
age needs.
Applicable Specifications and
Installation Guidelines
1. ASTM F405, Standard Specification for

Corrugated Polyethylene Tubing and
Fittings.

2. ASTM F 667, Standard Specification for
10", 12" and 15" Corrugated Polyethyl
ene Tubing.

3. AASHTO M 252, Standard Specifica
tion for Polyethylene Corrugated Drain
age Tubing.

4. ADS Installation Guidelines for Culvert
and Other Heavy-Duty Drainage
Applications.

It's your sign of quaUty
# lin the land.
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Easy-to-use heavy-dutyADS fittings
Reducing Coupler

4"x3"-314 8"x6"-816
5"x4"-514 10"x 8"-1018
6"x4"-614 12"x 10"-1210
6"x5"-516 15"x 12"-1512

5"-4"-425
6"-5"-526

Internal
Reducing Coupler

4"-415
5"-515
6"-615

Internal Coupler

6"-612
8"-812

10"-1012

3"-312
4"-412
5"-512

Snap Coupling

8"- 811
10"-1011
12"-1211
15"-1511

3"-311
4"-411
5"-511
6"-611

Split Coupling

5"-522
6"-622

3"-322
4"0422

Downspout Adapter

3"-364 (3V4 x 2'12)
4" - 464 (3V4 x 2'12)
4"-465 (3x4V4)

5"-541
6"-641

3"-341
4"-441

6"-646
8"-843

4"-443
5"-545

Saddle Tee

5"-525
6"-626

3"-321
4"-421

Snap Tee

Spin-on Couplings Split End Cap Snap Adapter Reducing Tee (Multiple)

18"01811
24"02411

3",,362
4"-462
5"-562

6"-662
8"-862

644-6" to 6"/6"10 5"
6"10 4"/6" to 3"

844-8" to 8"/8"10 6"
8"10 5"/8" to 4"

1044-10" to 10"/1 0" to 8"
10"106"

1244-12"to 12"/12"10 10"
12"t08"

1544-15"to 15"/15"to 12"
15"to 10"

)
90" ELL

4"-445

Heavy Duty Tubing

Perf. Non-Perl,
8"-801 851-20' Lengths

10"-1001 1051-20' Lengths
12"-1201 1251-20' Lengths
15"-1501 1551-20' Lengths
18"-1801 1851-20' Lengths
24",,2401 2451-20' Lengths

/

Sock
373-300' Coils
473-250' Coils
573-165' Coils
673-100' Coils

873-20' Lengths
1073-20' Lengths

12"-1273-20' Lengths
15"-1573-20' Lengths

Protective Wrap

Drain Guard®
3"-372
4"-472
5"-572
6"-672
8"-872

10",,1072
12"-1272

Non-Perlorated TUbing

3"-351-300' Coils
4"-451-250' Coils
5"-551-165' Coils
6"-651-100' Coils
8"-851-20' Lengths

10"-1051-20' Lenglhs
12"-1251-20' Lengths
15"-1551-20' Lengths
18"-1851-20' Lengths

(351 and451 also available in
bundles of ten-l 0' lenglhs.)

Perforated Tubing

3"-301-300' Coils
, 4"-401-250' Coils

5"-501-165' Coils
6"-601-100' Coils
£"-801- 20' Lengths

10"-1001-20' Lenglhs
12"-1201-20' Lenglhs
15"·1501-20' Lenglhs
18"-1801-20' Lengths

(301 and 401 also avaBable in
bundles of len-l 0' lengths.)

Advanced Drainage Systems, Inc" Nationwide Sales and Manuiacturing Network
is America's leading manufacturer of
quality corrugated polyethylene pipe, CALIFORNIA MICHIGAN

Manufactured of selected polyethylene
Madera (209) 674·0054 Bad Axe (517) 269·9506

