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TUN, . BENJAMIN AND WILLIAMS ON SHEAR WALLS

tensile 10ad after the tension-column concrete cracks, the wall panel shows
first visua racking. If there is insufficient tensile-column steel to car
tension in th&tension column when the conerete cracks, the first or
the junction of We tension column and foundation, This factor imDlics that
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o observe it hecause of the steel acros
The bending stiffne of the loading beam and columuy
first crucking in shear wallss The larger the wall areas
shear condition exists in the Wll panel, which has he
From the standpoint of seisthic design, the use
to a damage criterion. [In generaly the walls :
mate load that they are no longer uNzful ey
where large eracks are expected. It is
allowed much beyond the appearanceg
ture may stand and actually be
extensive costly repairs.
The linear-deflection ran
of reinforcing steel on t
results showed no cor
until the wail eracis
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load-deflection curve, C) eful comparison of test
lation between the quantity of™stecl aud the rigidity
. Thus, she deflection formula is bNgd on a section of
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shear. walls 2 norma| variation in behavior mukd the separn-
leult, of uog impossible.  Therefore. X a simple
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Paper No. 2999

REVIEW OF THE THEORIES FOR SAND DRAINS
By F. E. RICHART, JR., M. ASCE!

Wire Drscussion By Messrs. Yosurcnrga Nisnipa; S. J. Joussox;
AND F. E. Ricnanr, Je.

The existing theories for vertical eonsalisintion af
water and by radial flow to a drain o NGRS
assumptions.  The effect of considering void
ficantly change the consolidation-time characteristies of vertical consalidation
by vertical flow. Thus, including the cffocts of variable void ratio does not
contribute toward the explanation of secondary consolidation.

It has been demonstrated that a drain well having a smeared zone at its
periphery can be cousidered as an equivalent “ideal” well of reduced diamecter.,
Diagrams are included for quantitative evaluation of this relation.  An example
is included to show the effectiveness of even a small diameter ideal well in re-
ducing the time for consolidation.

Numerical procedures weore found to be versatile aids for solving the classical
consolidation problems as well as for considering consolidation under g variety
of conditions. Variable rates of loading, variable soil properties, and layered
systems can be readily included in the treatment of consolidation problems hy
these methods.

@5 a4 variabic i nog seni-

N S S -
INTRODUCTION

The purpose of a drain well is to provide an easier path for the excess water
to follow as it is squeezed out of a soil layer durine consolidation. Thus, an
effective well will accelerate the process of consolidation.

-In practice, however, such installations of drain wells. asnally composed of

" sand columns and hence called “sand drains,” have met with varied success

Nore.—Published essentiaily a8 printed here, in July, 1957, in the Journal of the Sail Mechanies ana
Foundtiony Division, as Proceedings Paper 1301. Positions and titles given are those e erfeet when the
paper or discussion was approved for publication in Transoetions.

t Div. of Eng. and Applied Phvsics, Harvard Uaiv., Cambridgs, Maue,
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710 " SAND DRAINS

In order to study the causes of the successes or failures of various installations,
it i3 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.

Notation.—The letter symbols adopted for use in this paper are defined
where they first appear and are arranged alphabetically, for convenience of
reference, in Appendix IT.

THEORY OF CONSOLIDATION

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, >34 Hon. M. ASCE forms the basis of conventional procedures
for predicting the time rate of thickness decrease of clay layers under load.
The assumptions made in establishing the theory are:

1. The voids in a soil are completely filled with an imcompressible fluid,
which is water. .

The soiid components of the soil are incompressible.

Darcy’s law 1s valid.

The coefficient of permeability, £, is a constant.

The time lag of consolidation is due entirely to the low permeability of
the soil.

(V]

oo

o g

Additional assumptions usually adopted unless it is specifically stated
otherwise, are that the soil is laterally confined, and that the coefficient of
compressibility, a, is a constant for the range of pressure considered. The
assumption 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 respect to the vertical deformations. The assumptions
for the consolidation theory are discussed more completely elsewhere.4

Utilizing the given assumptions, as well as the further assumptions that
variations in the void ratio, e, are limited to small values so that (1 4+ e) may
be treated as a constant, and the conditions of equilibrium of flow of water
through an elemental volume of soil, Mr. Terzaghi established the differential
equation of one-dimensional consolidation as

du _k(L+e)du_ “ou W)
at = @0 7w P = Cy g5 T ime s ve Humd sy

In Eq. 1, the excess pore water pressure, u, is expressed as a function of its
vertical position in space, z, and time, . The coefficient of consolidation, c,, is
a constant, because the unit weight of water, v, is a constant and the other
terms, k, a,, and (1 4+ e) have been assumed to be constants.

? “Erdbaumechanik auf Bodenphsikalischer Grundlage,” by K. Terzaghi, Vienns, F. Deuticke, 1825.
1930' “Theorie der Setzung von Tonschichten,”” by K. Terzaghi and O. K. Frohlich, Vienna, F. Deuticke,

4 ““Theoretical Soil Mechanics,” by K. Terzaghi, John Wiley & Sons, Inc., New York, N. Y., 1943,

SAND DRAINS 711

Eq. 1 defines the vertical ¢onsolidation of a loaded clay layer due to a vertical
flow of water.. By a procedure similir to that used to derive Eq. 1, the equu-
tions for vertical consolidation duc to a two-dimensional and three-dimensional
flow can be expressed in cartesian or eylindrical coordinates.  When both radial
and vertical flow of water exist so that the resultant flow path is inelined, the
consolidation equation can be written in terts of extindrical coordinatesas

Ju 9% Lou d*u o

in which the coeflicient of vertical consolidation duc to radial flow (c.,) has been

~assumed to be different from the coefficient of vertical conszolidation due to

vertical flow of water (c.).

Consolidation Equation Considering Void Ratio as a Variable.—If the
change of void ratio, e, is appreciable, such that it is no longer satisfactory to
treat (1 4+ e) as a constant, a one-dimensional equation of consolidation may he
derived taking this into account. The expression, derived in Appendix I, is

u k 1 FETA k <(3u>£

— = AR il S LTy | i NG
M Gove (I Fe)dl vu(lL+e2\ o &

[u which e, u, ¢, and A are variables, and &, a,, and v, cre vonsidered Lo 1
constants.

The distance increment, &, is based on the equivaient heicht of the volume of
solids in a given volume of soil.  Thut is, for o sotl vicwent of univ ares ane

height d 2, the corresponding height of the volume of solids i« Al T rewi-
tion between these distance elements, shown in Fig. 13, is
(L dh=192:.:s80s5n:peusnsgigimsnsss €))

CONSOLIDATION BY VERTICAL I'Low or Warkr ONLY

Tor a horizontal clay layer of thickness 2 77, the top of the layer may be
designated as the origin of the coordinate, z, which is measured positive down-
ward.

The excess pore water pressure, w, existing in this layer as a result of an
applied vertical load is determined by Eq. 1 or Eq. 3. Since LXq. 1 is simpler,
in that it-defines u as a function of position, z, and time, ¢, only, it will be con-
sidered first. The manner in which w varies with z and ¢ depends upon the
boundary conditions.

Tor the condition of free drainage at the upper and lower boundaries of the
clay layer (that is, at z = 0 and z = 2 H) the value of excess pore water pres-
sure at these boundaries will be zero at any time. At the plane of symmetry,
z = H, no water will flow in a vertical direction. At an infinite time the
excess pore water pressure will be zero throughout the entire soil layer. Ex-
pressed in terms of symbols, these boundary conditions are

u=0 at z=0 and z=2H for 0<(< > . ........(5a)
%%:0 B 8 & for 0< < ... (5b)
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=0 at 0<z< 24 for ¢t = =» 3B oo (56)

In addition, there is a boundary condition defined by the initial excess pres-
sure throughout the layer, which is catirely carried by the pore water. For the
case of equal initial excess pore water pressure throughout the scil laver it has
the value wa. This defines a further boundary eondition of

‘u=u, at 0L <2/ for t=0. .. .. . (6)

If the assumption is satisfied that the total settlement is snuall compared to
the thickness of the clay layer, ((1 4 e) = constant) then utilizing the prior
Loundary conditions, the solution of Eq. I may be obtained by means of a
Fourier series.

Nex B .
4 1 | CN+ ) ra| —evtmEr,
zt:;r-uoz.,msmlr =+ €

in which € = 2.718--- and

The term 7', represents an independent dimensionless variahle eailed the time
factor. It is customarily used as the abscissa, with the ratio w/u, us ordinate
to describe graphically the consolidution-time relationship established by Eq. 7.

Solutions of Eq. 1 for a number of different boundary conditions are given
clsewhere.?

Effect of Variable Void Ratio.—An exact analytical solution for Eq. 3, satis-
fying the boundary conditions corresponding to I2q. 5 and Tq. 6, would be
complicated. However, it was found possible to obtain an approximate solu-
tion for several examples through the use of the difference equation procedure.
Eq. 3 is expressed in Appendix II in terms of finite differences and the method
of solution is indicated. '

Three examples were studied for which the initial void ratio, e,, and the
final void ratio, e, had the values of (a) e, = 0.65, e; = 0.55, (b) e, = 1.00,
e2 = 0.80, and (c) e, = 0.90, e, = 0.40. For cascs (a), (b), and (c) the final
thicknesses of the clay layers were 94%, 909, and 749, respectively, of the
original thicknesses of these layers.

The consolidation-time curves for the three cases considering void ratio
as a variable are shown on Fig. 1. Also shown are two curves obtained by the
Terzaghi 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 problems.

The general shape of the curves including the variable void ratio is similar
to that of the curves obtained by the Terzaghi theory. The most significant
effect of taking void ratio changes into consideration is exhibited by the position
of these curves below and to the loft of the usual curves. . This indicates a

SAND DRAINS [

L - D |

slightly greater degree of consolidation at any purtif:ulur value of. time. This
might be expected since the term (1 + ¢) appears in the dcnorpmntoy of the
right side of Eq. 3. Thus, the Terzaghi theory gives a (.-onscrvntn'e cstimate of
the time required to reach a given degree of consolidation.

Because the difference in consolidation-time relationships by these two
methods i3 unimportant when compared to the crrors involved in :-sf-.‘t'{:l?shm:
the soil constants, it is not necessary to introduce the added complication ot
variations in void ratio eveu for moderate changes in thickness of the clay

layer.
90 | | (1) Exact solution I
80 \\\ (2) Numerical solution
S [ 1
\»\\\\\
70 \t\*‘\
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I'ic. L.—Pore Wartr PIH-ZSSL’}(E Virsts Tive Curves ronr
Verrican Water Frow

The curves of Fig. 1 and the discussion included in Appendix Iindicate that
taking the variable void ratio into account does not contribute to the explana-
tion of sccondary consolidation.

= SIMPLIFICATION OF ANALYSIS FOrR CONSOLIDATION
BY Two or TaHrEE DivMeEnsioNaL Frow

Consolidation by vertical flow alone involves only two variables, time, and
depth, z. For consolidation by two-dimensional flow, the vzi'riuhle\s ‘:m', T, 2.
and time, while for three-dimensional flow they are z, v, z, and ‘tmm. . Thus, the
genceral solution for consolidation by three-dimensional flow for a given set of
boundary conditions may become mathematically involved. ‘

The method of separation of variables can he applied to this prubl(*r.n, a3
demopnstrated by A. B. Newman® and later by N. Carrillo.® By use of this
procedure, the expression for the resultant excess pore water pressure can be

“5 *“The Drying of Porous Solids,” by A. B. Newmun, Transactions, Am. [nst. Clem. £na.. Vol. 27, 1931,
R #lY . : T P N Carrl
Y 8 “Simple Two- and Three-Dimensional Cases in the Theory of Consolidation of Soils,” by N. C nrnllv.»
Journal of Mathematics and Physics, Vol. 21, No. 1, March, 1912.
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evaluated in terms of component solutions, which may be combined at the
final step in the analysis. For example, in consolidation by two-dimensional
flow the solution containing the variables z, z, and ¢ can be determined by first
evaluating u, (which is a function of z and ¢), then evaluating w, (which is a
function of z and ¢), and combining these for a particular point in space at a
particular time. The relation to be satisfied in the combining proceduce is

U U U
— = 9a
i, Uy U, (9a)
or
A U N (9b)
Uy

A similar relation regarding the average values of pore water pressure is

U+ U

u =

1

u
—
.
(=]
=

which is the wore convenicnt relationship and can be used for homogencous
layers.

Verriear Covsoninatiory Dies 1o Raptan Frow or Watkr

The treatment of consolidation due to radial fow is an extension of the
Terzaghi consolidation theory. X solution was presented in 1933 by L. Ren-

dulic,” working under Mr. Terzaghi’s direction.,

A inore compreliensive study
of the influence of idea! well< on consolidation was mude by Reginald A.
Barron,® A. [, ASCE, during 1940-1942.

The first generally available design information on this topie was given by
Mr. Terzaghi* and was later supplemented by a paper which he published in
19450 In 1948, Mr. Barront presented a complete summary of the theory of
sand drains, including new theories taking into account deviations from the
ideal well conditions.

The two papers by Mr. Barron®10 constitute the principal analytical studies
available at present (1939) of radial flow toward a drain well and the resulting
consolidation of the clav. Ie considered two types of vertical strain which
might occur in tle clay layer, (1) “free vertical strain”’ resulting from a uniform
distribution of surface load, and (2) “equal vertical strains” resulting from im-
posing the same vertical deformation at all points on the surface. Tor hoth
strain conditions he included an analysis of the effect of “smear” of the soil
near the well boundary, and the effect of resistance to flow through the well
itself.

“Smear” is the term usced to define the wiping action provided by the casing
or hollow mandrel used to form the well as it is driven down into the soil, and

7*Der hydrodynamische Spannungsaugleich in zentral entwiisserten Tonzylindern,'” by L. Reudulic,

Wasserwirtsch. u. T'echnik., Vol. 2, 1935, pp. 250253, 269-273

$ “The Influence of Drain Wells on the Consolidation of Fine Grained Soils," by R. A. Barron, Provi-
dence (R. L.) District, U. 3. Engrs. Ottice, 1944,

?*“Drainage of Clay Strata by Filter Wells,” by K. Terzaghi, Civil Engineering, October, 1945, pp.
463-141,

1 “'Consolidation of Fine-Grained Soils by Drain Wells,” by R. A. Barron, Transactions, 4SCE, Vol.
113 1948, p. 715.

i
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then pulled out after it has been filled with sand. This action tends to smear
the soil at the well periphery. For a soil originally having a greater permeabil-
ity in the horizontal than in the vertical dircetion, the smeared zone forms :
b:.erier to the horizontal flow of water, thereby slowing down considerably the
process of consolidation. '

“Free Strain” Consolidation with No Smear and No Wall Resistance.—A
regular pattern of vertical drain wells, as shown in Fig. 2, wiil permit a 1:;14,i'mi us
well as a vertical flow of water from the clay layer if it is subjected to an increase
in pressure. Since in a previous section it was shown that the cffects du'c to
vertical flow and radial flow can be evaluated separately, and then combined
to give the final consolidation bchayior, only the radial flow consolidation is
considered here.

As indicated on Fig. 2, for a trinngular spacing of drain wells, a zoue of
influence exists having a hexagonal plan form. By approximating the hexagon

l<— Well spacing —)1' < de >
° . ’
L ) R
v
! 4
i LA
i ! 2,
S
\ l
| N <
Y

SN

(b) SECTION A-A

(a) PLAN OF DRAIN WELL PATTERN

Fre. 2.—DgraiN WELLS AND Frow WiTHIN ZONE OF INFLUENCE OF Eicr WerLL

by a circle of equivalent diameter, d,, this can be used as the outer limi't of the
zone of influenee of each drain well.  Thus it becomes suflicient to consider the
radial flow and resulting consolidation of a soil volume of unit thickness con-
tained between the distances d, (diameter of well influence) and d, (diameter
of the drain well).

By eliminating the consideration of vertical flow, Eq. 2 becomes

A i Jd%u L {il{> (n
a—t‘—-(,v’<5r—:+;ar .................... \

which is the equation for consolidation expressed in terms of radial coordinates.
The boundary conditions that must be satisfied are:
" 1. The initial pore water pressure, u,, is uniform throughout the soil mass

when ¢ = 0. ' .
2. The excess pore water pressure at the drain well surface (rw) is zero when

¢ > 0.



i ) @
SAND DRAINS i (17
‘16 SAND DRAINS
: condition of equal vertical strains {or which Mr. Baeron has also developed an
3. The external radius, r,, is considered im ervious because of symmetry. . :
2 p ¢ BRI analytical solution,
. du \
lhus, — = 0 when r = r, . .
or 4 2 log ( r \ s (1)
. . : o s . "n. = -— 7.7 10Z, o L . )
The solution of Eq. 11, subject to the boundary conditions indicated above, a2 f(n) X P 3
cuds to the following expressions for u, (the pore water pressure ut any location, in witoh
- ab any time, ¢, existing as a result of radial flow only) and 7. (the average DR R R oS il D I AN S (16)
alue of w, throughout the soil mass at any time, ¢): i
. — & T .
- N B R s ey (17)
. f(n)
) (.1 ((1)( EY_!
[ L8 -3 - = v
= g Z = o —1a?n27, 12 and ; p ]
e = u, T — [ e (12) n? . 3nt—~1 18)
aparag a0 U2 (@n) —. [ ()] f(n) = — 1 loge (n) — S L R (L
n i :
|1Jl
. T 5 ~ 100
i B L —saZn2T : . = i .
Uy = N T W T T ———————— ¢~a*n%ln (l';) \Q\
g * om0 (02 = 1) [ U (an) — 742 ()] 10 §\\\\ =i 90
v OISR
i N> IR r=100
1 which - \ \ NN ,\L\ I | %0
J i . ) . N = oaag i | ;
i) =Ji (@ YV, () — Voled) J, (). . L. (Lta) . \\\ \vf\fl i P i
<0 AN NN : i
i ] ] = ! 2 \\Q N N ‘\\ i i i
Uotan) =, (@n) V, () — Y, (wn) S, (@), .. ... ... (14b = 40 N Nt i 50
) = N I E }\ %\ \\E i i 3
= [N N, PN Y s
) i g = | ! [ ) LA ——id 50 o
. ar &%y : o [far { 2 50 ANV VST Vi i S =
(U(———)—:,/‘,(7~>)‘,(u)~z.,( '>./,,la}” U f 3 N \”"‘?\‘ N 3
\ Tw : T e S EHAY | A L 40
2 60 T ' N
8 "‘5>\7\> \ NN
v which J, and J, are Bessel functions of the first kind, of zero order and first 70 N 30
rder, respectively; ¥, and Y, are Bessel functions of the second kind, of zero ‘ \ \ 35
!'Ll(f['. and ﬁr'st; order, ruspcctivel,\:; oy, s and az- -+ are roots of the Bessel ) e——— Equal strain \\ NN
tnetions which satisfy J, (e n) 1, () = Yi(an)J, (@ = 0; and n = ratio 55 PO e (e N 10
re  d, y ] P . . N N
jual to B The time factor for consolidation by radial flow, 7, I~ TN
w w 100
kx (1 oI 6) ¢ 0.01 0.05 0.10 0.50 1.0
S AT A in which £, is the coefficient of permeability in the horizontal . Time factor, T,
v w L]
rection. i I'ra. 3.—Consoripatrion VErsus TiME Iactor
Solutions similar to Lqs. 12 and 13 were derived by R. E. Glover" for the
walogous heat flow problem. v The initial distribution of hydrostatic excess pressure is not uniform, but
Equal Strain Consolidation with No Smear and No Well Resistance—Under i may be computed from q. 15 for Th = X = 0. Curves showing the relation
e condition of free strain it was implied that the settlements at the surface did : bet;veen the average pore water pressure, 7, and the time factor. T, can also he
't change the distribution of the load to the soil.  However, in an actual in- obtained from £q. 16. Such curves for n = 5, 10, 40, and 100 are shown on
allation, the fact that consolidation proceeds faster near the drain well, Fig. 3, together with the corresponding curves determined by the frec strain
o : . H o Z
ereby causing u greater surface settlement in that region, could very well case.
use a redistribution of the surface loading. This would be especially true if Comparison of Free Strain and Equal Strain Solutions.—The differcnce be-
¢ loading material had any tendency to arch across such depressions.  As an : tween the results obtained by the two extreme considerations of the process of
treme case the archiug action could redistribute the loads to the surface in consolidation is small, particularly for the curves representing values of =
ch a fashion that the surface settlement is the same at all points.  This is the greater than approximately 10. Torn = 5 the discrepancy is somewhat greater
] = - , o v %
. ; _ for the first part of consolidation, but above approximately 509, consolidation
" “Temperature Movernents in Conerete and other Materials, with Special Reference to Conditions st s 3 d ical -
ulder lgj'xm." by R[ E. Glover, Technical Memorandum Nov. 158, Bureau of Reclamation, (. S. Dept. of the the curves are almost identical.
eror, Denver, Colo., 1930. . : -
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Since the results are nearly identical, but the time needed to evaluate Eq.
3 is of the order of ten to fifteen times that needed to evaluate Eq. 16, the
(ual strain solution is preferable. Both Mr. Barron®® and W. Kjellman!2
ccommended use of the equal strain solution.