(209) 674·0903' Owosso (517) 723·5208
resins, ADS pipe meets the strictest GEORGIA NORTH

product quality standards and industry Atlanta (404) 393·0602' CAROLINA

specifications,
Montezuma (912) 472·7556 Rowland (919) 422·3303
ILLINOIS OHIO

In addition, ADS manufactures a Harvard (815) 943·5477 London (614) 852·9554
complete line of fittings and couplings, Monticello (217) 762·9448 Napoleon (419) 599·9565

simplifying installations for highway and IOWA (419) 599·0585'
Cresco (319) 547·3105 Wooster (216) 264-4949

construction drainage applications, Creston (515) 782·8565 TEXAS

From coast to coast, ADS tubing is Eagle Grove (515)448·5101 Ennis 1214)875·6591

available through the industry's most
Iowa City (319) 338·9448 VIRGINIA

(319) 338·3689' Buena Vista (703) 261·6131
extensive distribution network, For the KENTUCKY WASHINGTON
name of your local distributor, contact Livermore (502) 733·4324 Bellevue (206) 643·2770·

the nearest ADS sales office,
Versailles (6061873·8046 Washougal 1206) 835·8522
MASSACHUSETTS
Palmer (413) 283·9797 'Sales Of/ice Only

• CoPyro9t11 Aovanceo Drainage Systems Inc 1982 AU tlgnl5 reseryeo Prlnteo In USA FOrm 'L30JO • Drain Guard,s ill reg,stereo Traoemark 01 AOll3nCea Dramage Systems Inc uS Patent Nos 3699684 and 3830373 • The Green Stripe 1$ reglstereo In U S Patent and TraderNHk Ollll





WATER POLLUTION CONTROL

Water quality awareness has developed a keen
interest in pollution control in the world and
particularly in the United States.

Congress has passed the Federal Water Pollution
Control Act with the goal of eliminating discharge of
pollutants by 1985. Under the Safe Drinking Water Act
of 1974, States must now set their own standards for
protecting ground water.

To meet this challenge, Watersaver Company
adapted the use of its membrane lining systems to the
problems of pollution control.

SEEPAGE PREVENTION
Federal and State pollution control agencies are

demanding the control of seepage that pollt;tes ground
water endangering life.

Watersaver Company works with engineers,
architects, technicians, farmers, ranchers, industrial
ists and governmental agencies throughout the world,
demonstrating how seepage problems are solved
quickly - economically - and permanently with the
proper installation and use of a membrane lining
system.

THE PROFESSIONALS

Saving water is our business ... and that's exactly
what we do! This informative brochure introduces you
to our Membrane Lining Systems. If you have a liquid
containment problem, for action CONTACT THE
PROFESSIONALS!

PRODUCT FEATURES
FLEXIBLE' DURABLE' IMPERMEABLE' CHEMICAL
RESISTANT' WIDE PANELS. LATEST FABRICATION
TECHNOLOGY· ECONOMICAL

USES
INDUSTRIAL PONDS • BRINE PITS • IRRIGATION
RESERVOIRS • FIRE WATER STORAGE • SOLAR
EVAPORATION PONDS· CANAL LININGS' FLY ASH
& SOLID WASTE LEACHATE CONTROL • LAND
SCAPE LAKES • SEWAGE LAGOONS • COOLING
PONDS • SLUDGE DRYING BEDS • OIL SPILL
CONTAINMENT • POTABLE WATER RESERVOIR
LININGS &COVERS' AND MANY OTHERS

COVER PHOTO
Photo shows a protective earth cover being placed on a
Watersaver Liner. This is the third industrial waste pond lined
by Watersaver in five years at this location.

If
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SITE PREPARATION

Excavation is completed by the earthmoving
contractor. The base upon which the liner will be
placed must be smooth, compacted and free of
sharp rocks, roots and other foreign material,
meeting the Engineer's specifications.

Structures including pipes, splash pads, inlets,
outlets, and headwalls should be finished prior to
placement of the liner.

POSITIONING THE PANEL.
Liner panels may weigh as much as 2000 kg

(4500 Ibs.), therefore a large front end loader or
forklift will assist in positioning the lining panels
which are accordion folded in cartons on pallets.

SPREADING THE PANEL
A crew of eight to ten men is needed to spread

the panels to their full width. This crew installed
1 hectare (2.5 acres) in 8 hours.

FIELD SPLICING OF LARGE PANELS
Large factory fabricated panels are easily

spliced together using specially formulated cements
and adhesives developed by Watersaver Company.

ANCHORING TRENCH

Liner panels are anchored in a trench at the top of
the slope. The flat sheet conforms to the substrate
in the corner.



Have a question about liners? Call Toll Free 800-525-2424

THE ABOVE ARE GENERAL GUIDELINES ONLY. MATERIAL SELECTION SHOULD BE BASED
ON SPECIFIC PROJECT REQUIREMENTS. CONTACT WATERSAVER FOR RECOMMENDA

TIONS.

Watersaver membrane lining systems
are economical and long lasting. We
stock all lining materials and match the
specific project requirements with the
particular membrane lining system that
most economically meets those re
quirements.

tion contractor in recommended pro
cedures.

ECONOMY

NR-NOTRECOMMENDEDRR - RECOMMENDED ONLY WITH REINFORCING

INSTALLATION
Watersaver membrane lining systems

are easily installed. A technical service
representative is available from Water
saver Company to instruct the installa-

Watersaver panels are custom fabri
cated to specific project requirements
to minimize field splices and installa
tion time. Panel widths to 45 meters
(150 ft.) are available.

PANEL SIZES

OIL RESISTANT POLYVINYL CHLORIDE (ORPVC)

ISOBUTYLENE ISOPRENE (BUTYL) (IIR)

POLYCHLOROPRENE (NEOPRENE) (CR)

ETHYLENE PROPYLENE DIENE MONOMER (EPDM)

CHLOROSULFONATED POLYETHYLENE (HYPALON) (CSM)

CHLORINATED POLYETHYLENE (CPE)

POLYVINYL CHLORIDE (PVC)

EXPOSED LINER NR R RR R R R NR

EXPOSED SIDE SLOPE LINER NR RR RR RR RR RR NR

BURIED LINERS R R RR R R R R

ACID RESISTANCE pH 210 7 R R RR R R R R

ALKALINE RESISTANCE pH above 8 NR R RR R R R NR

PETROLEUM PRODUCTS NR R NR NR R NR R

POTABLE WATER NR R RR R NR R NR

DOMESTIC WASTE R R RR R R R R

ROOFING MEMBRANE NR R NR R R NR NR

E AL MEMBRANE LINER INFORMATION

R - RECOMMENDED

Watersaver Company takes pride in
its fabrication facility. Factory fabri
cated accessories such as pipe seals,
corners, berm vents, ballast tubes,
pressure relief vents and sump liners
are avai lable to complete the Water
saver Membrane Lining System.

MEMBRANE
CHARACTERISTICS

Watersaver Company membrane lin
ings meet the most rigid specifications
in the industry. Reinforced or non
reinforced lining materials may be
selected in a variety of thicknesses
ranging from .25 mm to 1.5 mm (10 to
60 mils). Material selection is based on
specific project requirements.

FACTORY FABRICATION
Just as you know there is no one liner

that meets all containment problems 
there is no or.e system of fabrication
that best serves each liner to be
fabricated.

Watersaver has all fabrication sys
tems and specifically uses the best
sealing method for each membrane.
Todays state of the art demands it - and
Watersaver leads the way - Rigid
Qual ity Control is your assurance of the
Worlds finest membrane linings from
Watersaver Company.

FACTORY FABRICATED
ACCESSORIES

GE



Hypalon® is a registered trademark of E.!. du Pont de Nemours & Co. (Inc.)

...specifically formulated for resistance to oils. Mem
brane features excellent weatherability, sealability,
chemical resistance and long term durability. ePE does
not require a cover material for most applications.

... membrane offers good chemical resistance, sealabili
ty, and serviceability in unexposed applications. It has
performed satisfactorily as a liner for recreational lakes,
canals, evaporation ponds, sewage lagoons, brine
ponds, etc. It is recommended that an earthen cover be
provided for pve to maximize its service life as a fluid
barrier.

HYPALON@
(Chlorosulfonated Polyethylene)

pve (Polyvinyl Chloride)

OR ePE (Chlorinated Polyethylene)

...specifically formulated for resistance to oils. Offers all
of the desirable characteristics of Watersaver ePE and
in addition, provides greater strength and resistance to
creep, sag'ging, and puncture where conditions of use
are severe, such as steep slopes or other high stress ap
plications.