Fig. 3 indicates that the curves representing the equal strain solutions for
iferent values of » have the same shape, but are displaced horizontally. The
'eation of the consolidation-time curve for any particular value of n depends
von the value of X as determined from Eq. 17. .

Effect of Peripheral Smear.—The remolded or smeared zone at the periphery
[ the drain well creates an additional resistance that must be overcome by the
veess water being expelled.  This additional resistance retards the consolida-
01 process.

The smeared zone will not be uniform or homogeneous with regard to the
il properties. It very likely consists of a thin layer of actual smear plus an

ljacent region in which the soil has undergone a considerable amount of
sturbance.  The amount of disturbance decreases with distance away from
wr well periphery.

However, in order to include the effects of smear and rewmolding, Mr. Barrons
1s considered that the smeared zone contains a homogencous material having
il properties different from those in the remaining material in the soil evlinder.
he fmportant quantities to be considered in analyzing the effects of this
neared region are (a) the ratio, s, of the radius of the smeared zoue to the well
s (s = r./ryiand (b) the ratio of thd coetficients of horizontal permeability
*he undisturbed soil (k) and in the smeared zone (k. Fors = 1, there is
» thickness to the smeared ring, and if k./k, = 1, then the disturbed zone doces
't change the water flow charucteristics of the soil cylinder.

Mr. Barron also assumed that the smeared zone will consolidate very fast,
«us its consolidation can be ignored and the zone can be treated as an incom-
essible material.

By ignoring the consolidation of the smeared zone, he was able to treat this
gion as one where flow exists between one boundary value of zero and another
undary value that is time dependent. This is a reasonable approximation of
¢ actual behavior, since the excess pore water pressure within the smeared
gion would quickly dissipate into this steady flow condition. For an extreme
se in which n = 5, s = 2, and k\/k, = 2, and consolidation of the smeared
‘ne was considered, the steady flow condition was reached at approximately
v = 0.025.

Fqual Strav with Smear.—Mr. Barron's solution for the excess pore water
essure in a soil cylinder undergoing equal vertical strains and containing a
eared region around the drain well is

-

T P =r?  kafnt— g
o [Iog, (Z) = '—57‘2—— k_}: ( *An-"- ) IOgé (S)J

Ue =l =—>—>—"7————— 2 7 A (19)

1 Discussion by W. Kjellman of “Consolidation of Fine-Grained Soils by Drain Wells,” by R. A. Bar-
t. Transactions, ASCE, Vol. 113, 1948,
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in which

_ n n 3 52 kn [ n® — s e 2
"= [n" i s’lloée (E) T + 4 n? + k. <_7l" > log. (’)] £ ol

and @, can be determined from

Uy = U, € (2
in which
$ g
s=—87" .......... (22
v

200,
4\]5
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E | Zh
Value of i

kn ” &
Fia. 4. —REerLATIONSHIP BETWEEN o v, AND 1, FOR n =5 AND n =15
.

Evaluation of Smear Effects as Equivalent Changes of Well Diameter.—By
comparing the equations it is seen that Iqgs. 19 and 15, 20 and 18, 21 and 16,
and 22 and 17 become identical when s = [.  Also, Egs. 16 and 21, and 17 and
22 are similar.

For the ideal wells, the position of the consolidation-time curve for any
particular value of n depends on the value of f(n) (Eq. 18) which is a function of
n only. For the wells with smear, the position of the resulting consolidation-
time curves depends upon v (Iq. 20) which is a function of n, s, and ki /ks.

Thus, it is possible to interpret various combinations of n, s, and ka/k. in
the treatment of a well with smear as if thev define an ideal well having a larger
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value of n. For a given radius of influence, a larger value of n determines the
radius of an equivalent ideal well which is smaller than the radius of the actual
well surrounded by a zone of smecar. The 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 ideal well.
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Fig. 4 shows the combinations of n, s, and k4/k, that may be used to give the
same value of ». This figure, obtained by evaluating I5q. 20, uses the value of
v as ordinate and the ratio ki/k, as abscissa. TFamilies of lines for cach sclected
value of n show the influence of variations in s.  Only the lines for n = 5 and
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n = 15 ure shown.on Fig. 1. However, by the use of Fig. 5, diagrams similar

to Fig. 4 cun be established for a wide range of values of n. 7
Fig. 6(a) is an example of the usc of Fig. 4, considering a drain well for which
n =5,8 = 1.2 and ky/k, = 7. The value of v determined from Fig. 4 is 1.97
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for Fig. 6(e). This corresponds to f(n) = 1.97 (Fig. 5) for a well having no
smear (s = 1), or it determines n = 15 for the equivalent ideal well in Fig.
6(b). Evaluating this in numbers indicates that if the original diameter of well
influence was 15 ft, the diameter of the drain well was 3 ft (from n = 5), and
the outer diameter of the smeared region was 3.6 ft (s = 1.2). The effect of
the smeared region is to reduce the consolidation-time behavior to one identical
to that of o 1 ft diameter well (nerr. = 15) for which no smear is present.

Iffect of Well Resistance.—The forcgoing analyses have considered that
there is unrestricted flow of the water through the drain well.  Actually, head
losses will occur due to the resistance to flow of the well backfill material. The
magnitude of the head losses will depend upon the rate of flow, the size of the
well, and the permeability of the material filling the well.
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Mr. Barron has developed a solution for the case of equal vertical strain,
with or without smear, for a material i  hich no vertical flow exists due to
S ] . 5 du
lack of permeability in the vertical dircetion, but e # 0.
However, for practical drain well installations for which  is approximately
7 to 15 and for d,/H < 1.0, the effect on the consolidation behavior due to re-
sistunce of the drain wells should not be significant,.

Examrre ConsmreriNg Ipran Wionns

To illustrate the vaiue of this information in selecting the size and speeim
of drain wells for a particular installation, she following values were Chosen:
a, =13 X 107% cm per gm;e = 1.50; H = 10 ft; ko, = 5 X 1073 em per sec;
kn =25 X 107% cm per sec; and Ae = 0.125; in which 4, is the coeflicient of
permeability in the vertical direction.

These values determine ¢, = 9.62 X 10~ cm? per sec, which is of the same

“order of magnitude as the test results given by K. Terzaghi and R. B. Peck,"

M.ASCE.  The clay layer is considered 20 ft thick if drainage occurs at both
top and bottom surfuces, or 10 ft thick if drainage occurs at the top surface only.
The horizontal permeability is five times that in the vertical direction.

For the initial conditions, assume that there is no smeared zone and no well

resistance, so that the consolidation behavior depends only on the size and

spacing of the drain wells.
Constant Well Diameter—To compare the effects of well spacing a well diam-

ke L
eter of 12 in., = = 5, and ¢, = 9.6 X 10~ cm? per sec were chosen. The con-

kv

solidation percentage versus time curves are shown on Fig. 7. Tig. 7(a) shows
the consolidation-time curves for radial or vertical drainage only. Fig. 7(b)
shows the effect of a one-ft diameter well with a diameter of influcnce of ten ft
when it is introduced into each of the clay layers. The time for consolidation
is reduced to a fraction of the time for vertical drainage. The uze of closer
spacing of drain wells would further reduce this time, as would be demonstrated
by using the curve for d, = 5 ft in Tig. 7(d) instead of that for d, = 10 ft.

1 “Soil Mechanics in Engineering Practice,’ by K. Terzaghi and R. B. Peck, John Wiley & Sonas, [ue.,
New York,.N. Y., 1948, Fig. 29, p.77. -
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It should be noted from Fig. 7(b), that the consolidation-time behavior due
v combined radial and vertical drainage is nearly identical to that due to
vlial drainage alone, ford, = 10 ft. Thisis influenced to a considerable extent
v the conditions of kx = 5 k.. If kv = ks, it would be necessary to consider a
naller well spacing, or smaller ratio 4,/I1, for the radial flow behavior to domi-
ate the consolidation-time behavior of the clay layer due to combined vertical
ad radial flow. ‘

Constant Well Spacing—The consolidation versus time curves shown on
iz. S are for the conditions involving a constant spacing of the wells, but allow-
1 the diameter of the wells to vary. The chosen well spacing was 10 ft which
- the same as the thickness of the clay layer, ki,/k, = 5and ¢, = 9.6 X 10~ cm?
nrosec.
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Fig. 8(a) shows the consolidation versus time curves for the radial or verti-
al flow when they act independently. TFig. 8(b) shows the effect on consolida-
ion due to combined flow. For 905} consolidation the time amounts to (a) 6.0
aonths (19.2%, of time for vertical only) for d, = 1.2 in.; (b) 3.9 months
12.5% of time for vertical only) for d, = 6 in.; and (¢) 1.7 months (5.49%, of
umne for vertical only) for d, = 24 in. Thus, even the 1.2-in. diameter well in

L0-tt soil eylinder cuts the consolidation time to approximately one-fifth o
lie time required for 909, consolidation by vertical drainage only.

It is of importance to note that doubling of the diameter of well influence
4.), or essentially the well spacing, causes an increase in the time for 909, con-
olidation by roughly a factor of 6 (Tig. 7(a)).. In Fig. S(a) it is seen that by
educing the diameter of drain well by a factor of 20 only increases the time for
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90% consolidation by a factor of approximately 4. Consequently, the effec-
tiveness of a given drain well installation is considerably more dependent on
the choice of well spacing than it is on the well diameter.

Effect of Horizontal Permeability.—To convert the nondimensional time
factor, T, into terms of £, in months, it is necessary to use the equation,

B == Th"Yuv"Lv'(/z: (
23 ]Ch (1 + e) ....................... Lo

From Eq. 23 it is evident that the time for any given degree of consolidation is
inversely proportional to the coefficient of permeability in the horizountal
direction.

Tig. 9 illustrates the effect of ky/k, on £y, the time required to obtain 909,
consolidation by combined vertical and radial flow. Two well systerns are
used: (a) d. = 10 ft, d, = 1.2 in,, n = 100; and (b) d. = 10 ft, dp, = 12 in.,
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and n = 10. For both systems, ¢, = 9.6 X 1074 cm? per sec. Fig. 9 demon-
strates the pronounced effect of the ratio kx/k, for the two well systems.  Liven
for the casc of ki/k, = 1.0, the time for 909} consolidation is reduced to less
than 559, of the time required when no wells are present. The 559 time cor-
responds to the well system made up of 1.2-in. diameter wells spaced every
10 ft.

Discussion of Ezample.—The 1.2-in. diameter well considered previously is
an “ideal well” for which there is no smear and no well resistance.  The sig-
nificant point is that such a small well can be so effective. If the well spacing
was reduced to three or four ft, the effectiveness of such a 1.2-in. diameter well
would be increased many times. Thus, the basic idea of the cardboard wicks
spaced at approximately 4 ft, as described by W. Kjellman?? is based on sound
theoretical considerations.

In order to design a system of drain wells, some numerical information is
required about the well resistance, the extent or radius of the smear zone, and
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the permeability of material in the smear zone. Then, using the desired diam-
oter of the ideal well, for a given well spacing, Fig. 4 or Fig. 5 can be used to
(letermine the actual size of well needed. That is, the actual size of well to be
constructed is reduced in effectiveness by the smear and well resistance until it
behaves similarly to an ideal well of smaller diameter. Then the behavior of
the equivalent ideal well may be studied thoroughly with the aid of the manv
dingrams already prepared by Mr. Barron.*!?

SorurioNn oF THE CoNsorLipaTioN PRroBLEM
BY NUMERICAL METHODS

Beeause the exact solutions for the consolidation problem becoine unwicldy

for rather modest departures from the simplified case, such as when smear is:
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introduced into the problem of consolidation by radial flow, it is desirable to
investigate methods that lead to approximate results. In recent years, an ap-
preciable amount of work has been directed toward application of the difference-
equation procedure to the problem of transient flow of heat in solids.!s18:16:17
The results of these studies may be used directly in analogous problems such as
consolidation of clays.

14 “The Numerical Solution of Heat Conduction Problems,” by H. W. Emmons, Trunsactions, A.8.M.E.,
Vol. 65, 1943, pp. 607-815.

15 “A Practical Method for Numerical Evaluation of Solutions of Partial Differential Equations of the
Hea;—OCg_r-\ducnion Type,” by J. Crank and P. Nicolson, Proceedings, Cambridye Phil. Soc., Vol. 43, 1047,
pp. 50-67.

3" 'iloﬂ'umericnl Analysis of Heat Flow,” by G. M. Dnsinberre, MeGraw-Hill Book Co., [nc., New York,
N. Y., 1049.

17A Study of the Numerical Solution of Partial Differential Tgaations.” by G G, O'Brien M. A,

Hyman, and S. Kaplan, Journal of Math. and Physics. Vol. 29, 1950, pp. 223-251.
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Explicit Expressions.—One procedure used extensively for numerical solu-
tions of both the heat flow and consolidation!®!® equations permits a solution
for the value of the dependent variable at a given point in space and time by con
sidering only values of this variable at points in space at a previous time. The
solution thus amounts to a step-by-step determination of these values at points
in space as they vary along the time coordinate.

“The expression resulting from replacing Bq. 1, for example, by its differences
equivalent, is

o, t4at — ot Wy o= 2 WUy, t + Uy, t 5
e T =gy (24

At (Az)®

[ [q. 24 the first subscript for the u-terms denotes the position in space of the
point under consideration (also shown on Fig. 11) and the sccond subscript
denotes the time, with At equal to the time interval and Az representing the
interval of z.

Eq. 24 is usually rearranged, for convenience in computation, us

Woyrpar = Mg+ A fras — 2oy Fwae) .o (25)
in which the constant, -1, represents
At
4 = 4 S5
Az?
or ~
d= iﬁh .......... (260
(Af)®
if ¢ is defined as
§~-[Zi.., ................... (27a)
and
Az = HRAT) o e+ 588 v e i s (27h)

Previous studies!? of the heat flow equation have determined that if .1 >
0.5, the values of u determined by Eq. 25 diverge, and for 4 < 0.5, they con-
verge. Also, Bq. 26 establishes a definite relation between the increments of
time and space for a particular choice of A. Thus, even for a rather crude
space network, such as Af = 1, the maximum allowable time increment is
AT, = 0.03125, with the result that numerous steps in time are required in the
solution. Since this is a step-by-step procedure, in order to determine the
excess pore water distribution at a particular time, it is necessary to work up
to that time by using equal sized time intervals, starting from T, = ¢ = 0.

Implicit Expressions.—The size of the time interval dictated by the stability
consideration of the explicit scheme is often inconveniently small, therefore a
method permitting larger time increments is desirable. This has been accom-

13 “Numerical Solution of Some Problems in the Consolidation of Clay,” by R. E. Gibson und P. Lumb,
Proceedings Inst. of Civil Engineers, London, Vol. 2, Parv L, 1053, pp. 182-198.

1 “Numerical Analysis of Consolidation Probletus,” by R. F. Scott, thesis presented to Massschusctus
Inst. of Technology, at Cambridge, in 1953, in partial fulfilment of the requirements for the dogree of Master
of Science.. &
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plished by turning around the difference equation, resulting in the form (cor-
responding to Eq. 1)

Uo,t+at — Uo,t
A

= Uz epat — 2 0y 04A8 + Naepae (28)
= C» O R

The form of Eq. 28 used for computation™ considers the average value of the
space relations over the time interval as:

Uo.grae — 2 Woprar + Us,epae +

Wo,t4At — Unt _C_vi{

Uog — 2 Wy, + g,y } («)())

At g 2 (Az)* (Az)?
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Fia.

Eq. 28 is an implicit relation for the values of excess pore water pressure at
the time ¢ 4+ Af. That is, these unknowns occur siinultancously in the equa-
tions. This requires the solution of a set of simultaneous equations for each
time interval adopted, but the size of the time interval is arbitrary and may be
changed during the solution of a problem. The equations are stable and place
no restriction on the size of the space or time increments. However, if a small
space interval is required in order to gain accuracy, this increases the number
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of simultaneous equations. For such cases, the use 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 stability, the fact that the finite
differences must be reasonable approximations to the corresponding differen-
tials does prohibit large inerements, particularly in time. The size of the
allowable time increment depends on the rate of change of pore water pressure
within that increment. Criteria for this and for related procedures have been
given by T. P. Tung and N. M. Newmark, M."ASCT.»
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Fre. 11.—NUMERICAL PROCEDURES FOR CONSOLIDATION OF A
Two-Layer System DUue To VErricAL Frow

Numerical Solutions of Vertical Consolidation by Vertical Flow.—Eq. 24 was
evaluated for two cases, 4 = 1/4,{ = 1/4and 4 = 1/2,¢ = 1/8, for which the
resulting time intervals were AT = 0.015625 and 0.0078125, respectively., The
curves thus obtained are shown on Fig. 10 as well as the curve corresponding
to the exact solution. The agreement is good, purticularly for values of
T, > 0.10.

Eq. 29 was also evaluated for comparison. Using ¢ = 1/2 and time incre-
ments which doubled in size at each time step, starting with 7, = 0.010 (th 1t

A Method of Nuruerical Integration for Transient Problems of Heat Conduction,” by
and N. M. Newmark, Structursi Research Series No. 95, Civil hm_meﬁrmu Studies, Univ.
Urbana, Iu., March 1955. 2 %

‘T. P. I‘um:
of (llinois, _
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is, AT, =0.010, AT,, = 0.020, AT,, = 0.040) a curve was obtained that
agreed more closely 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
increase in computational effort above that for a coarse mesh, it appears de-
sirable to use this scheme for small values of time for which u is changing rapidly,
Then, for larcer values of time, it would be convenient to switch to a coarse
time mesh and use the implicit scheme.

Vertical Consolidation by Vertical Flow for Layered Systems.—A clay stra-
tum, made up of two or more horizontal layers, may also be treated by numeri-
cal procedures. At the interfuce between any two layers the conditions of
equilibrium require that the velocity of flow leaving one layer must be equal to
the velocity of flow entering the other. Thus, for two materials having per-
meability coefficients of koyy and Ly, this condition at the interface requires that

du ) Ju :
ba(2) b (28 o

The two layers also have different coefficients of consolidation, ¢,, which are
dependent upon a, as well as k.. In order to simplify the nunierieal procedure,
it is convenient to adjust the size of the space intervals so that the term . ce-
mains the same in both layers for the same A Thus,

o ey Ry, =
& (Az)®
or
Azl Cry Q0
AR = LR R (32)

Fig. 11 illustrates the numerical solution for a two-layered system, consist-
ing of a top layer, 1, resting on a second layer, 2, of equal thickness.  TFig. 11(a)
shows the partial solution for variations in u/1, with time and depth and A¢ is
the transformed thickness for layer 2. For the two layers, Co, = 4 ¢y, which
determines for a choice of A = 0.25 that the space increments are 0.25 I7 in
layer 1 and 0.50 7 in layer 2. In Tig. 11(b), the isochrones show a definite
change in slope at the interface, which should correspond to Eq. 30.

Numerical Solution of Consolidation by Radial Flow.—Expressing Eq. 11 in
terms of finite differences leads to

Uo,t4At — Uo,¢ _ 6y Ar 4 Ar 2 2
= A [(1 5% )t (1 - 37 ) o - J i

or

Co L A A
Up, trar = %]__: [(1 + )—:~> uy, e ‘,L (l e i) Uz,p — 2 ng'g] ‘f" Uo,t. . (3-{(!)

The network points used in Eq. 34 are spaced to the right and to the left of the
point, o,%for which the value of the excess pore water pressure is being deter-
mined.

PO S ettt ot - v i

&

Yk

From Eq. 34(a) it is evident that a different equation must be used for cach
point under consideration, due to the specific value of r at each location. This
slows the computations but does not otherwise complicate the solution. Fig.
12 illustrates the procedure for solution of a problem for radial flow in a homo-
geneous soil cylinder for the case of n = 5.

: ) A _
= Uo s + 4T;T/2-\T [<1 + ;:) Uz, + <1 — .T:) Uy — 2 u.,,,,}.. . (34b)

0.5 (Ar)?
value of the excess pressure at any time, a curve of 7, versus Ts can be con-
structed that corresponds to within a few percent of the values obtained by Mr.
Barron’s'® procedure. , :

Additional Variables Which Can be Treated by the Numerical Procedure.—
Because the numerical procedure involves the buildinz up of a solution through-
out a series of time intervals, it is ideally suited for consideration of quantities

\ T g 2 2 : 31 Tax10
g 2l o) ) !

7 |
LNt i’.'l(\l 1003 1)
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As used in Fig, 12,

No,ttAt
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that vary with time. TFor 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 decreasc) of the excess pore water pressure at 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 and space.
That is, the intergranular pressure changes affecs the soil properties, which may
be adjusted accordingly during the period of consolidation. The soil proper-
ties are considered to be constant during an interval of time, A, in accordance
with the assumptions of the theory of consolidation, but the value of these con-
stants may be changed in successive time intervals. 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 and
three-dimensional consolidation to be made without excessive effort. For
example, R. E. Gibson and P. Lumb!® have obtained approximate solutions
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for the time rate of settlement of circular pervious and impervious footings,
resulting from consolidation of the underlying clay.

USw oF THEORIES FOR DESIGN OR ANALYSIS OF
SaxD DRAIN [NSTALLATIONS

Limitaiions.—The theories for consolidation of clay layers including the
effects of sand drains can be expected to give reasonable results only when the
clay is comparable to the ideal material assumed as a basis for the theory.  This
requires the clay layer to be homogeneous if the analytical theories are to he
used, or at least homogenecous in horizontal planes, and the variations in soil
properties known in vertical direction, if the numerical procedures are to be
used.

In addition, it is necessary that the values of the soil properties be estab-
lished with a reasonable degree of accuracy. The cocflicients of consolidation
due to vertical and to horizontal flow of water, and the cocflicients of permeabil-
ity in the vertical and horizontal directions as well as for remolded samples,
must all be determined from a large enough number of samples that a reliable
average value of cach is established. Because the need for sand drains and
their effectiveness, if installed, is directly dependent on these soil properties,
it is evident that serious miscaleuiations eould result if values of the soil proper-
ties are inaccurately determined and then used as the basis for design.

Use of Point Pore Pressures.—In addition to settlement measurements which
can be compared to theoretical 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 eompared with diagrams prepared by use
of Eq. 7 and Eq. 12 or q. 15 which predict the theoretical pressure-time be-
havior during consolidation. However, unless a good evaluation of the radius
of the smeared zone at the well periphery and the coefficient 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 effective

w
value of n which includes the effect of well smear. This will lead to appreciable
variation in the predicted excess pore pressure versus time relations.

Difficultics also arise in comparison 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. It
would be expected that better agrecment between actual 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.

CoNCLUSIONS

In the preceding pages the available theories for vertical consolidation due
to vertical flow and due to radial flow of. water to a drain well have been re-
viewed. These theories are entirely satisfactory for the analysis of any situ-
ation conforming to the assumptions on which these theories are based.
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Including void ratio as a variable did not significantly 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 flow toward a drain well, the equal
strain solutions given by Mr. Barron are much more convenicnt to use than are
the free strain solutions. Using Mr. Barron’s equal strain solutions for ideal
wells and for smeared wells, it was shown that the consolidation behavior of the
latter is identical to that of an equivalent ideal well of reduced diameter.
Diagrams are given for quantitative evaluation of this relation between be-
havior of smeared and equivalent ideal wells. By interpreting the consolida-
tion behavior due to an actual well in terms of that of an equivalent ideal well,
the figures prepared by Mr. Barron for ideal wells can be used directly for
design or analysis. An example shows the effectiveness of even a small diam-
eter ideal well.

The numerical procedures for solving consolidation problems were found to
be versatile aids for both checking the classical solutions and for cvaluating
new problems. Variable rates of loading, variable soil properties, and layered
systems, can be readily included into the sclution of consolidation problems by
these methods. .
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- APPENDIX I. DERIVATIONIOF CONSOLIDATION EQUATIONS
= INCLUDING VOID RATIO AS A VARIABLE

For a soil element of area A and height dz (Fig. 13) the volume of solids can
be represented by a height dh which does not change during the consolidation
process. The total height of the element may alwayvs be determined hy the
relation dz = (1 4 ¢) dh. The change of volume of a soil element is dependent
on the change of the volume of voids which is V, = A edh. Thus, the change
of volume with time is

av ‘ d, o
a‘ =—4 dhé‘z ........................ (3-))
Next, considering the upward vertical flow of water through this elemental
k
volune, an amount equal to — 7—%% A flows throuch the bottom face, and
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2 \
 Tha %lé dz) flows through the top face. The dif-

rfaces determines the rate of loss of water

Since it was assumed that the soil was completely saturated, and that both
water and the solid soil particles are incompressible, the rate of water loss (.

36) must equal the rate of volume cl
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— A dh 0_[

b~

PR R

2 Vo
| i 2
! 4‘ > Ty
< LA I
| b f
Y Y YA Y

(a) UNIT AREA AND HEIGHT dz
Fia.
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In order to convert Eq. 37 into terms involving &, the following relations

may be used.

(')zf _9udh _du 1

52 “()7L-5.—Z ‘g‘l‘;m .................... (38)
LA TN TR N TS V) I
0z? = 0z h oh 1 + e - (l +8)2 T (1 + 6) ah ah | Feneeel ).)
d& 1 Jde du
W__a_v'—l.——-.é? ..................... (4())
and
dg 1 de an
3% a.ah IR DR PR S (41)

in which ¢ is the effective, or intergranular pressure at any point in the soil

A

layer.

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

du k L

9 ave (L + o)

0% y ou\?
[m-r:&(ﬁ)] ............ (42)

which is the general equation for consolidation with void ratio considered as a

variable.

S .
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For a solution of Eq. 42 by the explicit numerical scheme, it was foun(.l con-
venient to substitute terms for void ratio in place of those for u, according to

Igs. 40 and 41. The resulting difference equation is

k At o, — 20, +e . “_J = 4"“\{? e
o t+At = €o,¢ + % Yo (A/L)e 1+ € s (1 =e, 00
Let
V= _____lL't. SNy S shmiieie e e w B e ¥ w8 e s 5l e (‘{1(1)
@y Yw (I1,)?
or
kAt (41b)
AT - mv).l ...................
which is similar to 7', (1iq. 8) in appearance and is related by 7' = T, (1 + €.)
since H = H, (1 + e,) as shown on Fig. 13.
0.65 | l - | l
\o | ! |
\\‘\33\ | ! | ;
063 fomea \Q ; =N, R 1 DR -
\\,\\ { _.-— From fer:agfv thaory :
BN o CET Tt T ‘
2 059 L
0.57 : = O P
~ Typical test Icurw
et
0.55 i 0
0.002 0.01 0.1 1.0 10 100
Value of T, or l+’1—e,
Fig. 14—Voip Ratio Versus Tive Facror
Again
= a5 = Rl gy = ; ............... o (45a)
H, H(lL+e) H
or
Ah = A-H,.o oo o o (456)
and
Bat = a1 — L A e T (46)

@Yo (AR):  (AQ)?

The curves shown on Fig. 1 were obtained by use of Eq. 43.

During consolidation, the void ratio changes with time from an initial value

of e, to a final value of e2 which is reached at an infinite time.

Thus, ¢, a

nd (3]
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are taken as the boundary values, and Eq. 43 determines the manner in which
the void ratio changes with time. ’

The void ratio versus the time factor curve that results from using the
boundary values of ¢, = 0.65, and e; = 0.55 with Eq. 43 is shown as the solid
line on Fig. 14, which is designated as including effect of variable void ratio. The
other curve on Fig. 14 drawn as a solid line represents the results obtained from
the Terzaghi theory if e, and e, are considered to represent 09 and 1009, con-
solidation, respectively. The dashed curve represents a typical consolidation
test, converted into terms of e and T'., which exhibits the region of “secondary”
consolidation.

Secondary consolidation is characterized by a nearly linear relation between
decrease in void ratio and logarithm of time, over a considerable period of time
during the final part of the test.

From Fig. 14 it is evident that the modification of the Terzaghi theory to
include the consideration of variable void ratio does not appreciably change the
void ratio-time factor relations during consolidation. The effect of variable
void ratio is to throw the curve slightly to the left of the conventional curve.
Thus, the effect of including a consideration of variable void ratio in the theory
of consolidation of a saturated soil does not contribute to the explanation of
secondary consolidation.

By interpreting e, and e, us the 100C; and 09 values of excess pore water
pressure, the results of the three solutions for variable void ratio can be plotted
on the same diagrani, as was done on [Fig. 1.

APPENDIX II. NOTATION

The following symbols, adopted for use in the paper and for the guidance of
discussers, conform essentially with “Glossary of Terms and Definitions in
Soil Mechanics,” prepared by the Committee on Glossary of Terms and Defini-
tions in Soil Mechanics of the Soil Mechanics and Foundations Division,
Proceedings Paper 1826, October, 1938 :

A = area, or A _ At _ k(1 +e AL

Az? Qo Yw (Az)?
a, = coeflicient of compressibility;
k At .
N L R i i F i Vi
@ 7w (AR)? constant in numerical solution including vari

able void ratio;

¢, = coefficient of consolidation;
c., = coeflicient of consolidation due to radial water flow;
d. = diameter of well influence;
d, = diameter of drain well;

e = void ratio at any point in the soil layer;

¢ = average value of the void ratio in the soil layer;

f(n) = function of n for equal strain solution (Eq. 18);

H

o

I e —

Ty

:I:Q'g“km

Uz
U,

Uo, ¢t
¢ U2, t4-A¢
/ v,

o

Yo()
()
z

Il

Il

n =

_ ket

Il

|
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thickness of clay layer which is drained from one surface only,
or half thickness of clay layer drained from top and hottom
surfaces; ‘
equivalent thickness of layer of solids in a clay layer of over-all
thickness, H (Fig. 13);
measure of distance;
Besscl function of the first kiud, zero order;
Bessel function of the first kind, first order;
coefficient of permeability (LT):
kx = coefficient of permeability in the horizontal direction;
k, = coeflicient of permcability in the vertical direction;
= coeflicient of permeability in the smeared zone;.
T % ratio of diameter of well influence to diameter of
Tw  dy
drain well;
G -+ u = total pressure at any point in the soil layer;
radius: : ' :
r. = radius of influence of drain well;
r. = radius defining boundary of smeunred zone

=
o
|

r. = radius of drain well;
r . . . ye o ' 1
- = ratio of radius of smeared zoue to radins of drain well;

w
—— = dimensionless time tactor {or conzaludabion by
Yo Gg e* :

radial water flow;

kv (1 + e) __t__

Yo @y H?

by vertical water flow;

time;

time interval;

time for 909, consolidation;

average percentage of consclidation;

excess pore water pressurc at a point in the clay layer;

average value of pore water pressure in the clay layer;

excess pore water pressure at a point in the clay layer as a
result of radial flow of water;

excess pore water pressure at a point in the clay layer as a
result of water flow in the z-direction;

excess pore water pressure at a point in the clay layer as a
result of vertical flow of water;

excess pore water pressure at point o, at time ¢;

excess pore water pressure at point 2, at time ¢ 4 A¢;

volume of voids;

Bessel function of the second kind, zero order;

Bessel function of the second kind, first order;

distance below the top surface of a clay layer;

interval of z;

= dimensionless time factor for consolidation
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ayaz03--- = roots of the Bessel function; : DISCUSSION
v» = density of water;
¢ = base of natural logarithms = 2.718-.-;

B a

- . . 3 & 2, —The author sente review that is use
\ = STw _ exponent for the “equal strain” solution Yos‘mcgn\\ NISHIDA‘ e autho has prese t.d a review that is u ful
f(n) for performing computations on sand dirains.  Mr. Richart has stated that in-

S . o : . sluding the effects of variable void ratio di st contribute to the explanati
e 8T exponent in solution for equal strain with smear: cluding the effccts O.f 5 ble void ratio did not bl wtton
E v - of secondary consolidation, and this is agreed with by the writer. The sec-
v = factor in the solution for equal strain with smear (lq. 20); ondary consolidation appears to be due mainly to the creep or the flow of elay,
. : : and it occupies, in some cases, more than 509 of the consolidation. Mr. Richar
¢ = £ = ratio of depth to a point to the thickness of the clay ReHbLS , OIS 700, b 0 [Lichart
H checked the influences of well spacing, and his conclusion, that the radial flow
layer; and dominated the consolidation-time behavior, is easily understood. The fact
& = effective, or integranular pressure at any point in the soil ? that doubling of the diameter of well influence, or the well spacing, causes an
layer. : increase in the*time for 909, consolidation by roughly a factor of 6 agrees with

the value of 5.65 obtained from studies made in Japan. These studies showed
that the time for consolidation is proportional to the 2.5 power of the well
spacing. ‘The writer wishes to know the most suitable spacing from the practi-
cal point of view, because a spacing that is too small brings the influence of
remolding and smearing to the clay.

S. J. Jouxson,? M. ASCE.—A sincularly penetrating analysis of the in-
) = 2 - =} J
fluence of the various factors affecting the theoretical aspeets of the desien of
D < >
sand drains has been presented by the author. The review of nunw cical

methods of solution of consolidation phenoniena and the means of takine into
account variable loading and soil characteristics can be applicd to provicms
of consolidation due to vertical flow and radial flow—of general interest beyond
the particular field of sand drains. The effect of the diameter of sand drains
pointedly illustrates how casy it would be to over-assess the importance of
large diameters. However, the very small diameters referred to are presum-
ably used only for illustration by the author. The writer interprets this
presentation as not meaning to imply that such smali diameters would be prae-
ticable for sand drains installed by metheds currently used.
It is necessary for some purposes to know the theoretical excess pore water
pressures at specific locations when piezometers are used for field control
3 purposes and for evaluation of the coeflicient of consolidation. These can be
7" simply prepared from the property that, for the equal strain theory, the plot
of log u/u, versus the time factor is a straight line, as illustrated on Fig. 15(a).
Also, the same is true for average excess pore water pressures as plotted on
Fig. 15(b). This is not true for average consolidation due to vertical flow,
which is plotted in a similar manner in Fig. 15(¢). Fig. 15(a) shows the plots
; of curves for hydrostatic excess pressure versus time factor 7', and drain spacing,
<°n,at the outer boundary, 7 = 1.0 7, and r, being equal to the effective radius of
E influence of the sand drain. The curves in Fig. 15(b) are plotted for the aver-
age hydrostatic excess pressure versus time factor, 74, and average consolida-

: i " / ? e
tion, —, for a varying drain spacing, n = d,/d,. The curve in Fig. 15(c) wus
) uol -1 >

2 Lecturer, Kanazawa Univ., Ueno-hon-machi, Kanazawa-shi, Japun.
2 Associate, Moran, Proctor, Mueser & Rutledge, New York, N. Y.
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otted for the average hydrostatic excess pressure versus the time factor T
vl average consolidation, 5— for consolidation resulting only from vertical
-ainage, Figs 15(a) and 15(b) are obtained as follows:

Eq. 15 and Eq. 16 can be written, for any specific sand drain installation and
1y point, r, from the drain, as:

4 2

S L zl(rL___Ci’]
v de f(n) 080 2

= constant X € = constant X {— [tb ] } (47

herefore,

Bomy f = 0 O T osmeiiniemnne s (48)
which
(leu‘_’_t{'i,%"—[r b == — . (49)
e 1(n) l Py
S
Co = =8 F=nse. s msmsmamas it 68 4650 1509

his is the equation of a straight line when w,,"u, is plotted to a log scaie und
» 1s plotted to an arithmetic scale. Fig. 15(a) is this relationship at the ex-
rnal boundary where r = d./2.

The relationship between the average excess pore water pressurc from
= ry tor = r. and the time factor T is given by:

E = N = 3Thif(n) B}
o € EBEMINRY s s (31)
om which:
U 8
B i )
IOg U, f(n) Th ...................... (5_,)

This is also the equation of a family of straight lines, as plotted on Fig.
5(h). Plots of this type shown on Fig. 15(a) and Fig. 15(b) arc readily con-
ructed and are useful in analysis of field observations as well as in initial
sign.

F. E. Ricrart, Jr.,” M. ASCE.—-The writer wishes to thank Mr. Nishida
1d Mr. Johnson for their interest in the paper and for their generous comments.
Mr. Nishida notes that a study made in Japan found that the time for con-
slidation is proportional to the 2.5 power of the well spacing. By use of
(1. 16 the time required for a particular degree of consolidation is proportional

3 Div. of Eng. and Applied Physics, Harvard Uaiv., Cambridge, Mass.
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to the 2.76 power and the 2.38 power of the well spacings when comparing times
for 5 ft and 10 ft spacings, and 20 ft and 40 ft spacings, respectively. Thus,
the use of the 2.5 power of the well spacing agrees quite well with results ob-
tained from Barron’s equal strain condition of consolidation.

With regard to Mr. Nishida’s request for information on the most suitable
well spacing from the practical point of view, this would necessarily depend
onJocal soil and construction conditions. The terms “suitable’ and “practical”
imply that the spacings must be feasible and economical in both time and
money. From a recent study of existing sand drain installations®.25 the well
spacings most frequently used in 83 installations were 8 ft to 10 ft.

Mr. Johnson is correct in his interpretation of the effectiveness of small
diameter ideal wells. The writer was not proposing the use of actual sand
drains of 1 in. or 2 in. in diameter. The discussion was intended to point out
that even if the smeared zone around a 10 in. or 12 in. diameter actual drain well
restricted drllinage until the time for consolidation was comparable to that for
a 1 in. or 2 in. diameter idcal well, the drain well would still be effective in
reducing the time for consolidation.

Tig. 15 showing pore pressure on a log scale versus time factor on an arith-
metic scale is most convenient. Values may be readilv obtained from the
figure, and there is little chance of drafting errors in constructing the diagrams.
The writer thanks Mr. Johuson for pointing out this effective method of plotting
consolidation-time information.

2 UStudy of Deep Sod Stabilization by Verveal Sand Orwins, © “eaore e Maocee,, e,
Mueser, and Rutledge, Cons. Fngrs., New York, N. Y., prepared for she Mot of tie savy, Yoo o Yardy
and Docks, June, 1956.

25 “Review of Uses of Vertical Sand Drains,” by P. C. Rutledze and S. J. Johnson, presented at the
36th Annual Meeting of the Highway Research Board, Washinzton, D. C., January, 1957.
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‘onding may be used where the soil in contact with the water is of sufficiently
. sermeability. A perimeter dike can be constructed and the site ponded to the
.sary depth to achieve the desired settlement.

HRAINAGE USING SAND BLANKETS
3y DRAINS

‘e for consolidation is computed from rearranging Eq. (2-24) to obtain the

N TR o

Sy
dd

_ TH?
it C

L
‘imensionless factor T depends on the percent consolidation (Table 2-5) and is
. 1848 and 0.197 for 90 and 50 percent consolidation. The coefficient of consoli-
o ¢, is usually back-computed from a consolidation test by solving the above
tion for ¢,. The coefficient is also
k

c,=——
vy M, <

/wt

.~ all terms have been defined in Chap. 2. For radial drainage as in sand drains,

“vefficient of permeability k in the above equation would be the horizontal value,

_is often four or five times as large as the vertical value.

“he theory of radial drainage into sand drains, including allowance for “smear”
"1 on the sides of the holes reducing inflow, has been presented by Barron (1948)
1 more recently by Richart (1959). Since one is fortunate o determine the order of

macnitude of k (the exponent of 10), for practical purposes the time for consolidation
ol layer can be computed as:

Tuke H =1 distance between sand drains.
- Compute c, using the horizontal coefficient of permeability.
Use T from Table 2-5 for appropriate percent consolidation.