OR ePER
(Reinforced Chlorinated Poly.ethylene)

... provides excellent resistance to weathering and
chemical attack. Hypalon is available only as a rein
forced membrane and does not require a protective
cover for most applications. Hypalon is approved for
potable water containment.

EPDM
(Ethylene Propylene Diene Monomer)

EPDM R (Reinforced EPDM)

NOTE: Product Information is ot a general nature. Specific
application may vary.

... has been used for roofing and lining applications for
many years. Superior weathering and elongation
characteristics have made EPDM the most widely used
single ply roofing membrane in the U.S.A.

... has the superior weathering characteristics of the
non-reinforced EPDM with additional strength and tear
resistance required by some applications. Many potable
water reservoirs are rehabilitated with EPDM R or
Hypalon.

e s V
MEMBRANE
LININGS



PROBLEM SOLVERS

Watersaver has probably solved a
problem similar to yours - for someone 
somewhere! Our long experience in the
field enables us to evaluate the situation
and arrive at the correct solution without
wasting time or money. We know the
proper applications for flexible linings,
and our recommendations are based on
facts.

DESIGN ASSISTANCE

After we receive the information on
your particular project from you, we can
study your needs and make initial
evaluations and recommendations. We
provide drawings showing membrane
panel layout for approval.

ACCEPTABILITY

Watersaver has achieved prominence
in its field for the development of
membrane linings to meet current State
and Federal requirements for water
Quality and pollution control practices.
New liners are being field tested contin
ually. Thus, we bridge the important gap
between laboratory technology and job
site requirements with liners of proven
capability.

WARRANTY

Our warranty and agreements policy
reads in part that fabrication of the roll
goods into panels by the Watersaver
Com pany is warranted to be free from
defects in workmanship under normal
use and service.

ADDITIONAL INFORMATION

We can provide you with information
pertaining to your specific requirements.

AVAILABILITY

Watersaver Company maintains the
largest inventory in the industry. Stan
dard panels are available for immediate
shipment.

WATERSAVER MEMBRANE LININGS

STOP SEEPAGE ECONOMICALLY...
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Have a question about liners? Call Toll Free 800·525·2424
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About 450 panels of Hypalon weighing about 4.000 Ib each were used. Field
seaming of the panels was done with a solvent-type adhesive.

Raymond Thorpe, National sales manager
J.P. Stevens Co. Inc., Elastomeric Products Dept.

When Cotter Corp., a large vanadium and uranium proces
sor in Canon City, Colo.. decided to build a new tailings
pond, it was required to make special provisions to prevent
seepage. Cotter had recently built a new mill that handles up
to 1,200 st/d of ore. A two-cell impoundment was designed
to hold both acidic tailings from the new mill and reprocessed
alkaline tailings from older ponds. It will also receive runoff
from the mill site.

It has taken two years and $21 million to finish Stage I of
the impoundment. which is lined with a membrane of Du
Pont's Hypalon synthetic resin. When a Stage 2 expansion is
completed, the impoundment will have a surface area of 175
acres and a maximum depth of 90 ft, making it the largest
two-cell uranium tailings impoundment in the world.

"After a year in use, we haven't experienced any leakage,"
says Joseph McCluskey, Cotter's executive vice president.
The pond has a 20-yr (life of the mill) storage capacity of
7,500 acre-ft.

The primary design objectives for the lining were:
• To prevent leakage.
• To withstand tailings and water pressure in the deepest
part of the pond (the tailings are 80% water).
• Because of the long-term radioactivity of the tailings, to
provide a lining that would be durable and effective well
beyond the life of the mill.
• To contain both alkaline and acid wastes.

Single linings. like clay, asphalt. and concrete. were care
fully evaluated. Portland cement was rejected because of its
rigidity. incompatibility with acid wastes, and the high cost
of installation. Hydr:lUlic asphalt concrete was ruled out
because of quality control problems during construction.
Clay alone, normally a good seepage barrier. would not be
reliable enough in a uranium tailings pond without additional
protection.