Ie time will be in some error owing to vertical drainage within the consolidating
Lwer, depending on whether thin sand seams are present, drainage is from one or
hoth faces. how the distance H compares with the clay thickness, etc.

Sand drains are installed by several procedures [see Landau (1966)] in diameters
ranging from 6 to 30 in.

I. Mandrel-driven pipes—the pipe is driven with the mandrel closed. Sand is put in
the pipe which falls out the bottom as the pile is withdrawn, forming the drain. Air
pressure is often used to ensure continuity and densify the sand.

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

4 Continuous-flight hollow auger.

Figure 6-2 illustrates methods 1 and 3 above.
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Figure 6-2. Two methods of constructing sand drains. [Landau (1966).]

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.

6-5. VIBRATORY METHODS TO INCREASE
SOIL DENSITY

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 vibroflotation and insertion

Fablc

dens
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Paper No. 5877

*“ Numerical Solution of Some Problems in the
Consolidation of Clay >

by
Robert Edward Gibson, B.Se. (Eng.), and Peter Lumb, M.Sec.
(Eng.), Studs I.C.E.

(Ordered by the Council to be published with written discussion)t

SYNOPSIS

The rate of con<olidation settlement of structures founded above cl
usually caleulated on the simplifying assumption that the flow of pore-water takes
place in one direction only.  Althoueh it i3 widely appreciated that the flow is gener-
ally three-dimensional, exact mathematical solutions to probiews have been obtained
in very few eases which are of importance to she civil engineer.

In this Puper a ¢ step-by-step " method for a soluticn of the
is presented and used to solve a number of problems.
the simpler of these, which fact enables a ~omparison to
obtained by the numerical procedure.  To the more involved problems concerning the
cate of settlerient of a uniformly loaded ciceular footing exuct solutions are difficult
to obtain but the method outlined has enabled a solution, sufliciently accurate for all
engineering purposes, to be rapidly evaluated. This solution indicated that the rate

of settlement is, in fact, appreciably greater than that found from the simple one-
dimensional theory.

ay strata is

governing equation
Exact solutions are known to
he mude with tie solution ag

INTRODTCTION

In the theory of consolidation of homogencous isotropic clay which was
first formulated by Professor Karl von Terzaghi in 19251 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 } of the form :

o*u  ou
Cvsz—e s 5; - . . . - - . . . (l)

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

T Correspondence on this Paper should be received at the Instituti
1st July, 1953, and will be published in Part [ of the Proceedings.
should be limited to about 1,200 words.—-Skec. [.C.E.

! The references are yiven on p- 196.

t For notation, see Appendix I.

ver

Contributions

on by the

183

SOME PROBLEMS IN THE CONSOLIDATION OF CLAY

‘ ;;i]ould be known. Solutions for a number of cases have been lgn:;noliy
Terzaghi and Frohlich (1936). The validity of upp?ymgfhlslslmpde nneth);
. to determine the rate of settlement ofa: foun.d:mtlonr W 111: (e‘pn.nﬂh i
" extent to which the condition of r»ne—dl.vncus_mlrm.l Lluw.zs satisfied. .
" many cases it is not even appreximately satistied and in recoguifion ot

¥ +2-this limitation the consolidation equation 1s modificd to become :

oi (B .

{25 ot ox2 ' oy: ' 0:*

9 this equation being assumed to hold so long as the foundation loads do
“not vary with time. ‘ oy
s A g(;yneral theory of consolidation, which showed that the stress distri

P bution and the consolidation process are interconnected, was developed l})\y

{  Biot2 From this theory the Authors have shown (f‘\ppendlx I1) that ths

g consolidation process may be described by the equation :

S T i 2
oz ' oy* ' @22

: 180 ou (aﬁu &u f"-”)
Oy 3atayT°¢

where 6 denotes the sum of the normai .rut:zi sizessey iz
at any point. It is seen th:a.*f eqn:;tzou‘(?) is a goul "
equation, for, when the founqntwm i«_;»m.y Tre o )
- the variation of § with time is genesaily very
;- . changes during consolidation of Poisson s it.
the clay with respect to the total stresses. . i
% Equations, similar in form to those above, d.cscrlbu the U(l)\\ 0 .1:1 n
"~ a homogeneous solid, but although exgct so}ugons to nv-ngllt‘Lanl; \)f ;
‘- problems in this field have been pubhshod,f few are of (lx‘rr“u‘ 'ya ue ,(})
.- foundation engineers. However, two numerical .mcthut!s of .~ol} ing such
54 equations have been developed 45 which are suitable for application to
: idati blems. . ‘
‘co?i?lll?ﬁiﬁ:oll)lagz(; a numerical method, v&:hich %s ‘similar to thub‘ gp;t\;n‘111
reference 4, will be used in solving equation (f)_Lur a mimber (,)k dx‘n(rvuplt
cases, comparisons being made with exact solutions where they arcﬁ?\'s.ut-‘
able. This method is capable of extension to cases where ¢, the coeflicien
of consolidation is not constant, and where the boundfxry conditions are
more complicated, but such extensions will not be considered here.

Sl ts, Givics P

0 and vihod poseters of

- I o ———

3

.. T

v g
1

ONE-DmENSIONAL CONSOLIDATION

e

" As an illustration of the method, the simplest of the cuses of one-
% dimensional consolidation will be discusgwi. ; et
« &7 Auniform vertical pressure u, is upp%led to a izmte.rull'y c:,»vmncd oy 1§ gr_
» %.of clay, of thickness 2H, which is permitted to d‘vrum treely. frgm its hori
L4 Zontal surfaces. Consolidation takes place and after 2 certain tlme, Inrgfly
fl,depending upon the thickness of the sample, it practicully ceases and the
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sample can then be considered to be in equilibrium. If the final com-
pression of the sample is denoted by S_ (since theoretically an infinite
time is required for equilibrium to be reached) and the compression at any

time ¢ by S, then the average degree of consolidation U at this time is
defined by the equation :—
S=US,
In order to determine the relationship between the degree of consolidation
U and the time, it is necessary to consider the equation :
?u  Ou
“ot T

which describes the variation with z and ¢ of the pore-water pressure u
within the sample.

The solution of this equation, with the boundary conditions :
u=0atz =0 and 2H, when ¢t >0
u=1yat0 <2z =20 whent =0,

has been given by Terzaghi and Fréhlich® in the form :

4 SN 1 (L E2n) 7 2\ —@nt1P ,ZIIT,,
i T ”"ZU (1 + 2n) s 2H ¢
i

Fig. 1
=[5
=/
0-0 01 02 03 04 05 06 0-7 0-8

00
0-2
04
0-6
08
l

Fuvite LAYER. LNear Loaping

SOME PROBLEMS IN THE CONSOLIDATION OF CLAY . 185

3 e L i i i : 1 alled the ¢ time
£ where Ty = 7, is a dimensionless independent variable calle
p H
! “factor.” . ' ' _—
" Ifitis assumed that the compression depends linearly upon thc eilfm.txm
= gtress change (1, — ), it follows that the degree ol consolidation is given
§ :
; J~zr1
' uy — ) d:
‘ T = _(_’_(_o____)___ (4)
) U= J*zu Ut
— 0
% 82 1 —(L42n)2 -:1'_1'::
: or: U=1——22————qe . 5 8 (4a)
™ (1 + 2n)?
g n=0
¢ This relationship between U and T’ 1s shown in £ag. 1.
f .
¢ Tar NUMERICAL METHOD
¢ wihiiell is apmerfiod

Consider a rectangular region (£ug. &), avery point « il
- by co-ordinates z and ¢. .\ recrangilar mosh of sides of und oz, extending
1 1 fod and, instend of coi.
*- over the whole region, is constructed aud, in dof zo
- of » at all the points of the region. ouly those ab the e ; :
j idered. (See Fig. 3.) AL tue pung U cae pore-
0,1, 2, 3, and 4, are considered. (due L1y. <)
D 4 N = )
water pressure must ‘satisfy equation (1) :

du (32!1)
—_ = @, =
(3/)0 "\oz2/,
8’31,1) 1wy -y — 2,

( 2, 322

ou LT
o), &t

uy == B (ug + ug — 20) + %
oSt
‘Since the boundary and initial conditions have been specified it will be

“'seen that a successive application of equation (3) to ‘mesh poiuts [;lroce.exi-‘
“ing from smaller to larger times will give the value of % at alJl mesh points
% .

_(se_eTh';g acgumcy of the solution will depend upon the number of intervals

Thering the vatues

shwoints such a

and since* :

®)

2%t gy s

_—

1 i ivati > ce 7.
* For s discussion of finite difference approximations to derivatives sce referen
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2md( = 2H|[3z) into which the thickness of the sample has been divided,
a? upon the value chosen for 8. Smaller values of B and larger values
of I;rt,bwﬂl corr:spond Ito more exact solutions, although the work involved
will be proportionately increased. If ¢ = nd¢, then the ti v

evaluated from the expression : gy R e

n

‘ =P
¢ 'Suppose an ipibial pressure of 100 units is applied to the sample then
drunng the time interval 0 to 8¢ the pore-water pressure on the boundaries
ops from 100 units to zero, whilst the succeeding values of « at all the
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internal mesh points are calculated using equation (5) with values of
=025 and m =3. To increase the accuracy of the solution the
" calculation was repeated with = 0-25, first with m =5 and then with
m =10. The results of these calculations are shown in [Mg. I where
they are comparcd with the exact solution for the relation with U/ and T
§ as found from equation (4a). It will be seen that over the range
i’ -~ 0<U<0-8 the agreement between the numerical method and the exact
1 ¢ solution is sufficiently close for practical purposes.
. This numerical method has, however, the disadvantage that it is diffi-
“cult to determine the pore-water pressure-distribution accurately after
long periods of time. This is rarely required in practice, but by the use
of relaxation methods 5 it could be determined without excessive labour.

CoNSOLIDATION OF A CYLINDER OF CLAY

“ - (onsideration will now be given to problems which possess axial

" “symmetry. The first cases considered are those relating to the consgoli-
. dation of a cylinder of clay. Ierc again, exact solutions cxist and the

- object of applying the numerical method is to examine its rcliability i

such cases.

If an all-round pressure w, is appiicd to o oyiindrical saaple o clay,
“of radius R and length 2H, which 18 permitted to drain radisily, the equa-
tion of consolidation is most conveniently written in terms of polar co-

6u_ 2u 1 0u :
at~ “\or 781'"""'()

From a solution given by Carslaw and Jaeger,3 relating to heat flow, it
may easily be shown that the average degree of consolidation is given by

N -
N S S
%* w, 2
n=1

where w, is the ath root of the equation Jo(w) =0, J, denoting the

: : . — : ct .
From this relation, U as a function of T'p = o has been plotted in

LS Fig 4,
% To obtain a numerical solution, equation (6) is written in the form :
f (uqg — u3y)
' ug =B [u1+u3—2uo+——17})—3—]-}—u0 2 s (8)
cdt r
Whereﬁza—rz(mdp=8—1_’
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U—Tx CurvEs For CONSOLIDATION OF A CrAY CYLINDER

This equation cannob be used on the 3
necessary only to note that ag r—() -
1 ou d%u

ol e S
T or ar?

Xis r = 0 where P =0, and it i3

so that on the axis r =0 :

Us =2 (g +ug — ) 4 w, . . . . (9)

In order to extend the solution to o large range of time with the mini-
mum of labour, two cases were worked out in which :

1 08 5
1) . 5, =58=02

R
and (2) & =2,8=02

the values of U being calculated from : -
= J:z(uo — u)rdr

I=R\

f Uor.dr

<

which are shown in Fig. 4.
The comparison between this numerical solution and the exact solution

18 reasonably good, although the values of U obtained from the numerical .

method are consistently rather higher than the exact values, the maximum
error in U being about 4 per cent.

A more involved case is that in which a cylinder is permitted to drain
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“written in cylindrical co-ordinates :
e 3w_(§1¢{@4€2), 8 10))

>

o - o2 ' ror ' 022

: .be resolved into a plane radial flow (equation (6)) and a linear ﬂow'(eqtlm-
t-én'(l)) and if ﬁR and U, respectively are the .deg_rees of copsohdfxtlc.)rll
: (;iie to tilese flows, then the degree of consolidation in three-dimensiona

vi"gxially symmetrical flow Uis given by : B

it U=1-0-0pa—0) . . . .(1
ct

Ffom this equation the variation of U with the time factor T = I

§ has been computed using equations (4a) and (7) (see Fig. £) for a cylinder

i i ; seur | ation (10j it becomes
Since three co-ordinates r, z, and ¢ occur in equ ' ‘
“necessary to associate with each node of the net'wor}{ a series of v‘zl}xest::'
“the pore-water pressure, showing its variation Wlth. time, the co-ordinate
and z occupying the plane of the paper. (See Fg. 5.) .

" The equation (10), written in finite difference form, becormes:

' Sl .12
; ; :(t+8t)£/3 [ul-{—ug—{—us—l—u4~4uo + —21)“} + uo (12)

r ct Q
SRy P =0z = h
“ where P=5o p= 72’ o

T . ity e et~

“and on the axis it takes the form : ‘

S (50 2B (20 -y -+ Ty - 12 — 6u0) + o S a9
For a cylinder in which the ratio of .the length 2H to the diameter 2R was
"2, two cases were worked out in which :

-
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and (2) g =2, B=0<2and 04

the values of U being calculated from the equation :
5 g

f:u ff Uor.dr.dz

and compared with the exact solution in Fig. £ as obtained from Terzaghi’s
linear flow solution and Carslaw and Jaeger’s radial flow solution, together
with equation (11). The agreement is seen to be good.

CoNsoLipaTION IN CLAY BENEATH A Crrcurar Fooring

Having shown in three cases, involving one- and two-dimensional con-
solidation processes, that the numerical method yields results in close
agrecment with the exact solutions, the numerical method may now be
applied to problems for which 10 exact solution exists, and for which an
exact solution would be difficult to obtain and evaluate.

Two cases of some practical interest will be considered, namely, the
consolidation of a clay layer beneath g uniformly loaded circular flexible
footing ; first, with a footing very permeable in comparison with the clay,
and secondly with an impermeable footing.

In order to estimate the time/settlement curve in such cases it has been
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 required
In the previous example.

Considering now the case of the permeable footing, the pore-water

pressure u must satisfy equations (12) and (13) together with the boundary
conditions :

ou
=1, 5 =0t>0
z =0, u=0,¢t>0 .
the pore-water being free to drain both through the surface of the clay
and through the footing,

The initial condition, that is, the value of the pore-water pressure
immedjutely after the load has been applied, has been assumed to be equal
to the major principal stress. This assumption is in accord with the limited
evidence available, and is moreover a consequence of Skempton’s A-theory,?
which predicts that the nitial pore-water

pressure, before any drainage
has had opportunity to occur, is given by :

Oy oie Alagiagy)

L+220

Uy =

‘ tre 1 1 T< At .Z.Il“ the behaV iout‘ Of

B g{S Sses at a p01nt and A 18 & p&rametcr cha, acte 1‘ L o ; ( vt
= .th ¥ l y l Or Imos 1;1{[)73 it {],[)[)CZLI'S :hiLt /\ hi S SIma alues (abou o

&_ ~=the clay. { t t ) m v b t 0-0

o d th t ] b rAo1Q ot t Fo no aa }*,1\171‘17
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. 1 P [1 e a \Y S e o : -
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m a c (] T f e e cC
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-equation derived by Terzaghi and Frohlich® and by Harris,* .Where tl;le
: faq'litial ressure in the pore-water is distributed tr{angular[.y W.lth depth,
- :311]116 de pths, of the stratum being assumed to be ﬁm.tc and mﬁ.rute. respec-
tively iI; these two cases. For about the first half ot the consolidation pro-
cess U< 0-6) these two theoretical solutions do not ﬁlff(‘.r %;catly }a'nil
: 1 ical solution of the problem which
5 it may be inferred that the numerica : hid peobgps whic
: ‘:1111(?1?1(11% radial flow would hold, at least for short times even Af[cﬂhp lthn;kxj.e,as
Jas 3 vhat greater than the 1-6 X 28 adopted.
of the clay stratum were somewhat ¢ ' s el
1 > arison between this numerical solution
Turning now to the comparison between tf ‘
- the one-diilensional solution (see Fig. 6), it will be see.n thd._t, except f(fr
small times (ﬁ/ 0-2) the consolidation with three-dimensional flow is
E‘decidedly more rapid, as would be expected.

B e e e T e UG

o e —a

Harri ork was carrie the
i icati 1 larris. The work was carried out at
* te communication from A. J. }. s. ‘ : ®
B 'ldiA pg::o:rch Station (Department of Scientific and Ix.lvdtvxstrml Rcse9rch) and the
; re::lltsnire given with permission from the Director of Building Research.
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A further problem of interest is that of determining the rate of consoli-
datlgn of the clay beneath an impermeable circular footing founded at
considerable depth. An approximate analysis of this problem has been
carrlfzd out by replacing the permeable upper surface of the clay in the
previous case by an impermeable 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 intensity around the buried
fooFmg. As a consequence of this redistribution, swelling takes place in

~ reglons away from the footing and a coeflicient of rate of swelling, somewhat
larger than ¢, 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 involved would probably be small.

Fig. 7
= Jet
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‘ |
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(see Fig. 1)
: L

0-8

U—T CurvES FOR CONSOLIDATION oF CLAY LAYER.

CircurLar UNtrory Loap
(IMPERMEABLE SURFACE)

The solution, based on the assumption that the coefficient of swelling
equals tl-le coefficient of consolidation, is given in F' "g. 7. A comparison is
made with the permeable-footing case and the one-dimensional solution
a.nd,. alt‘,.hough 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 consolidation beneath the impermeable footing
is rather more than two-thirds that in the one-dimensiona) case even with i
permeable footing, for all time-factors greater than about 0-1.

It is probable that the relation Letween U and T given in #4g. 7 can

be applied as a rough approximation to impermeable footings nunderlain
by a clay stratum of thickness other than 1-6 X 2R. '
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ConsOLIDATION OF CrAay CORES IN EAlu"m Dams

't-In engineering practice an important process of two-dimcum.ouul‘
" consolidation occurs in the case of hydrauhvc-hllit.:ln“ms. An analysis 91
_this problem has been carried out by_’ G (,‘rdb()y'{ fur tru'mgul:'.r core
~with a base angle of 45 degrees resting upon an impermeable stratun,

"..which yields a solution :

'." : n » [ 9 .
i =1-— 2—§ Z Z @n - 12 @m + 1)?
m

m=0 n=0

o et e

w27
_(2n+124+E@m+1) "o

where T' = Z—i and 2b denotes the core base width. It may be shown that

" when the base angle of the core is 90 degrees the solution is that of the one-

“dimensional case (see equation (4a)). sl - el
“ As a means of predicting the rate of consolidation of cores with inter-

mediate base angles, Gilboy proposed an interpolution formula :
Ty = Topcobx (Toy — Ty

" where o denotes the base angle of the core. .
In order to examine the validity of this tormula and to exrend the wbove
.+ solution, numerical analyses were applied to cores with base angies i i3,
'60, and 75 degrees. The equation controlling the pore-water pressure 1s :

ou Pu  Pu
_— = — -+ — ... (14
a ¢ (812 Fa:'z) e

If a square mesh in the z,z plane is used for the latter two cases .t‘he
“ nodes of the mesh do not lie on the inclined faces of the core. This is a
- disadvantage from a computational point of view and in order t9 overcone
:this difficulty it is convenient to trausform the above equation by the
1 substitution :

= wltan «

e — ——y.

where w and z denote co-ordinates measured vertically from the centre of
the base. Then:

D‘Z’.‘ 32.
Y on . (_u + oot _—I:L>

at ax? du?
Thus, in the z, plane all cores are transformed into.tria.ngles with a base
angle of 45 degrees, and therefore the difficulty mentioned above does not
arise.

The boundary conditions in the z,w plane are :—
7 (1) Along the inclined faces u =0, ¢>0

. i 4 g e gy o e

au_

=0 t >0
T Qw

(2) Wherew =0
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In order to effect a comparison with Gilboy
with regard to the initial values of the pore-
namely, that the pore-water pressure at a poin
tical depth below the apex of the core.
gated in some detail bv A. W. Bishop!2 a
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 (Fig. 8), the average

Fig. 8

77 >l’[’/ //i/ ///"-~-,.,—06
see Fig 1) e ———, —
/ 1

' [

08—

U—T CURVES For CONSOLIDATION OF A HypravLic-FiiL CorEg 1N A Dan

degree of consolidation in the core bein

g connected with the average pore-
water pressurc.u by the equation :

Gieil=

&l gy

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 o« = 45 degrees, at a time factor 7' = 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 proposed by
Gilboy was not, however, found to be valid.

It must be emphasized, 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 changing with time. A numerical

s solution his assumption
water pressure was made,
t is proportional to its ver-
This question has been investi-
nd his conclusions indicate that

D F CLAY
SOME PROBLEMS IN THE CONSOLIDATION O

Fig. 9

finln 38 7
4“/ ss-S‘ ( es-o‘

T ' 77

ConTours oF Equi-Pore-PrR

" into account fe : :
aver-simplified in an analytical solution.

‘sufficient for all engineering purposes.

LS TS S 7L L Tod
g=45°
1SSURE FOR IyDrAULIC FILL OF A DAM AT A '_l’wx-:
Facror or 7' = 0:06

p < < ld
t llld bc te lned tO t-h.ls I()ble”l W hCIe 1n €X et SOluthn wou
10n co Ob Q

be virtually impossible.

CONCLUSIONS

“} h{]b be(f“ Sl wih l at IeSul S < 1 CXIS g €l
g enie t o 1t g
S 1L ”l)()(l 1oTreenlel v ( tin t
(0] 5 Xac

‘vsolutions of consolidation problems ma.ydberfouirrl1 £
‘methods. The advantage of such methods lies )

d by using numerical
ir ability to take

1 ave to be excluded or
i lem which would have ) 1 '
R L The accuracy obtainable is quite
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APPENDIX I

NoraTron
z, Yy, z denotes Cartesian co-ordinates.
dx, 8y, 8z - length of mesh sides.
z,r 0

8z, 3r, 80, h
12

2

’

cylindrical co-ordinates.
length of mesh sidcs.
time.

St . time interval.

u 5 excess hydrostatic pressure in the pore-water.
cy s coefficient of one-dimensional consolidation,

c

Ozx, Oyy, ete.

ozz’s oy, ete.

coeflicient of two- or three-dimensional consolidation.
normal total stresses.

normal effective stresges.

Ty Gay 0y ,, principal total stresses.
- sum of normal total stresses (o.p 4 oyy + az).
' ’ sum of normal effective stresses (o7pg -+ Syy + a’z).
erz, eyy, ete. 5 oormal straing.
i sum of normal straing (exz + eyy + ezz).
k » permeability coeflicient of the soil.
“ ' Poisson's Ratio for the soil structure.
E

Young’s Modulus for the soil structure.

al Cases in the Theory of Cou-

s J. Math. and Phys., vol. 21, No. 1, p- 1 (Mar. 1942),

*“ The Effective Stresses In Saturated Clays Str.
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’ . “.this connexion clear.
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“stress changes by equations such as:

from which the
ared, and by the following Appendices.

T — <y o —— e - o

197
SOME PROBLEMS IN THE CONSOLIDATION OF CLAY

average degree of consolidation.
:ﬁﬁzggo& consolidation sample.
initial pore-water pressure.

c.3t

Be

H/éz

t/5¢

S

& .
S izg?ii?isi’}pl?gg{bﬂity to expansibility of soil structure.
base width of hydraulic-fill dam core.
base angle of core.
= z/tan a.

I

APPENDIX II
GENERAL EQUATIONS 0% (ONSOLIDATION

lidation as developed
In the general theory of consolidatior B Ay

aniliae Cerznehi
it into a form that

¢ i tiGHS - e
ure . The connexion between these equations and th
§ b Y >3

1+ , B oo . e s o« (18)
= o

where the eflective and tota esg changes are related by uations such as:
e cluive t 1 str C. g LQ<tI 18

o'rr = oxz — U v

.Adding equations (15) :

=24,
(eaz + eyy + €z2) = —p—
9 =6 —3u

_Ea =lo—u
3(1 — 2p) 3

' Further, by assuming d’Arcy’s law $o be valid, it may be shown that :

a
kv + 3?. =0

or o o
V= sataptan

100 | on N W)
e O _=cv=.u . . . -
sata
kE
c = 5
3(L — 2u)

v Biot,® rhirec differential
{ arer pres-
eaation




VERTICAL DRAINS

THOMAS TELFORD LTD
LONDON 1982




due to vertical drainage only

—.—-v  Ab B
0
L]
1}
Consolidation of soil using vertical drains ;.
M. S. ATKINSON* and P. J. L. ELDRED* .
The use of vertical drains is examined critically in view of Dy, diameter of drain ! . s
the fact that in ha_lfa century of use there have been a large d equivalent diameter of a band drain t l
number of occasions yhen verpcal'drams have falled to H depth of soil from a free draining z
promote a more rapid c.onsolldatlon'of thg soil under horizontal surface to an ;.
load. The mode of operation of the drain is discussed and : :
agn ; : impervious one :
it is shown that an understanding of this has affected the . . : ;
design of the more recent band-shaped drains. The effects Ky average l_]prlzonlal coefficient of E
ofsmear and drain resistance are also discussed. Reference permeability )
is made to a three-dimensional finite difference computer k, average vertical coefficient of ".
program, modelling the flow of excess pore water in the permeability i %
drain and the surrounding soil which is used to aid in the k. horizontal coefficient of &
drain design. Specific cases which can also be analysed by permeability in the x direction 4 b
published techniques have been used to check the validity ky horizontal coefficient of 'l;
of the {nodel: ansnderguon is also given to the metho<_:ls permeability in the y direction 8 )
of site investigation which should be employed to obtain k : . w !
S ! : vertical coefficient of
the appropriate soil parameters for design. Cases are cited 2 s, s . b
. where a lack of data on the soil parameters has perrncgblllly in the z direction vl
restricted the design of the vertical drainage schemes. m, coefficient of volume 1 B
compressibility U 8
L'utilisation de drains verticaux fait 'objet d’une analyse N integer varying between zero and L
critique car au cours d’un demi-siécle de service, les drains infinity ¢ -
verticaux se sont réveélés, a maintes reprises, incapables de n D¢/Dy, i
permettre une consolidation plus rapide du sol sous t time
cl}argemgnt. L’article décrit le mode de fgnctannemem At elemental increment of time l
d’un dral.n et montre comment la compr;hcns;on de ce i time factor for radial ‘
mode a influencé la conception des drains récents en 2 2
forme de bande. Il étudie également les effects de I'étale- ﬂow =cy t/Dg _ i
ment et de la résistance des drains. T time factor fozr vertical i [
L'article se référe 4 un programme informatique a flow = ¢, t/H ’
différences finies tridimensionnel qui modél isele débit de u €XCess pore pressure {
I'eau interstitielle excédentaire dans le drain et le sol A, remaining excess pore pressure : ’
environnant; celui-ci sert a faciliter la conception des Ay, initial excess of pore pressure ' ‘
drams.l Des cas spéciﬁqpes qui peuvent égalemqn étre U, average degree of consolidation | |
z'irllalysjgsglalde dc‘tqchmqucs existantes dc;a_ publiées ont due to radial drainage only ! |
eté utilisés pour vérifier la validité du modéle. U - "N
Larticle traite également des méthodes d'exploration l
|

e it

» average degree of consolidation |
il
i

| in situ qui doivent étre utilisé eb pour obtenir des

i paramétres du sol appropriés en vue de la conc - on. Il Un average degree of consolidation 1

{ présente des cas ol un manque de données concernant les due to both radial and k

; parametres du sol a considérablement limité la con- vertical drainage i

! ception de systémes de drainage vertical. X a co-ordinate in the rectangular g

i system

§ NOTATION Ax  an clemental length in the x ,

-‘ ey horizontal coefficient of direction l

consolidation ¥ a co-ordinate in the rectangular |

&, vertical coefficient of system |
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; D drain spacing direction |

Dy diameter of equivalent cylinder = a co-ordinate in the rectangular |

' | of drained soil system |
! _— Az an elemental length in the =
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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
Caiifornia in 1934 (Porter, 1936) using 20in. dia.
sand drains at 10 ft centres. Until the early 1970s the
majority of the vertical drains also used 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 used. 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 groundwaters, 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 from the use of drains, the mode of operation
of the drain 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 confers an additional advantage on the

use of drains. The advantages can be threefold.

(a) Theincreased rate of gain 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
reduced 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 resultsin 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.

(¢) Many soft clay strata contain thin bands, or
partings, of silt or sand. [nstability 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.

THEORETICAL CONSIDERATIONS

The problem of designing 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. In 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 average degree of consolida-
tion in a homogeneous layer is expressed in the
form

v § Vo
' 2T NTo (AN +1)2
Xexp| —(2N +1)* 2 Bt (1)
4H
The assessment of the average degree of consolida-
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Fig. 1. Equivalent diameters for drains installed in (a)
square and (b) triangular grid patterns

tion due to horizontal drainage to the drain is more
difficult. From a practical, viewpoint the drains
must be installed in some rectangular or triangular
grid pattern 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, =1-exp[—8c,1/D? ] (2)
where ‘
o= ’:,’i—ln(n)]‘[i!—z,:-—l
n-—1 dn-
n = Dg/Dy,

The diameter of the equivalent cylinder of soil
surrounding each drain Dy is calculated on the
basis of equivalent cross-sectional arcas (Fig. 1), i.e.
for drains on a square grid pattern with a drain
spacing of D

100
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D
o

Excess pressure: %
FS
o

n
o

=====Verticaliflow
Radial flow

0
0004 0071

0-04 0-1 0-4 1-0
Time factor, T, and T

Fig. 2.  Average consolidation rates; after Barron (1948

for vertical flow in a clay stratum of thickness 2H drained

on both upper and lower surfaces; and for radial flow to

axial drains in clay cylinders having various values of n;

percentage consolidation (U, and U,)= 100 — excess
pressure

nDg2/4 = D?
Dg ~ 113D

For a triangular grid this becomes

DZZMDZ
E s

D¢ ~ 105D

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

1-U,=01-U)(1-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 flow and purely vertical
flow 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, However,
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.
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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 of soil. It
follows that (Fig. 3) the average consolidation for
the cross-sectional areas enclosed by points BCH
and EGH 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%,
butitis on the unsafe side. Fora triangular grid, the
error is smaller as this grid pattern is considerably
nearer to the equivalent cylinder model.

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. 4. 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

40
50
60
70

Band-shaped drain

= — == Circular drain
Fig. 4. Comparison of consolidation effects (remaining
€xcess pore pressure Au in % of initial excess pore pressure
Auy) caused by 100 mm x 4 mm band-shaped drain and a
circular drain with equivalent circumference (d = 66 mmy
Dg = 1 m (after Hansbo, 1979)

equivalent diameter d would be given by
d = 2(100+4)/n

Le. 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 n/4 should be applied to this
estimate thereby reducing the equivalent diameter
to about 52mm. 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 29

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 59), 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
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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 effects 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 effects 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 effect 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 18in. (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 effect of such a thick smeared
zone of greatly reduced permeability would be to
negate any potential beneficial effects 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 effects, 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
thessites the drains appear to have been successful in
accelerating the natural rate of consolidation. It 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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Fig. 5. Pore size distribution for the filter fabric used in
Colbond CX1000 drains :

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 10mm 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. In
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 2 pore size will permit
continuous piping of the soil leading eventually toa
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 drain

~J

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

settling velocity of the heavier particles. Toosmalla
pore size will produce 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 affecting 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 pm. An example of
the appropriate pore size distribution for the drain
filter material is given as Fig. 5.

DRAIN RESISTANCE

The effect 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 effect of the
well resistance is not excessive, increasing the time
required to obtain a particular degree of consolida-
tion by about 259, 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 drains, of
considerably smaller cross-section than sand
drains, and with drain lengths of up to 50 min some

cases, makes it imperative to consider the effect of
the drain internal resistance.

In order to study the effect of the drain resistance
in particular, and to aid in design of band drain
installations in 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 based on the solution of the partial differential
consolidation of the following form

k % u tu *u  k,cu
x$+ e 3
In the program a large number of discrete points or
nodes are examined such that the excess pore water
pressure at any particular node (node 1 in Fig. 6) at
some time ¢t + At 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, ¢.
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 differing 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

_and in the surrounding soil, any restriction to water

tflow within the drain is automatically taken into
account. In order to assess the effect of internal
drain resistance it is only necessary to adjust the
drain permeability value and rerun the program.
Anexample of the results illustrating the significant
throttling effect which can occur is given in Fig. 7
where it may be seen that for 30 m long drains
placed at, for example, 1-5m centres, the time to
achieve 70% consolidation using a relatively high
internal resistance drain, such as the original
Colbond KF650, is about ten times as long as that
for the recently developed Colbond CX1000 which
has an open channel form of central core. Even with
an extremely low internal resistance drain such as
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Fig. 7. Comparison of the consolidation times for
Colbond KF650, Colbond CX1000 and ideal drains for
drain spacings between 1-0m and 2-5m; degrees of con-
solidation = 359 and 70%; drain length = 30 m

the Colbond CX1000, 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. Consequently, if a bloekage does 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 channel-shaped core from a mesh of polyester
monofilaments fused together at the points of

intersection which allows interconnection between
the channels.

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.

SOIL DRAINAGE PARAMETERS

Although it is important to consider such aspects
as drain resistance, smear etc., and their effect 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 be 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,
including laboratory consolidation tests and in situ
permeability measurements. However., when
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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 ¢,, 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 ¢, and ¢, 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 ¢, and k,. 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,, ¢y, k, and k, 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 of consolidation, but give a
reasonable estimate of the coefficient of volume
decrease m,. A better method of determining ¢, and
¢, is the indirect approach of combining laboratory
m, values 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
representative field values, but the ratio of the two
can be satisfactorily assessed if the laboratory
results are considered in conjunction with a visual
assessment of high quality soil samples where
particular attention has been paid to a description
of the soil fabric. Since the majority of the soils will
be soft, perhaps ranging up to firm, and may be
sensitive to disturbance, they should be obtained by
Delft continuous samplers or piston samplers.

M. S. ATKINSON AND P. J. L. ELDRED

With regard to the field permeability determina-
tions, there seems little doubt that constant 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 method 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
investigation 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 with 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 matches that
assumed by the Barron and Kjellman methods,
then these methods would provide a reasonable
assessment of the necessary drain spacing. In
practice the situation is often far from that ideal. A

. case dealt with recently by the 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 4m and 8m thick
respectively, overlying a stiff clay. The assessed soil
parameters for the two soft clay horizons were: for
the upper layer ¢, = 1-1 m?*/year, k, = 58 x 107 '°
my/s and a ratio ¢,/c, = 1:0; and for the lower layer
¢, = 7:0m?/year, k, = 30 x 10" m/s, again with a
ratio ¢,/c, = 1:0. Based on these parameters and
the strata thicknesses only a very small part of the
total consolidation would occur within a specified
period of 2 months as a result of natural 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 overall dissipation of 60% gave a considerably
smaller 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 of a 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 drains.
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 models
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 results is presented as Table .
Quite obviously one combination oflong and short
drains considered is inconsistent in that the models
suggest that a considerably greater degree of con-

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 CX1000 deep drains at 2:0m spacing
being considerably greater than that obtained with
a Colbond KF650 drain at the same spacing.

While the computer modelling is less than ideal,
for complex problems it provides a suitable alter-
native method of assessing drain spacings to the use
of Barron and Kjellman 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
installing a vertical drain scheme. The large number
of cases where vertical drain schemes have not been
successful shows that a full 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 small 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 installing 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 one 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. It 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-
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Table 1.

Extract from results of computer models; specified soil parameters: at 0-4m depth, c, =110 mz/year,'mV =170m
4 12m depth, ¢, = 700 m*/year, m, = 1-40m?*/MN, k, = 303x 10"°m/s, ¢,/c, = 1-00

2/MN, k, = 580 x 10~ '°m/s,c, /c, = 1-00; at

Colbond
Colbond Time for 60% | Consolidation short
deep drains Drain Overall overall at 2 months drain Drain Drain B
(assumed Drain spacing: consolidation | consolidation: | and depth of (assumed width: spacing: Consolidation %
length = 12m) | width: mm m at 2 months: 9 days 4m: Y] length = 4 m) mm m at 4 m depth: ¢ 2
~
KF650 300 2:00 33 146 29 g
KF650 300 1:70 44 97 44 KF650 300 0-85 7I* z
KF650 300 1-50 53 74 54 z
S
CX1000 300 205 56 69 50 -
CX1000 300 2:00 S8 65 52 =
CX 1000 300 1:95 61 60 55 KF650 300 0-975 63 2
m
CX1000 150 240 32 154 26 S
CX1000 150 220 38 123 31 z
CX 1000 150 200 46 92 40 ©
CX1000 150 1-80 55 71 48
CX1000 150 1-70 60 61 54 KF650 150 0-85 58
* Model inconsistency suggesting computed consolidation for deep drains considerably underestimated.
A I m N w w w oY 5 mo e, > Do o«
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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

S. HANSBO,* M. JAMIOLKOWSKI+t and L. KOK}

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 well-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 overall performance appears successful, there
are aspects of soil/drain behaviour that cannot be
explained on the basis of existing theories.

L’article décrit une théorie que 'on peut appliquer 4 la
conception d’un systéme de drainage vertical. Cette
théorie renferme d’'importants paramétres tels que la
capacité de décharge verticale, les effets du remaniement
pendant linstallation et la résistance de filtration.
L'importance de ces paramétres 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 documentés dans lesquels divers
types de drains sont utilisés. L’expérience acquise grace a
cette étude de cas montre que, trés souvent, méme si
lefficacité globale semble satisfaisante, il existe certains
aspects du comportement sol/drains que I'on ne peut
expliquer sur la base des théories existantes.

NOTATION

A, cross-sectional area of the drain well

a effective cohesion

b width of band-shape drain

(a8 compression index

Cy coefficient of consolidation in the hori-
zontal direction .

cs unconfined compressive strength

C, coefficient of consolidation in the vertical
direction

D diameter of soil cylinder

d diameter of drain

d, equivalent diameter

d, diameter of zone of smear

e, original void ratio

E,so  undrained modules of deformation at 50%
failure stress

*Chalmers Tekniska Hogskola, Goteborg
 Politecnico di Torino
1 Openbare Werken Amsterdam.

I plasticity index

k. permeability of undisturbed soil
k. permeability of soil in zone of smear
k., axial permeability of drain

l half length of drain

n D/d

Qw discharge capacity of the drain well
Ty pore pressure coefficient

s d,/d

t thickness of band-shape drain

T, time factor in radial consolidation
u excess porewater pressure

U, average degree of consolidation

w natural moisture content

w liquid limit

Wp plastic limit

z depth of soil

Y bulk density

Au change in porewater pressure

Oy principle consolidation stress

g, vertical preconsolidation pressure
Oy original effective stress

THEORETICAL CONSIDERATIONS

The design of a vertical sand drain system is
generally based on the classical 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 m/year, 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 have existed for some time (Barron, 1948;
Yoshikuni & Nakanodo, 1974) but although these
solutions are based on the simplified assumption of
equal strain they are still very complicated to use in
practice. For example, Barron’s solution in respect
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Fig. 1. Schematic picture of soil cylinder dewatered by
vertical drain

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 functions 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 (U,)at a depth z due to the
effect of radial drainage only (Fig. 1) can be
expressed as f

U = I —exp(—8T,/u,) (1)
where
T, =c,t/D* is the time factor in radial
consolidation
i = In(n/s)+(k/k.)In(s)—3/4
+mz(2l—2)k/q.,
n=D/d .
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Fig. 2 Comparison of consolidation effects caused by a
100 mm x 4mm band-shaped drain and a circular drain
with equivalent circumference; d = 66 mm, D = I m, time
factor T, = ¢, t/D?

s =d/d
dw =k, AZk, nd*/4 is the discharge capacity of
the drain well.

The derivation of this formula is presented by
Hansbo, 1981). Equation (1) 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 (cf Fig. 2) is
d. = 2(b+1)
T

where b is the width of and ¢ is the thickness of the
band-shaped drain (Hansbo, 1979).