Hovater-Way Engineers Inc.. a Laguna Hills, Calif., con-

The Cotter Corp. uranium tailings impoundment has a Stage 2 depth of 90 ft.
The total weight of the liner is 1.8 million lb.

suiting engineering firm. recommended a multi-component
lining system using an impervious membrane as the primary
seepage barrier. But membranes require a smooth underlying
surface to protect against puncture and tearing. Although
clay was not chosen as a single lining. it does qualify as a
supporting surface, because it is smooth and can act as a
secondary seepage barrier if the membrane is damaged.

Several kinds of rubber and synthetic materials. such as
EPDM (ethylene-propylene-diene-monomer), PVC (polyvi
nyl chloride), and Hypalon, were considered for the mem
brane. The Elastomeric Products Dept. of J. P. Stevens Co.
Inc.. bsthampton, Mass.. a manufacturer of synthetic rub
ber sheeting made with Hypalon. was one of several compa
nies that tested various materials for compatibility with both
the alkaline and acid wastes involved in this job. Steven's



SURROUNDED BY CLAY AND EARTH
The first installation step at Cotter was covering the pond

bottom with a smooth layer of compacted clay at least 18 in.
thick. To install the rubber membrane lining, a crew of 10
men placed a panel of I-1ypalon on the clay, laying it out to its
full length, then spreading the panel to its full width by
trapping enough air under the panel to noat it into position.
A crew of three men seamed the panels together with a
solvent-type adhesive that chemically welds the two match
ing surfaces of the field seam.

The job required roughly 450 panels of Hypalon weighing
about 4,000 Ib each, for an installed weight of 1.8 million Ib
and a surface area of 6.5 million ft'- Three different thick
nesses of Hypalon were used in the pond: 36 mils (about I/]2

in.) for the shallow area; 45 mils (about J/64 in.) for mid
depths; 60 mils (about 1/16 in.) for the deepest parts.

The membrane was secured at the pond edge in an
18-in.-deep, 24-in.-wide anchor trench at the berm. The
upper edge of the lining on the side slope was anchored in
this trench by backfilling and compacting. This increased the
stability of the lining on the side slope. A continuous strip of
Hypalon was attached to the lining ncar the top of the
impoundment slope. During Stage 2 expansion, the strip will
be removed, exposing the unweathered lining and allowing
the seaming of additional. new membrane lining to the old
lining.

Twelve inches of earth was spread on top of the entire
lining to protect it from possible tearing or puncture. There
arc also subdrains beneath the clay sub-lining that relieve
reverse hydrostatic pressure and prevent damage to the lining
by up-lifting. The grade of the ponds ranges from a mini
mum slope of 20: I to a maximum of 3: I. Any gas forming
under the membrane can drift upward and outward to the
perimeter of the lining and escape through vents.

After one year. the impoundment contains 420 acre-ft of
liquid. Currently, two-thirds of this liquid is runofr. while the
rest is tailings and liquids from the ncw mill. Once the
impoundmcnt is filled with tailings, it will be covered with
earth.•

Each pond lining panel was spread to its full width by trapping air under it to
float it into position.

testing led to the development of an industrial-grade I-1ypa
Ion sheeting consisting of reinforcing fabric sandwiched
between two sheets of I-1ypalon. The Hypalon is nearly 50'k
of the total liner weight. The reinforcing fabric is a polyester
who e open weave allows the synthetic rubber to penetrate
the fabric. resulting in exccllent adhesion between layers.

The industrial-grade sheet has improved weight and vol
ume change properties compared with "potable water"-grade
1-1 ypalon synthetic rubber. The sheeting produced by Stevens
was made into various sized large panels by Watersaver Co.
Inc., Denver, fabricator of nexible membrane linings for the
Cotter tailings pond.

The Cotter job was the first usc of industrial-grade
sheeting containing Hypalon. "Since then. it's become very
popular," says Bill Slifer, vice president of Watersaver.

j
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WATERSAVER COMPANY IS PROUD
TO HAVE BEEN SELECTED TO

FABRICATE THE COTTER CORP LINER!
The liner described in this article represents the best in the "state of the art" for

fail-safe containment of both solid and liquid effluents and waste. Our company was
involved from the very beginning when the effluents to be contained were submitted and
on through to the selection of membranes and final installation. Our Technical Service
Representative supervised the contractor's crew during actual installation of all panels
of the liner.