This discharge capacity of the prefabricated
band-shaped drains will be a function of the
effective lateral earth pressure against the drain
sleeve. In the majority of the cases the filter will be
nartly squeezed into the channel 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 filter and
may cause a gradual decrease of discharge capacity
oreven clogging. The filter permeability should not
be higher than required with respect to the dis-
charge capacity. The filter permeability of the
existing prefabricated drains (which according to
the results of laboratory tests have short-term
discharge capacities of maximum 10-25 m? year)
need not be higher than 0-01-0-05 m/year (Hansbo.
1981).
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Average degree of consolidation: %
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Fig. 3 Influence of well resistance on average consolida-

tion at different depths in clay with ¢, = 0-15m?/year,
¢, = 0-5m?/year and k = 0-03m/year; drain spacing
0-9m (D = 0-95m}); discharge capacity g, = k, 4,

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 (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 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 m?/year. In the other case displacement-
type sand drains are used; these are 0-18m in
diameter, with discharge capacities of 13 m?/year
(permeability  of drain  sand = 500 m/year
=16 x 10"*m/s) and 130 m>/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. = 0:03m/year in the horizontal direction. The
coefficients of consolidation are ¢, = 0-5m?/year
and ¢, = 0-15 m?/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 m in
length would have 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 of full-scale tests in which
the effect of different drain types can be directly
compared. As yet the Authors have notenough 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

Table 1. Average consolidation (%,) at 15m depth without and with regard to smear and well resistance; drain
spacing = I'Sm (D = 1'58m); discharge capacity of prefabricated drain = 20m?/year and of sand

drain = 13m?/year

Sand drains Prefabricated drains
Time of No smear Smear Smear No smear Smea-

consolidation: ideal ideal well ideal
years wells wells resistance wells

S

05 42 25 17 27 ay

1 67 44 31 47 . was

2 89 68 52 72 5 , taken

%3 o
4 99 90 77 92 81 JiBeisty
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Prefab band-shaped drain Sanddrain,d=0-18 m

Qw = 20 m3/year
— — gy = 10 m3/year
—-— qw= 5 md/year

Fig. 3 Influence of well resistance on average consolida-
tion at different depths in clay with ¢, = 0-15m?/year,
¢, = 05m?/year and k = 003m/year; drain spacing
09m (D = 0-95m); discharge capacity q,, = k, A,

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 (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 30 m
long fully penetrating drains (draining at top and
bottom). In one case prefabricated and band-

kw = 5000 m/year
— — ky = 500 m/year

shaped drains are used; these have an equivalent
diameter of 0-062m and discharge capacities of 5,
10 and 20 m*/year. In the other case displacement-
type sand drains are used; these are 0-18m in
diameter, with discharge capacities of 13 m?/year
(permeability  of  drain  sand = 500 m/year
= 16x107*m/s) and 130m3/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. =003 m/year in the horizontal direction. The
coefficients of consolidation are ¢, = 0-Sm?/year
and ¢, = 0-15 m?/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 m in
length would have the same negative effect as that
of drains 15m 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 notenough 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

Table 1. Average consolidation (%) at 15m depth without and with regard to smear and well resistance; drain
spacing = ['5m (D = 1:58m); discharge capacity of prefabricated drain = 20 m?®/year and of sand

drain = 13 m?/year

Sand drains Prefabricated drains
Time of No smear Smear Smear No smear Smear Smear
consolidation: ideal ideal well ideal ideal well
years wells wells resistance wells wells resistance
05 42 25 17 27 19 15
1 67 44 31 47 34 28
2 89 68 52 72 56 48
4 99 90 77 92 81 73




Table 2. Geological profile and geotechnical characteristics of soil in test areas I and V at Ska-Edeby; ground water level at 0-5 to 1 m depth; hydrostatic condition; studied
layer = 25to 75m
Soil profile y: t/m? w: % wi % wp: % CF Feulois OCR
Depth: Area V Area |
m Geodrains Sand drains \ I \% I A% 1 \% I I \ I \' I
Dry crust Dry crust
1
= |Green-grey 1-45 95 | 100 | 106 |[132 | 47 — 2:2
el slightly Grey-green 28
) organic v .
2 z g 1:55 1-28 77 | 128 61 |[150 | 20 62 050 093 20 1:5
a Grey coloured iy .
3 by iron 2 1-48 1-46 90 89 78 84 | 25 - 63 035 0-44 11 1:2
sulphide £
Grey coloured
4 by iron 1-48 1:53 92 82 76 72 | 27 25 64 034 0-32 1 1
sulphide
5 Brown grey 1-58 1-62 64 68 58 63 | 22 = 034 0-30 1 1
varved
6 _[Bands of 1-62 143 63 | 103 50 85 | 22 28 75 032 0-32 1-2 1
g iron sulphide 70
7 ko 1-60 1-59 70 72 50 58 | 20 — 031 026 1'1 1-2
© _. |Grey varved
8 & [Bands . 1-66 1-62 65 68 48 65| 16 23 030 0-22 11 1
g [-ouen 166 | 160 | 60 | 79 | 79 [ 67 |21 | — | 65 | 030 | 023
9 sulphide
10 1-61 1-68 66 67 — 53 | — 22 60 033 0-21
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te, according to field vane test.




I ¢, according to field vane test.

VERTICAL DRAINS 49

Area |

Diameter 70 m
Height of fill 1:5 m
Sand drain
Spacing0'9 m

Area IV

Diameter 35 m
Height of fill 15 m
Undrained

Area V
Diameter 31 m
Height of fill 1-5 m
Geodrain
Spacing 09 m

Area V

after rearrangement
of load embankment

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 25km west of
Stockholm, a test field was constructed in 1957
consisting of four circular test areas, 35-70m in
diameter. In three of these areas displacement-type
sand drains, 018 m in diameter, were installed in an
equilateral triangular pattern with 0-9 m, 1-5m and
2:2m 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 new circular test area, 31 m in diameter, was

Undrained shear strength, c, kPa

0 10 20 0 10 20
0 T T St T T St
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10F e x 30 L x e 13
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x field vane test
® Swedish fall-cone test
Sl sensivity (fall-cone test)

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

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
effects of equally 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 2-5-7-5m 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 0-35 (compres-
sion ratio (CR) = C_/(1 +¢,)). The estimated aver-
age coefficient of consolidation from oedometer
tests is ¢, = 0:015-0-020 m?/year.

The initial loading was the same for both the
studied test areas: 1-:5m of sand fill corresponding
toaload of 27kN/m?. 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 kN/m? on the area was
obtained as shown in Fig. 4. This action was taken
for the purpose of studying the long-term efficiency
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Fig. 6 Excess porewater pressure (at Sm depth) and
settlement (compression of clay layer between 2:5 and 7-5m
depth) vs time in the centre of test areas I, IV and V at Ska-
Edeby
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Fig. 7. Increase in undrained shear strength due to

censolidation; test areas I and V at Ska-Edeby

of the Geodrain. Samples of Geodrain were taken
in test pits to depths below the groundwater level
before the additional load was applied.

The results of the settlement and pore pressure
observations are given in Fig. 6. The rate of
settlement in Area | with sand drains was greater
than in Area V with Geodrain. The efficiency of
Geodrain was no less with time although the filter
paper, collected from the test pit after 3} years, was
partly degraded. The back-calculated coefficient of
consolidation, giving the best fit with the observed
rate of settlement. has the same value, both after
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0 30 m O Bellows hose
bl
Spacing 14 m Spacing 1-1 m | Spacing 1-6 m
sand drains sand drains sand drains
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Sand drains Prefab drains
Soft clay Soft clay
—_— Moraine
Moraine
Section |

Fig. 8. Plan and cross-section of test field at Orebro;
depth of clay layer varying between about 8 and 95 m

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 ¢, = 0-5m?/year, s = 2 and
k./k 3 for the sand drains and s =2 and
k./k. = 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 result 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 15kPa in the centre of the
studied layer.

Il

Orebro case record
In connection with the construction of a new

; motorway section between Orebro and Gothen-

burg a test field, 125 m by 45 m, was arranged just
outside Orebro for the purpose of comparing the
efficiency of the two types of prefabricated drains
manufactured in Sweden—Geodrain and Ali-
drain—with that of displacement-type sand drains,
0-18 m in diameter. The test field was divided into
three sections of equal size with drain spacings
I'4m, I'l m and 16 m in an equilateral triangular
pattern (Fig. 8).
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Undrained shear strength c;: kPa

0 10 S 0 10 20
T

(1) (2) (2 (1)

L]

T )

S

M @

7

6

51

1 T o A e+ e A Y2 AW

Depth: m
S
T
8=
I

o 37 47 oe
Spacing1-1m

Spacing1-4 m

(1) area with sand drains
(2) areas with Geodrain and Alidrain

Fig. 9. Original undrained shear strength in the Orebro
test field determined by the Swedish fall-cone test

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 = 04 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~1 have been
measured, indicating some kind of structural col-
lapse when the preconsolidation pressure is
exceeded.

The coefficient of consolidation in the vertical
direction ¢, according to oedometer tests varies
from a minimum of 006 m?/year to a maxi-
mum of 1m?/year. An estimated average 1is
¢, = 02m?/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 pressurc-’
(ranging, after nearly 2 years of consolidation, from
15to 25k Pa in the middle of the clay layer) does not
allow a reliable 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 diameter is also
negligible. Only in the case of 0-9m' 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 Skid-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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Fig. 10.  Settlement of ground surface vs time observed at
the Orebro test field




Table 3. Geological profile and geotechnical characteristics of soil in the Orebro test field; groundwater level at about 1m depth; hydrostatic condition
o2
Soil profile y: t/m3 w: Y wi % Y tco/0y, OCR
Depth:
m (H* (2 0 (2 (652 ¢ OV B )] 0 (2 n 1@
1 Grey, slightly Grey, slightly 1-41 1-:32 | 116 92 | 104 91 064 0-89 28 | 21
g organic organic
2 10 The same, with The same 142 140 | 115 | 105 | 101 81 059 0-38 10 | 12
= shells
3 'S Grey, coloured Grey, coloured 1-48 1-58 93 67 69 45 0-39 0-31 1-5 11
§ by sulphide by sulphide n
5 = Grey, varved Grey, varved 1-64 1-63 69 64 53 44 0-27 0-30 13 1-4 z
) th. seams silt z
7 a) Brown, varved Brown, varved 1-64 1-71 60 48 43 32 0-22 024 12 12 &
coloured by sulphide coloured by sulphide Z
1 Grey, slightly Grey, slightly 1:26 1-38 91 | 102 | 103 | 113 2’5 20 2:3: 4| 1:3 E :
& organic organic o I
2 = The same, with The same 1-44 143 | 106 | 107 94 83 | & 0-49 042 16 | — =
o shells E g
3 E Grey, coloured Grey, coloured 1:52, 1-53 91 82 65 63 % 0-42 042 1-0 1-3 4
§ by sulphide by sulphide E o
5 = Grey, varved Grey, varved 1-50 1:52 97 93 66 65 [} 0-30 0-31 12 1:3 z
‘s th. seams silt th. seams silt Z S
7 o 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 9
1 Grey, slightly Grey, slightly 1-45 1-50 88 94 95 83 096 0-69 — 11
1S organic organic
2 o Grey, coloured Grey, coloured 1:53 1:55 82 90 59 66 041 0-39 14 —
on by sulphide by sulphide
3 S The same The same 1-56 1-:55 79 73 54 52 0-38 0-28 1-8 —
o
5 2 The same Grey-brown, varved 1-:53 1-67 69 58 46 39 0-24 0-25 12 1-0
s coloured by sulphide 022
7 a Grey-brown, varved Brown, varved 1-64 1-71 67 54 43 36 028 0-20 12 | 10
coloured by sulphide th. seams silt
*(1) Area with sand drains; (2) areas with Geodrain and Alidrain.
t According to fall-cone test.
. o c |2 2> BYiEET 2 Depth below GL: m E
% g2 g e LHE ROy "elEgsg W " N = e
£ = g8 £* |4% HES FyoRg388 F = = 2 = o
= & foglgs . Bl o FBOU =0 )
= = 2 a & 2E. 0 = T8 g9 78 > o m 0 003 < o
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*(1) Area with sand drains; (2) areas with Geodrain and Alidrain.
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Overburden and preconsolidation
stresses (avo s °vo' and crvc‘): kN/m?
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silty sand +eo’ve from 1-D consolidation tests

according to Casagrande's procedure

Fig. 11. Porto Tolle typical soil profile

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 ¢, = 0-8 m?/year,
s = 2and k./k, = 3 for the sand drains, and s = 2
and k./k.; = 2 for the prefabricated drains.

Porto Tolle case record

During the construction of a large (2400 MW)
Thermal Power Plant located in Porto Tolle at the

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 (1700000 m) of vertical
drains of various types (jetted 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. 11). The
geotechnical properties of the clay are presented in
Table 4 (see also Jamiolkowski, Lancellotta &
Tordella, 1980). One of the preloading embank-
ments (340m by 65m) was used as a trial
embankment with the purpose of comparing the
efficiency of the different drain (vpes 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 with 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: ¢, = 9m?/year, 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 ¢, = 15m?/year, 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

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

Index y: w: wp: Ip: CF:
properties t/m3 A % % %
1-85+005 364+49 526+ 69 3019+ 66 339442
Undrained
behaviour ¢,/oy E,so/0\
FVT | TC-Ck,U | TE-Ck,U | DSS—Ck,U | TC—Ck,U TE—-Ck,U | DSS—Ck,U
0-29* 0-31 0-19 0-26 89 82 87
Drained
behaviour TC—-Ck,U Ocdometer tests
¢" ¢t Ct
degree t/m? CR m?/year
29 0 0-20 3-9

* Sensitivity as obtained from the FVT = 2-3.
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Type of drain | Diameter: mm | Spacing:* m

Sandwick 120 4-20
Geodrain 621 3-80
Soildrain 55 380
jetted drain 300 5-:00

* Triangular equilateral array
t Equivalent diameter

@ Horizontal inclinometer
@ Vertical inclinometer

Fig. 12 Plan and cross-section of Porto Tolle experimental 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 ¢, 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-

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 Garassino et al, 1979) the
performance of the four types of drain used here is
found to be substantially similar in practice. Differ-
ences in settlement under different 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.

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

Consolidation coefficient
(e Gy
Source m?/year m?/year
1. Laboratory tests* 3=9 6-16
2. Field permeability plus laboratory compressibility
dissipation tests/piezometer probe 22
field permeability tests in piezometert 30
self-boring permeameter 25
3. Back-analyses
experimental embankment without drains on the basis of pore pressure 9
preloading embankment with drains on the basis of pore pressure 19-28
preloading embankment with drains, from strain and deformation
measurements

* These data available when drainage system has been designed.

 Bilotta & Viggians(1975).
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Fig. 13.  Piezometer probe penetration test: Porto Tolle
experimental envbankment
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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 Au 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 Garassino et
al., 1979), which tends to indicate that when the
embankment load was removed at least 80°% of the
consolidation had been achieved. Such a statement
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.

(b) The inclinometer readings indicate only
very small lateral soil displacement during
the period in which large vertical settle-
ment was observed (Fig. 16).

(c) 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 Au-time trend observed in almost all piezo-

meters' 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.
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,? or even lack of it (with the ‘trapped’
values of Au, 30-40kPa, 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.

(b

-

Trieste case record

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

! The discussed piezometer performance is typical for the
majority of about 150 piezometers of different types
installed in Porte Tolle on areas with vertical drains.

% On the other areas with vertical drains few piezometers
showed a reasonable Au dissipation leading to the back-
calculated ¢, value given in Table 5 and in agreement with
other in situ tests.
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NVI ¢ R=875m .
+ Preloading embankment SVl _
! Hg=36m | placed August 1973 i 4 {fﬂJ“ MSL
HF=4'5—50 m Fill placed 1969-1970 =00

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

NVI = northern vertical inclinometer tube
SVI = southern vertical inclinometer tube

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

Fig. 18. Trieste preloading embankment, cross-section

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 50 000 m* 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 ¢, =0-6m?/year  and
¢, = 1'2m?/year, representing the upper limit of the
laboratory values determined on good quality,
small-volume, undisturbed specimens (see Fig. 19
and Jamiolkowski, 1974).

In June 1973, two embankments, 40 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 (3-6m) 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

Table 6. Porto Tolle, piezometer types used, as shown in Fig. 15

Observed Predicted

Au/Au,,, Au/Au,,,
Time in days
Type of Depth:* Drain type/

piezometer m areat 175 345 175 345
+ Hydraulic, Bishop type ’ 240 Jetted drain 0-807 0-594 0-510 0-260
© Electro-pneumatic 19-4 Soildrain 0-812 0:673 0-534 0-290
x Vibrating wire, Maihak 19-3 Geodrain 0-893 0767 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 0-565 0-534 0-290
V Electrical, BAT type 20-2 Jetted drain 0-893 0-699 0-538 0-293

*Below ground level at depth 0-10 m below MSL.

T Under the centre of each area and halfway from the drains.
i Terzaghi consolidation theory with no allowance for smear and well resistance assuming minimum possible

consolidation properties: ¢, = ¢, = 9m?/year.

Eisci
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the soft clay stratum, with effectively no excess pore
pressure (Au) 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

Coefficient of consolidation, Cy mz/year

2x10" 3 4 6 8 10 20
0 T T T T T [e) T
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€ s A
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p 12 ®
Q . A
8 A ° o
18L °

Vertical flow, C,. e incremental loading oedometer
A controlled hydraulic gradient
oedometer
X triaxial dissipation test

Horizontal flow, c: © incremental loading oedometer
+ triaxial dissipation test

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

Table 7. Trieste, soil properties

decay (Fig. 22). This decay is in accordance with the
conventional Terzaghi consolidation theory adop-
ting ¢, = ¢, = 0:3m?/year corresponding to the
lower limit of the laboratory determined values
of c,.

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-

settlement stack
pneumatic warlam-type piezometer
brs mercury settlement gauge

n

)

A
{:} vertical inclinometer tube
== horizontal inclinometer tube

Fig. 20. Trieste preloading embankment, instrumenta-
tion

Index y: w: Wi Ip: CF:
properties t/m? % % % o
1724004 | 499440 | 7074115 | 4744100 | 458467
Undrained s
behaviour cu/oid E,sol0)
FVT | TC-CkoU | TE-CkoU | DSS-Cko,U | TC-Ck,U | TE-Ck,U | DSS-Ck,U
0:35* 0-32 026 0-28 90 77 144
Drained
behaviour TC=Cky,U Ocdometer tests
¢ ¢ CR (558
degrees t/m? m? /year
26 0 0-24 0-3-09

* Sensitivity as ob{uined from the FVT = 2-4.
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Fig. 21. Trieste preloading embankment, observed verti-
cal and horizontal displacements

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 of consolida-
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 embankment, 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
better the geotechnical behaviour of the Trieste clay
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 ¢, from 1-2 to
1-4 m?/year.

(c) The equilibrium pore pressure deduced

Time: number of month

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

from piezometer probe dissipation tests
and from relaxation tests run with the self- .
boring device gave as a result the July 1980 °
distribution of Au 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 consolidation process un-
expectedly coincides with the lower limit
values ¢, = ¢, = 0-3m?/year determined
in the laboratory on small-size undis-
turbed clay specimens.

(b) In respect to this, why, at the considered
site, i1s 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 that would 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.

Aziéhaven case record

For quick and efficient installation of prefabri-
cated drains, contractors offer in principle two
methods.

In the static type of installation a heavy machine

Overload: kN/m?