The Watersaver Company, Inc. has been fabricating membrane linings for over 25
years. Our production facilities include the latest techniques available for the fabrication
of all types of approved linings. As a matter of record, we now have the largest
membrane liner fabricating plant in the world.

When you require linings and want positive results at competitive costs, contact us.
It will be our privilege to work with your people in handling the project.

Watersaver Membrane Linings represent the
best in the state of the art for the containment of

solids or liquids!

WATERSAVER COMPANX INC.
P.O. Box 16465
DENVER, COLORADO, U.S.A. 80216
303/623-4111 TWX 910-931-0433



Hypalon 45 synthetic rubber resin is the sole
elastomer. Zinc compounds of any kind, including
zinc oxide, zinc stearate and zinc dusting agents, are
prohibited. Ousting agents of any kind of prohibited
on the finished product.

3.3 Scrim used in the membrane shall be 10 x 10
1000d polyester of an open type weave th::lt permits
strike-through of the Hypalon through the fabric to
facilitate adhesion between the plies of Hypalon. The
fill yarn must have 2.5 turns per inch maximum and
2.0 turns per inch minimum. All selvage edges must
be trimmed prior to applying the Hypalon coating.

3.4 The composite membrane material shall
consist of a thorough Iy bonded, fabric-rei nforced
Hypalon rubber sheeting. It shall be manufactured by
the calendering process and shall be uniform in
color, thickness, size, and surface texture. The fabric
shall be totally encapsulated between plies of
Hypalon and shall not extend closer than 1/8 inch to
the edge of the Hypalon coating either side of the
fabric. Exposed fabric along longitudinal edges of
roll stock and indications of delamination will not be
permitted. The composite material shall be a flexible,
durable, watertight product free of pinholes, blisters,
holes, and contaminants and shall not delaminate in
a water environment.

The composite membrane material shall be fabric
reinforced Hypalon consisting of one ply of scrim
and two plies of Hypalon.

1. SCOPE
1.1 The scope covered by these specifications

covers the furnishing and installation of a fabric
reinforced industrial grade Hypalon lining. All work
shall be done in strict accordance with the engineers
drawings and specifications.

2. CONTRACTOR'S EXPERIENCE
2.1 Any contractor proposing to perform the work

hereunder shall have demonstrated his ability to do
the work by having successfully installed at least
two million square feet of reinforced membrane
lining.

3. LINING MATERIAL

3.1 The membrane lining material shall be fabric
reinforced Hypalon of new, first-quality products
designed and manufactured specifically for the
purpose of this work, and shall have been satisfac
torily demonstrated by prior use to be suitable and
durable for such purposes. The manufacturer shall

I,", .. have produced, and have in service in similar applica
tions for a period of not less than one (1) year, at
least five (5) million square feet of fabric-reinforced
industrial grade Hypalon material utilizing the same
scrim specified for use under these specifications.

3.2 Hypalon utilized for encapsulation of the scrim
shall be manufactured from a composition of high
quality ingredients, suitably compounded, of which

Property

Tensile Strength, psi, min.
Elongation, @ Break % min.
Water Absorption, (max. wt. gain), %

7 days @ 70°F
14 days @ 70°F
30 days @ 70°F

14 days @ 158°F
30 days @ 158°F

low Temperature, Cold Bend,
1/8" mandrel for 4 hrs., of

Ozone Resistance
(3 ppm @ 30% strain @

104 of, 72 hrs.)
Heat Aging, (14 days @ 212°F)

Tensile Strength, psi, min.
Elongation, % min.

Specification

1500
300

1.0
1.0
1.0

30.0
30.0

-45

Pass

1500
150

Test Method

ASTM 0-412
ASTM 0-412
ASTM 0-471

ASTM 0-2136

ASTM 0-1149

ASTM 0-412
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Property

Thickness

Breaking Strength, Ibs., min.

Tongue Tear, Ibs., min.
Ply Adhesion, Machine Method

180 0 peel, Ibs.l2" width, min.