N 5

e

i e
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Fig. 23. Trieste preloading embankment, overburden stresses and pore pressure in the area without vertical drains

Table 8. Characteristics of the installation techniques
(Aziehaven and Hemspoor case records)

Industrial site Characteristics Static Dynamic
§ E:;;ngz}ﬁlur Penetration velocity ~0-5m/s ~1lm/s
g (mandrel)

X Frequency (vibrator) — 25Hz
2 Cross-sectional area 52/70 cm? 50 cm?
< 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

Aziehaven (harbour)

200 m

600 m

Fig. 24. Aziéhaven, location of test area and depth of
clay/peat layer -

with sufficient thrust forces a mandrel down to the needed improvement as far as soil conditions were

required depth. This machinery has a high produc- concerned. It was decided to accelerate the con-

tion rate, but has to be assembled on the site. solidation of the compressible layers by means of
In the dynamic type of installation the mandrelis  vertical drains and preloading.

either hammered down (as in piling) or the driving In view of the techniques the area was divided

force is delivered by a vibrating hammer. These into two sub-areas. In each sub-area 150000 m of

vibrating hammers.- with working frequencies of prefabicated drain (Geodrain) were installed, static-
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Dynamicpart | Static part

7

Fig. 25. Aziéhaven, 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 18 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—15m below datum. In
the static case, relatively smali excess and under-
pressure with respect to hydrostatic pore pres 2ure 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 theory of an expanding
cavity, an estimate can be made of the relation
between excess porewater pressure and distance
from the mandrel. The result of this calculation,
made according to Vesi¢ (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 on the cross-sectional area of the

Cone resistance: MPa Bulk density:
10 20 t/m3
= — =
Sand 16
Clay 1-3
10 = Clayey
g peat 1-2
E B
= =
Z 15¢4
]
Q
Clay
20% slightly
organic 14
25¢
3si]

Fig. 26. Aziéhaven, soil characteristics
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Fig. 27.  Aziéhaven, excess pore pressure after static and
dynamic installation

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 may exceed the original effective stress
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Fig.28. Azichaven, excess pore pressure vs distance from
the mandrel

(Au/a,s=1). This criterion may be used to deter-
mine a zone of disturbance (remoulding) around
the mandrel. Arbitrarily, Au/o,,= 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 d, in
the dimensionless form d,/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 consolidation response. 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. No distinction is made here
with regard to drain spacing (12 and 1-8 m). The
excess porewater pressure was not taken into

Time: days
0 80 160 240 320
0 T T T T
. \
5 40 i A \.\
© 0% e
% o\;\ \'\
No

O gof S

80 S .

e——e NO drains
v——rv static drainspacing 1-2 m
o——o dynamic

Fig. 29. Aziéhaven, rate of consolidation

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
consolidated.

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 5m above datum and it was
assumed that about 13m 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 (Azi€haven case record) and the hazards to
be expected during the installation of sand drains
over 25m 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 concern when a new
load (dry sand fill) was placed and there was no sign
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Fig. 30. Hemspoor, view and cross-section of test area with depth of soft layer

of a quick release of excess porewater pressure.
Additional prefabricated drains were installed to
obtain a spacing of 06 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
behaviour has been given yet. This effect 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
r, recorded during the normal filling procedures
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 RECOMMENDATIONS
Installation effects

There is a remarkable difference in the excess
porewater pressure generation between the static
and the dynamic installation techniques.

There is no significant difference, 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

- | ;

T T T RO e PR

drains; this release has no direct connection with
consolidation by drain wells in itself.
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Fig. 31.  Hemspoor, soil characteristics
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When prefabricated drains are used to improve
the stability of, for instance, slopes of foundatio:.
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 factor has to be considered in the

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
k

/le '
cf e

Process of consolidation

Notwithstanding good progress made in labora-
tory and field techniques allowing determination of
ky, or ¢y, 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
Cy>>C,, 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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design of the drainage system. Well resistance can
explain why the relative increase in shear strength
due to consolidation gets smaller with depth.

In many cases the rate of consolidation estimated
from vertical settlement observations is higher than
that estimated from excess pore pressure dissipa-
tion, although almost no lateral movements have
occurred. The fact that an increase in undrained
shear strength has been observed in spite of an
almost unchanged excess pore pressure is a reason
to rely more on settlement than on pore pressure
dissipation. Since in some cases excess pore pres-
sure remains although further long-term settlement
is negligible, the Authors recommend the use of
settlement as a measure of the process of consolida-
tion.

Experienced engineering judgement is very
necessary with respect to several uncertainties in
parameter determination, design and drain perfor.
mance, to avoid disappointing results.
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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
soll 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

gocrmeable 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
refabricated drains 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 undetlying 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 soll 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 1.05 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-




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-
nential law v = Ki» 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 = 1.5 (Hansbo, 1960; Holtz & Broms,
1972). For this value, the new theory gives:

o - LR 1
t=—D*VDge /AT, [ — -1\
A’ SRR
\/ _Uh
where
t = time of consolidation,

o = function of D / d (see below).
D = diameter of dewatered soil cylinder,
d = diameter of drain,
A= KM coefficient of consolidation in horizontal
9P»  non-Darcian porewater flow,
M = 1/m, = compression modulus,
K = permeability in horizontal direction,
p, = density of water,
g = acceleration of gravity,
AT, = average excess pore pressure at t = 0, and

U, = average degree of consolidation taking into
account only the effect of the vertical drains.
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The coefficient of consolidation A can 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
AU, 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). Theresult of this analysis shows
that the equivalent diameter of a band-shaped drain
with width b and thickness t can be expressed by:

q =2b+t 2)

T
ylelding 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 1.05. If a square
pattern is used, the drain spacing is equal to D divided
by 1.15. 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.

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 U, plus the desired time .-
of consolidation t yields an intermediate factor f, ex-'
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.
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FIGURE 4
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Example (English units)

What drain spacing using a square pat-
tern 1s required to reach a 70% consoli-

dation after 10 months in a homogeneous

silt with ¢, = B0 ft*/year and with a sur-
charge of 600 lbs/ft??

For a time of 10 months and an average

consolidation of 70%, Figure 1 provides
f, = 1.0 year. There f,\ = 50 ft?.
For {,A = 50 and a loading of 600 lbs/ft?,

Figure 4 yields D = 10.8 feet. On a square
pattern, the drain spacing would be 10

100

divided by 1.15 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, Jamiolowski 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 1s usually to measure the rate of settlement and
the increase in undrained shear strength.
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Re: Aqua Fria River Improvement Project
Thomas Road to north of Indian School Road
Construction Contract 85-10
Consultant Contract 85-12 Job No. 2155J020-E

This report contains the results of our geotechnical investigation
for a portion of the proposed RID canal embankment located between
Stations 20+50 to 24+00 on the above referenced project. The pur-
pPose 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 bersonnel 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 N ‘\?
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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 the 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 siée slope angles of the old pit are
still unknown.

Ce
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Based on the data developed during the field exploration and labo-
o, ratory testing, the following conclusions and recommendations are
é 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. j

3 Tbtal 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 proposed
alignment. In addition, Eontinual long-term maintenance
problems should be anticipated as the clay sediment mate-

rial consolidates with Eime.
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It is recommended that the clay sediment material be removed if the
canal embankment, as designed, is constructed over this portion of
the 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)




Py

5

<5

268

ALLOWABLE SOIL BEARING CAPACITY
ALLOWABLE FOUNDATION PRESSURE

BACKEFILL

BASE COURSE

BASE COURSE GRADE
BENCH

CAISSON

CONCRETE SLABS-ON-GRADE
CRUSHED ROCK BASE COURSE
DIFFERENTIAL SETTLEMENT

ENGINEERED FILL

EXISTING FILL

EXISTING CRADE
EXPANSIVE POTENTIAL

FILL
FINISHED CRADE
CRAVEL BASE COURSE

HEAVE
NATIVE GRADE
NATIVE SOIL
ROCK

SAND AND GRAVEL BASE
SAND BASE COURSE
SCARIFY

SETTLEMENT

SOIL

STRIP
SUBBASE

SUBBASE GRADE
SUBCRADE

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 course.

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 agitation 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.
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METHOD OF SOIL CLASSIFICATION

(ASTM D 2487) =
COARSE-GRAINED SOILS FINE-GRAINED SOILS
LESS THAN 50% FINES* MORE THAN 50% FINES*
GROUP MAJOR GROUP MAJOR
S AOLS DESCRIPTION BIVISIONS STAROLS DESCRIPTION e L
WELL-GRADED GRAVELS OR GRAVEL. INORGANIC SILTS, VERY FINE SANDS,
- GW | SAND MIXTURES, LESS THAN 5% FINES ML “ifE0ck FROUR,SETY OK CLAYEY. FSE
SILTS
cp  |POORLY-CRADED GRAVELS OR GRAVEL-| , SRAVELS INORGANIC CLAYS OF LOW TO MEDIUM AND
SAND MIXTURES, LESS THAN 5% FINES Of;?i::sg ee:'tah C;:‘on cL E'iﬁ?slcslll\{'\( g&\g&tg NCCL(\AYYSS, SANDY U;,l_ig,',irsn )
cm | SILTY ~ CRAVELS.  GRAVEL-SAND-SILT il Bes harsd
MIXTURES, MORE THAN 12% FINES e - ORGANIC SILTS OR ORCANIC SILTY-CLAYS
OF LOW PLASTICITY
CLAYEY GRAVELS, GRAVEL-SAND-CLAY
GC T 2% F INORGANIC SILTS, MICACEOUS OR DIA-
RAATERE DIORE  TREaNIA 12 = MH TOMACEOUS FINE SANDS OR SILTS,

SW WELL-GRADED SANDS OR GRAVELLY ELASTICSILTS SILTS
SANDSLESS THAN 5% FINES ch | INORGANIC CLAYS OF HIGH pLASTICITY, | 4RO
POORLY-GRADED SANDS OR GRAVELLY SQ:DSh . FAT CLAYS Liquid Limit

5P SANDS, LESS THAN 5% FINES of‘“’c‘“o:m?;‘a cgon more than 50

: “etnd - ORCANIC CLAYS OF MEDIUM TO HIGH
SM SILTY SANDS, SAND -SILT MIXTURES, | issmallerthan OH PLASTICITY
MORE THAN 12% FINES si:: ;ze
HICHLY
CLAYEY SANDS, SAND-CLAY MIXTURES, PT PEAT, MUCK, AND OTHER HIGHLY [ o=l -
SC | MORE THAN 12% FINES ORGANIC 50ILS SOILS
NOTE: NOTE:
Coarse grained soils receive dual symbols if Fine grained soils receive dual symbols if their
they contain 5 to 12% fines (e.g. SW-SM, limits plot in the hatched zone on the Plasticity
GP-GC, etc.) Chart (ML-CL) -
SOIL SIZES PLASTICITY CHART
60
COMPONENT SIZE RANGE
. 5o |_FOR FINE CRAINED SOILS
BOULDERS ABOVE 12in. . AND FINE FRACTION OF
COBBLES 3 it 12in: § COARSE-GRAINED SOILS cH =
Z 40
GRAVEL No.4to3in. > _ P
Coarse Y in.to3in. o 30 /
= 4
Fine No. 4to % in. < CL ‘\\\'«’
& 2 dlo
SAND No. 200 to No. 4 /
M
Coarse No. 10to No. 4 10 ML-CL / B BOH
) . 7 1
Medium No. 40 to No. 10 Z:::_W}f'w ML & OL
Fine No. 200 to No. 40 @ ML |~ |
- © 0 10 20 30 40 50 60 70 8 9 100
FINES (Silt or Clay) BELOW No. 200 SO
NOTE:
Only sizes smaller than three inches are
used to classify soils. ;
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SOIL PROPERTIES

‘ 3
y
e~

JobNo. 2155J020-E s L
Expansion/Compression Water Soluble Shear Strength Consolidation
Boring Depth ft Soil Initial Dry Initial + Expan. |Max. Swell Matter, % Initial Dry Initial
No. ol Class. i i Surcharge | d Test ; f (o} ¢ ; Surcharge| Consol.
¥ lase i gl Tl Y| e S | "B [os Tt ietied Content. 3| 25 | ke Des. | mod | ksk %
1 5-8 CH Uuc B5.1 94.5 0.21
1
2 14 - 17 CH uc 61.3(4) 64.2( )0.18
1
3 5 -8 CH ucC 58.1(4) 63.6( )0.60
Boring .
No. Depth, ft. Remarks
1 5 - 8 |Possible sample disturbance during test preparation.
LECEND

Shear Strength Test Method
DS Direct Shear

DS Direct Shear (saturated)
UC  Unconfined Compression

UU  Unconsolidated Undrained

CU Consolidated Undrained w/pore press
CU Consolidated Undrained

CD Consolidated Drained
CR  Cyclic Consolidated Undrained w/pare press

REMARKS

NOnhwn =

In-situ density.
Compacted density (Approx. 95% of ASTM:D698 max. densit

Compacted density (Approx. 95% of ASTM-D1557 max. dens
In-situ moisture.

Submerged to approximate saturation.
Consolidation % upon saturation.

y at moisture content slightly below optimum).
ity at moisture content slightly below optimum).




PHYSICAL PROPERTIES

JobNe.__2155J020-E
Particle Size Distribution, % Atterberg Moisture - Density Rel. Permeability ‘R Value
Boring Soil Passing by wt. Limits Dry " | Optimum . | Specifi Dry
iy Depth, ft. Class. assing by w Bensity . ddoierie | & C‘:‘;‘i "Yc Bensity K Corrected Remarks
3 | # | w0 | mo [soo| o | mr % b3 ' pef 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 14 - 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
Bzgn Depth, ft. Comments
REMARKS
Classification/Particle Size Specific Cravity ‘R’ Value
1. Visual 7. Minus #4 11. Expansion Pressure psf
2. Laboratory Tested 8. Plus #4
3. Minus #200 Only . 12. Exudation Pressure. psi
Permeability

Moisture Density Relationship

4. Tested ASTM D-689/AASHTO T-99
5. Tested A/STM D-1557/AASHTO T-180

6. Other_{". -

9. Constant Head
10. Falling Head

Note: NP = nonplastic




CONSOLIDATION PROPERTIES OF SOIL

Clay (CH)

Job No. 2155J020-E

Lab/Invoice No.

Date of Report

Reviewed By CPW

Type of Material

Source of Material __Shelby Tube Sample

® Undisturbed O Remolded [ Compacted

Boring 1 Depth

Test Procedure _ASTM D2435-

5.0

100.0

e L e *Initial Dry Density, pcf 70.1
= i : 7 Initial Moisture Content, %__69.8
) o L ; Initial % Saturation ==
s ot 0 S SV L S S S
i P Lo P ! : s 2:470 & Assumed
5 L : e : ; Sp. Gr. of Solids & Tested
— —I St ¥ : Moisture Condition of Sample
SO IS0 o s N ‘ , . Inssitu
e ﬁ'“h % ;;. : i ‘1 ‘ During Test: TP I
- ¥ I ; f i Other e
NI e il ] ! : i
0~ R o : i ' T :
: . i ) poc. | l it :
————— f_‘.\\.‘ -~ . NN » e s + .- l H ~__. il i o By—
LN =220 i ,

8 T — & % - . H i i
o=l o Z i ;
Lol 2 ._L_.!__.,._‘._..ﬁ_

PR =N
=

% CONSOLIDATION (COMPRESSION)

¢ H . > s
EG R i
[ g T
4 ) i
St ——
: i Sy
¢ i i ' .
! ; : S W (W U W
i Yo i : }
— — > - : e
: . H \ ; ; : !
1 o T i TR - = N
N T A : p t - i
AN e 5 OO VPR O 1 - i AT . Nyt : ! I
N A T A ) i s R — : T
40 I T O L L5y ! A | — } ; ‘
i : [T H H 3 3 T i H H
H ; i S ! i it i \ i :
. ; !1 I P i 1 ! i Lo 1' ! ! i 1.1 [ - ! i H
iy T T e 1 3 by ! ? ; g H H Y M 4 3 I T M X- i faiieceanas
! ’l HE ! ] LN T j ! : !
S I i b ] [y ! L ! i ‘ . -
} IR 1 i ' it HERER ] t O i :
i i j it | R RN i 4 : o) &
IR N N I L, Pyl L L [ -
IR ' P NI ' L }
S A ! i . bt - ¢ ;
. R hes T + ! R s : = =
MR i I BRI EERE Vo i !

*Possible sample

5.0

-
L]
o

10.0

NORMAL PRESSURE, KSF

disturbance.



2155J020-E

- CONSOLIDATION PROPERTIES OF SOIL

Job No.

Lab/Invoice No.

Date of Report
Reviewed By

CPW

Clay (CH)

Type of Material

@ Undisturbed O Remolded [ Compacted

Shelby Tube Sample

Source of Material

Boring

ASTM D2435-

Test Procedure

14-17

Depth

100.0

63.2

Initial Dry Density, pcf

61.2
99

Initial Moisture Content, %

Initial % Saturation
Sp. Gr. of Solids

® Assumed

O Tested

2.70
In-situ

Moisture Condition of Sample

During Test:

Saturated-————————

Other —+=—— s ——

? "
— ey o L
b
-

e

=] U et o8,

———td e

S S G A S O M D
o Pl - — - x\f,l

T
l
1 ==
1
.
1
i
T
|
f
13
!
—— b e e
>

Il

i
i

|
i
i

i
i

— e e e oo

\ --s.

il unﬂmeﬁmMM\ﬂwghmwﬂ-l-}ww;i;;xf\mJh;:-chMHI.:lill
|/ |

Y 0 e - =

B N 4 1 T 1 - ]

SN [ (NS (8

5.0

o o . i o
— o~

(NOISS3¥dWOD) NOILYAITOSNOD %

40

100.0

50.0

10.0

NORMAL PRESSURE, KSF

0.5

0.2
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% CONSOLIDATION (COMPRESSION)

o

CONSOLIDATION PROPERTIES OF SOIL

Type of Material Clay (CH)

2155J020-E

Job No.

Lab/Invoice No.

Date of Report

Reviewed By CPW

Source of Material __Shelby Tube Sample

@& Undisturbed [ Remolded [ Compacted

Boring 3 Depth

5-8

Test Procedure _ASTM D2435-

5.0

100.0

7
S | £ Initial Dry Density, pcf 67.7
54.9

T ) T

Sl B i e e L
HE] L i !

PO SR | _?_lj.___ - - ' :

Initial Moisture Content, %
100

® Assumed
O Tested

Initial % Saturation

Sp. Gr. of Solids

2.70

Moisture Condition of Sample
In-situ
Saturated=——————m——
Other —+—— - ——+—-—

During Test:

f ANEEE
e NI :
il 5 T . . : e et =
: 3 \ \ , f i \ ol : z
— 3 ,—~.__\_-.. i ,g ‘ ! : = - =

TSRO [, [

10 .

20

30

.
7
. =
1 '
i A1 2
| ;o ! ’ :
40 ] : ey : —
b ; [T ! . :
T ..__A__”__.,q:_i_i__ L__.'_.L_.,..‘L___. S — ;;_, J pt | S L :" .?l,_ e e e B S0 e -
' ; g £l | b P
SRV WU 15 T S T | 9 [ S H S i LI SO | R — S s e
o : Py : < i P G i :
‘ [ t | 1 o ' ' . :
: : | : ! ' i : : 5 ; ‘
\ : . I SR S L e
N l.__;__;__;__ - ..L>..}.-. !__r““” — ; - it e ——
| Pedloy Lo BEE ‘ -
.o .L*_._*_:._',_L,-. I (O F— R ;_J.__L._,_HL..%..._ SN — s M- N L B 5
: | S i i ; [
S t i i by il g

002 Oo5 100

NORMAL PRESSURE, KSF



Flood Control District of Maricopa County
Job No. 2155J020-E

BORING LOG NOTES

"STA" refers to the approximate stationing of the boring along the
proposed canal alignment according to centerline control points.

"R" or "L" refers to the approximate lateral offset, right or left
respectively, from the centerline of the proposed canal alignment.

"ELEVATION" refers to ground surface elevation at the boring loca-
tion relative to the indicated "DATUM" established by measurements
with a hand level from a project bench mark.

"TYPE/SIZE BORING" refers to the exploratory equipment used in the
boring wherein HSA = hollow-stem auger.

"C" in "Blows/Foot" refers to the number of blows of a 140-pound
weight, dropped 30 inches, required to advance an AW rod tipped
with 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 140-pound
weight, dropped 30 inches, required to advance a two-inch-outside-
diameter split-barrel sampler a distance of 1 foot, Standard Pene-
tration Test (ASTM D1586). Refusal to penetration is defined as
more than 100 blows per foot.

"R" in "Blows/Foot" refers to the number of blows of a 140-pound I\
weight, dropped 30 inches, required to advance a 2.42-inch-inside-—
diameter ring sampler a distance of 1 foot. Refusal to penetration

is 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 tube
sample.

"Dry Density, pcf" refers to the laboratory-determined dry density
in pounds per cubic foot. The symbol "NR" indicates that no sample
was recovered. The symbol "*" indicates that determination of dry
density was not possible.

"Water Content, %" refers to the laboratory-determined moisture
content in percent (ASTM D2216).

"Unified Classification" refers to the soil type as defined by
"Method of Soil Classification”. The soils were classified vis-
ually in the field and, where appropriate, classifications were
modified by visual examination of samples in the laboratory and/or
by 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).
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LOG OF BORING NO.