Specification

.036 and not
less than .033

200

80
8

Test Method

ASTM D-751

ASTM D-751
Grad Method
ASTM D-413
ASTM D-413
Method A

3.5 The fabricator shall be an experienced firm
customarily engaged in factory-fabricating individual
widths of fabric-reinforced Hypalon roll stock into large
sheets. Factory seams shall have a minimum of 1-112"
scrim to scrim overlap when made by the solvent seam
ing method, and 5/8 inch scrim to scrim overlap when
made by the heat welded method.

Each factory-fabricated sheet shall be given promi
nent, unique indelible identifying markings indicating
proper direction of unrolling and/or unfolding to
facilitate layout and positioning in the field. Each
factory-fabricated sheet shall be individually packaged
in a heavy cardboard or wooden crate fully enclosed
and protected to prevent damage to it during shipment,
prominently identified in the same fashion as the sheet
within and showing the date of shipment. Until install
ed, factory-fabricated sheets shall be stored in their
original unopened crates; if outdoors, they shall be
stored on pallet and shall be potected from the direct
rays of the sun under a light-colored heat-reflective
opague cover in a manner that provides a free-flowing
air space between the crate and cover.

4. OTH ER MATERIALS

4.1 Solvent for cleaning contact surfaces of field
joints and for other required uses shall be as recom
mended by the manufacturer or approved fabricator of
the fabric-rei nforced Hypalon

4.2 All seaming, sealing and high-solids adhesives
shall be of a type or types recommended by the
manufacturer or approved fabricator of the fabric
reinforced Hypalon and shall be delivered in original
sealed containers.

5. INSTALLATION

5.1 Prior to ordering fabric-reinforced Hypalon
material, the contractor may submit, for the engineer's
approval, shop drawings showing lining sheet layout
with proposed size, number, position, of all factory
fabricated sheets and indicating the location of all field
joints. Shop drawings may also show complete
details and/or methods for anchoring the lining at top
of slope, making field joints, seals at structures, etc.

5.2 Lap joints shall be used to seal factory-fabricated
sheets of fabric-reinforced Hypalon together in the

JPS:IGH:36:02B2

field. All field joints between sheets of fabric-reinforced
Hypalon shall be made on a supporting smooth surface
and, unless the weather is sufficiently warm, heat guns
shall be used to make the sealing temperature at least
gO°F. The lap joints shall be formed by lapping the
edges of sheets a minimum of 3" scrim-to-scrim. The
contact surfaces of the sheets shall be wiped clean to
remove all dirt, dust, moisture, or other foreign
materials then wiped clean. Sufficient Hypalon-to
Hypalon bonding adhesive shall be applied to both con
tact surfaces in the joint area and the two surfaces
pressed together while wet and immediately rolled.
Any wrinkles shall be smoothed out and any cut edges
of the fabric-reinforced Hypalon shall be sealed with a
Hypalon adhesive to prevent wicking.

5.3 Any necessary repairs to the Hypalon membrane
shall be patched with a piece of the membrane material
itself and Hypalon-to-Hypalon adhesive. The adhesive
shall be applied to the contact surfaces of both the
patch and lining to be repaired, the two surfaces press
ed together immediately and rolled, and any wrinkles
smoothed out, all in accordance with Paragraph 5.2
hereof.

5.4 All joints, on completion of the work, shall be
tightly bonded. Any membrane surface showing injury
due to scuffing, penetration by foreign objects, or
distress from other causes shall, as directed by the
engineer, be replaced or repaired with an additional
piece of fabric-reinforced Hypalon membrane of the
proper size.

5.5 On completion of installation, the contractor
shall dispose of all trash, waste, material and equip
ment used in connection with the work hereunder, and
shall leave the premises in a neat and acceptable condi
tion.

6. SEAM STRENGTH

6.1 All factory and field seams (joints) shall, after 12
days, have a seam strength of 200 pounds when tested
in accordance with ASTM D-751, Grab Method (using
4" wide specimens having a length of 10" plus the
seam width). The distance between the jaws of the
testing apparatus at the start of the test must be 8" plus
the seam width and shall have sufficient strength in
peel that they fail by delamination from the scrim
rather than in the plane of the seam.
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