1 Sta. 23+60 - 34' Rt.

Project RID Canal Embankment Job No. __2155J020-E
Elevation ___1009' Datum Centerline Control
Type/Size Boring ___HSA/7" Rig Type__CME 45 i
Croundwater Conditions _None Encountered Date __9/16/85

3 &l | ®|_§

2 Blows/Foot ‘a g~ |[om

= e o g‘g 2c E E—’ Description

= 5|83 32 |ES

o E|l S |29

= C NR | 3|a i
| GP | SANDY GRAVEL AND COBBLES; some silt, trace clay, »

remnants of aggregate stockpile, brown to grey, med-
- ium dense, moist to wet
— CH | CLAY; some silt, trace fine sand, reddish brown to
|5 grey, soft to very soft, contains plant fibers, near
saturation
T 94.5(/85.1

L 3 R| *
1 10
| 15
| 6 R 64.6|53.5
| T
| 20

25

= Stopped @ 25.0 feet

- s
30




S LOG OF BORING NO. __2___Sta. 22+60 - 23" Re.

Project RID Canal Embankment Job No. __2155J020-E
Elevation 1007.5' » Datum Centerline Control
= Type/Size Boring HSA/7" i Rig Type CME 45
‘ Groundwater Conditions_None Encountered Date _2/17/85
g &> R|_§
2 Blows/Foot Rl I P 8]
~ c LT 120 s ge
£ 2 8“5 SO |Sg Description
a [=3 @1 ZTE €5
L El S [=25
i € NR |R3]|G Y0
|667.5
| GP | SANDY GRAVEL AND COBBLES; some silt, trace clay,
remnants of aggregate stockpile, brown to grey, med-
— ium dense, moist to wet
)
B CH |CLAY; some silt, trace fine sand, reddish brown to
— grey, soft to very soft, contains plant fibers, near
10 saturation
L T [62.647.5
15
i T |64.261.3
| 20
25
- T |56.463.2
PBEE _
L Stopped @ 27.0 feet
‘-
(N
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Project

LOG OF BORING NO. 3 Sta. 21457 - 19' Rt.

RID Canal Embankment

Job No. _2155J020-E

Elevation _1005.5"

Datum Centerline Control

Type/Size Boring __HSA /7"

Groundwater Conditions _None Encountered

Rig Type _CME 75

Date _9/17/85

3 &lz | ®|_S
2 Blows/Foot |3 < | B8 .
= Y &E Rg (&2 Description
a = Zc |5
o E| & 8|27
Q C NR |&|a Ol G
GP | SANDY GRAVEL AND COBBLES; some silt, trace clay,
— remnants of aggregate stockpile, brown to grey, med-
| ium dense, moist to wet
5
CH |CLAY; some silt, trace fine sand, reddish brown to
— grey, soft to very soft, contains plant fibers, near
| T p3.6|58.1 saturation
10
| 4 N [ NR
15 T p2.7|62.4
| 20 T 63.0|55.9
| 25
30 ;|




Project

LOG OF BORINGNO.___ 3 _CONTINUED
RID Canal Embankment

Job No. _2155J020-E

Depth, feet

Blows/Foot

6

N/R

Sample Type

Dry Density
pcf

Moisture
Content, %

Unified
Classification

Description

e =

(8
—

39

2

*

O
jas)

CLAY; (Cont'd)

Q
=

SAND, GRAVEL AND COBBLES; trace silt and clay, brown,
dense, wet

T 5

-

Refusal @ 39.0 feet on cobbles




LOG OF BORING NO.___4  Sta. 21&00 - 12' Rt.

Project RID Canal Embankment

Job No. ___2155J020-E

Elevation ___1011.0" ' Diatsem Centerline Control
Type/Size Boring _—— Rig Type ==
Groundwater Conditions _None Encountered Date _10/1/85
g Blows/Foot é 3’3 !;,aj‘ '8%
_g: %’, 52 gé %‘é Description
8¢ [ mr |&|& | 8|78
| 41 CONTINUOUS PENETRATION ONLY
L 86
| 118
B 78
| 5 44
L 33
u 30
B 17
| 6
10 7
- 7
- 12
| 26
B 38
|15 39
| 30
- 37
_ 47
20
| 25
30
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LOG OF BORING NO. 5 Sta. 24+00 - 37' Rt.

Project —_RID Canal Embankment JobNo. __2155J020-E

Elevation _1010.7" Datum__Centerline Control

Type/Size Boring — Rig Type ==

Groundwater Conditions_None Encountered Date _10/1/85

Blows/Foot
Description

Unified
Classification

Sample Type
Dry Density
pcf
Water
Content, %

Depth, feet

C N/R

10 CONTINUOUS PENETRATION ONLY

20
26
28

75
245
137
103
10| 90

80
- 55

55

50

35
L 22
22
21
| 20 22
I 24
0 13

- 12
| 25 11

30




LOG OF BORING NO.__ 0 >ta. z3+/u - 33" Rt.

Project RID Canal Embankment JobNo. ___2155J020-E

Sy

Elevation 1008.6"' Datum Centerline Control

Type/Size Boring == ' Rig Type ——

Croundwater Conditions _None Encountered Date 10/1/85
g Blows/Foot :%) § “i 'Ué
_g _g g‘g §§ %é Description
8¢ [ wr |&|6 | 8|78

i 9 CONTINUOUS PENETRATION ONLY

= 17

B 14

| 14

| 5 20

i 17

| 16

i 17

i 19

| 10 15

- 6

. . 6

| -7

- 7

5| 6

| 6

~ 5

- 6

Lo 6

|20 6

L 6

- 7

- 6

. 8

2D 8
30




LOG OF BORINGNO. 7 Sta. 23+76 - 34' Rt.

RID Canal Embankment

Job No. _2155J020-E

Project
Elevation 1009.5' Datum__Centerline Control
Type/Size Boring _—— Rig Type ==
Groundwater Conditions_None Encountered Date 10/1/85
g Blows/Foot é g a-,‘:\c:‘ '8"%
-g: 2 SE gé é.;_’_ Description
8 ¢ | wr |&|& | 8|78
| 2 CONTINUOUS PENETRATION ONLY
- 5
X 16
B 20
| 5 152
. 240
E 64
- 45
L 51
10| 34
) 24
& .19
- N7
- 6
| 15 8
L 8
- 9
- 9
L 9
20 9
25
30
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LOG OF BORINGNO.__8 Sta. 23+90 - 34' Rt. :

Project RID Canal Embankment Job No. __2155J020-E
Elevation 1010.0' Datum Centerline Control
Type/Size Boring —— Rig Type ==
Groundwater Conditions _None Encountered Date _10/1/85
3 gz | ®|_E
- l t ; I o-: o
= e : CE % S 2 E Description
= a|dd| 32 |E% :
[ E o [Dw
Q < < Q )
(o N/R w | O O
| 3 CONTINUOUS PENETRATION ONLY
N 7
L 17
= 27
| 5| 252
| 10
| 15
20
25
30

~gh




LOG OF BORING NO. 8A Sta. 23+88 - 34' Rt.

Project RID Canal Embankment JobNo. __2155J020-E
Elevation __1010.0' Datum___Centerline Control
Type/Size Boring _—= Rig Type_——

Groundwater Conditions_None Encountered Date _10/1/85

3 gz R|_S

2 Blows/Foot s 2 5< |3R

i @ 3’8 56 |E2 Description
: 2 |32(22 |53

2l il e NR | &G 5
- 4 CONTINUOUS PENETRATION ONLY
| 10
e w2
| ss
5 | 203
|| 400

10
| 15

| 20

| 25

30




Project RID Canal Embankment

Elevation ___1008.4"

Datum__Centerline Control

LOG OF BORINGNO.___9 _ Sta. 23+70 - 5' Rt. i

Job No. 2155J020-E

Type/Size Boring _ ==

Rig Type ==

Croundwater Conditions _None Encountered

Date _10/1/85

= g1 > £ S
:"‘ Rl Pk i §‘g %g EE Description
a o IE|ET
8 cC N/R E g S Dé
| 30 CONTINUOUS PENETRATION ONLY
. 64
L 100
- 85
|5 39
- 8
. 5
- 6
- 8
(10| 9
- 11
= 23
- 27
s, 29

[ 15 31

20

25

30

5N
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PA

Project
Elevation
Type/Size Boring

Croundwater Conditions

RID Canal Embankment

LOG OF BORING NO. __10  Sta. 23+76 - 5' Rt.

1008.9"
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GEOTECHNICAL ENGINEERING INVESTIGATION

on

; Roosevelt Irrigation District Canal
| Station 20+50 to Station 24+00
Phoenix, Arizona

[ for

Simons, Li & Associates
120 West Broadway, Suite 170
Tucson, Arizona 85701

524 North Sixth Avenue
Tucson, Arizona 85705
(602) 623-7774

November 22, 1985
84-2108B

®CONSULTING GEOTECHNICAL ENGINEERS
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November 22, 1985
84-2108B

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

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 ijer in Phoenix. The
optioné 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
over the stretch of the alignment affected by the waste pit, 5) stablizing the
soil by use of geotechnical fabric or sand drains, 6) and a combination of
partial realignment of the canal and the constructuion of a retaining wall to
limit the width of the canal and the attendant removal of the clay material.

On November 20, 1985 Desert Earth Engineering drilled six boreholes on
the site. These borings were used to establish the depth of the clay Tayer
and the approximate configuration of the waste pit side slopes, as shown in
Fig. 1. These boring confirm the findings of Western Technologies Inc. report

#21555020-E. Boring logs and results of further lab testing will be supplied

at a later date.

524 North Sixth Avenue
Tucson, Arizona 85705
(602) 623-7774
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Based on the results of our borings and analysis, it is the
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 Tateral 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.

Submitted By:
e A T
|

Dondld TharR, B.S.C.E.
Py

\‘:l ,

\‘\

>

RLS/ajt

Copies: (2) Addressee
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,‘ 1. REALIGN CANAL

Ei Due to the presence of the clay material in this pit, the canal

[f may be realigned so as to avoid the area. Based upon the current

E configuration this alternative would require moving the centerline of the
[j 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

[i 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.

2. - REMOVE CLAY AND REPLACE WITH ENGINEERED FILL
[i : 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
‘l 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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sz

by Western Technologies Inc. The results of these tests also indicate

R

that weaker spots are present in some areas of the pit. In these weaker

areas even greater excavation difficulties may be anticipated. The

Ly

stable excavation slope in these areas is 6 horizontal to 1 vertical

E;. T m"!
e

which translates to a top width of excavation equal to 325 feet.

e
fo
I )
w

.

CONSTRUCT THE CANAL ALONG THE CURRENTLY PROPOSED ALIGNMENT WITH THE FLUME
INDEPENDENTLY SUPPORTED

Gl AN

A third alternative is to construct the canal along the

[% currently proposed alignment while supporting the flume independently on
3 drilled, cast-in-place, concrete shafts. Assuming a system of two shafts
[3 per pier groups with each group spaced 10 feet on center, the required

g

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
S flume. These shafts could then be connected by a grade beam to support
& the flume (see Fig. 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. 2B). This alternative would not
require a grade beam. All embedment depths are measured from the Towest

adjacent granular material grade. The clay material is not to be used in

E determining embedment depth.

N It should be noted that if alternative 3 is chosen the flume itself

L: will need to be designed so as to be structurally sound without soil
support since considerable settlement will occur in the clay material

i

supporting the canal fill.
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5
25
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CONSTRUCT AN ELEVATED FLUME SUPPORTED BY SHAFTS ALONG THE CURRENTLY
PROPOSED ALIGNMENT

A fourth alternative is to construct the flume alcng 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 Toad 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 11480 to Station 20+60
because it was beneficial to maintain separation between the embankment
material and the quick-settling waste pit material. 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 Tlayers.

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
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recommended.

Stabilizing the soil through placement of sand drains is an
alternative worthy of consideration. If these drains were constructed as
soon as possible, and a sufficient overburden placed above the clay
layer, 90% consolidation or better could be achieved within a year. This
would enable construction of the embanked channel to proceed as
originally intended, without modification of the cross-section or the
alignment.

Tentatively, sand drains could be spaced 10 feet apart over that

_portion of the clay that will support the embanked channel. It would be

feasible to use 1-foot-diameter or even 6 5/8-inch-diameter drilled
shafts. The latter diameter has the advantage of being easily drilled
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
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



{é Roosevelt Irrigation District Canal Page 7
‘ slope may be assumed for preliminary design. Due to the weak nature of
3

% 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,

Ty

this alternative would result in a top width of 33 feet.

It should be noted that if this alternative is chosen, the problems

3 ‘L.bill ¥

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

\

\

\

|

Simons, Li & Associates
P.0. Box 1816
3655 Stanford Road
Ft. Collins, Colorado 80522
ATTN: Noel Borman
RE: Sand Drain Spacing Design Parameters
Roosevelt Irrigation District Flume

~y v A
.o by e Wy W L9 ARl b XX o)
PICCHRT R, AVIZGNRa

Dear Noel:

The paremeters given below are derived from laboratory testing of
tailing-pond clays found between Station 21400 and Station 24+00 along the
Rcosevelt Irrigation District flume alignment. These parameters may be used
for calculation of sand-drain spacing as may be required to accelerate
consclidation of the clay strata. Coefficients of Consclidaticon and
Pefmeabi]ity were assumed identical horizontally and verticaliy. Because of
the hcmogeneity of this clay layer no testing was done to provide an accurate
horizontal coefficient of permeability.

A sample calculation is also shown. To calculate the required spacing
for different time periods of consolidation, simply substitute thz time periocd
(t) and calculate H. H is the drainage path to the sand drain, and should be

doubied to indicate spacing between between drains.

524 North Sixth Avenue
Tucson, Arizona 85705
(602) 623-7774
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Compression Index C = .66
C

> v

Coefficient of Consolidation C = 0.043 ft /day Ny "
v
-5 ' '
Coefficient of Permeability k =4 x 10 ft/day Shod
T e |

Time Factor H; for 90% of primary consolidation = .848

Sample Calculation of Sand-Drain Spacing for 100 Lays
oS T :

v .
22 ft®/day = 5.1 Tt
a

p= i
"

tCV = 100 days @

e R

~

J

T s

H =15.1 ftz2 = 2.25 .. Spacing is 4.5 ft

If you have any questions, please call.

) » 57 ij?z?%:%;:

I

Rélph Pattison, B.S.C.E.

RLS/ajt

Copies: (1) Addressee
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for
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P.0. Box 1816
3555 Stanford Road
Ft. Collins, Colorado
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Tucson, Arizona 85705
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December 18, 1985
84-2108

Simons, Li & Associates

P.0. Box 1816

3555 Stanford Road

Ft. Collins, Colorado 80522

ATTN: Noel Borman
RE: Geotechnical Engineering Report

RID Canal Station 11400 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.

524 North Sixth Avenue
Tucson, Arizona 85705
(602) 623-7774
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Roosevelt Irrigation District Canal

Field Investigation

Number of Test Borings: 5
Location: See Site Plan, Fig. 1

Date Drilled: November 20, 1985

Page 2

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 profile for the project site is presented in Fig. 2. This soil

profile is transverse to the canal alignment and shows the approximate side

slope of the filled waste pit at Station 21+40.

this profile is consistent from Station 21+00 to Station 24+00.

Laboratory Test Results

A11 evidence indicates that

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

Boring Depth % Passing
No. (ft) #200 Sieve
B-13 14-15.5 99

B-13 34-35 99

LL

77
80

51
53

uUsCs
Symbol

CH
CH
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Consolidation Characteristic of Soil Subjected to Saturation

Surcharge
Boring Depth Pressure Consolidation
No. (ft) (psf) Z
- 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 Toading, 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

layer.
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.
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Consolidation of the clay can be greatly accelerated through the use of
vertical drains. Effectiveness of these drains will be largely determined by
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
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
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

Engineering and Kent Hamm of Western Technologies Incorporated on December 6,

1885.
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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
for the pond. Furthermore, a soft clay or silt layer at the bottom of the
pond, 2-9 feet thick, aggravates the difficulty of bringing construction
equipment onto the site. The depth of this Tayer was determined by WTI
personnel by pushing a probe down from a boat in the pond. These probes
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
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 fil1 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 fi11. 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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Roosevelt Iwr{gation District Canal

We thank you for working with us on this project.

further help, please call.

RLS/ajt

Copies: (1) Addressee
(1) Simons, Li & Associates
Tucson, Arizona
ATTN: John Lynch

Page 6

If‘we can be of
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JOB NO. CLIENT LOCATION
DESERT EARTH ENGINEERING 84-2108 Simons, Li & Assoc. RID
LOCATION OF BORING DRILLING METHOD & EQUIPMENT BORING NO.

| CME-55 Drill Rig equipped B-13

with 6 5/8" 0D 3 1/4" ID SHEET
Sta. 21447 24 ft N of CL hollow-stem continuous 1 of 2
flight augers ENGINEER
SAMPLING METHOD RMP
Split-spoon Penetrometer TimE
and Ring Sampler
DATE
DATUM ELEVATION 1005 CASING DEPTH 20 Nov 85
- g -] n 4 SURFACE CONDITIONS
¥2 /o F id
Eg 28/ % sLows/e™ E§ 2.% E%
= )2 SAMPLER a3 ::3,3 <3
o |/ 2 T |l am
- 0
= Gray and Brown SAND_ ROCK and COBRBIFES
1H
-
2——
3: Some_clay
4 H
s
6—-
] (CH) Brown CLAY with trace sand; saturated very
plastic, soft
g5 il
019/8/8
10 —
1
12 —
13
14
T (CH) CLAY
S| A8l 1711 15
16 H
-
L 17 -
18
19
RS 12| 3/3 20%




27

JO8 NO. CLIENT LOCATION
DESERT EARTH ENGINEERING 84-2108B Simons, Li & Assoc. RID
LOCATION OF BORING DRILLING METHOD & EQUIPMENT BORING NO,
CME-55 Drill Rig equipped B-13
E with 6 5/8" 0D 3 1/4" ID SHERT
‘ hollow-stem continuous 2oF 2
= flight augers ENGINEER
E; SAMPLING METHOD RMP
Split-spoon Penetrometer TiME
& and Ring Sampler
g . DATE
' DATUM ELEVATION CASING DEPTH 20 Nov 85
w..z; e .3. SURFACE CONDITIONS ¢
L ¥ x<d
;g ZSQE sLOws/6" E§ f% Eé
is II§§ SAMPLER az 23 ]
L il
tq (CH) Brown CLAY: saturated, very plastic. soft
21
22H
- 1
i:«: 23D
=
24
1271, E
RS 16 |21 237
F 26

i 18

S5 2412/2/2

31

32

B 33

T T TTT1]

.3 34

SS 35 ki SN() Brown SAND with trace silt; moist, medium
814/12/16 ¥

dense, nonplastic

[? 36

37 \L~ Bottom of hole at 35.5 ft

f 38

39

[T TTTTTTI

40




i JOB NO. CLIENT LOCATION
DESERT EARTH ENGINEERING| ss-2108 | Simons, Li & Assoc. |  RID
& _[Location oF 8ORING DRILLING METHOD & EQUIPMENT SR
CME-55 Drill Rig equipped B-14
with 6 5/8" 0D 3 1/4" 1D sl
| Sta. 21+44 12 ft N of CL hollow-stem continuous 1or 1
B flight augers ENGINEER
| % SAMPLING METHOD RMP
Split-spoon Penetrometer TIME
and Ring Sampler
DATE
DATUM ELEVATION 1004 CASING DEPTH 20 Nov 85
- nE o | % : | SURFACE CONDITIONS
w ¥2 /o 3 o
&'tug ‘gf%g BLOWS/6" §§ 9.‘5 .“_’E
Ir /43 SAMPLER az 23 ;__'
«w / "g’g T | mam
T Gray and Brown SAND, GRAVEL and COBBLES
] —
=
. 2
? § 4
; 5: Bottom of overburden layer 5.0 ft
6: _; T Bullnose penetration only, 6 ft to 14 ft
7]
= 6
1 &g 8+ —
— 9
B $r{—
— 9
[ T
| :3 N4 —
= — 22
12 —
i 37
&3 134 —
44
14 '%
15 \
B - U Bottom of hole at 14.0 ft
16
X ) 17k
2 195
= 20




JOB NO. CLIENT LOCATION

DESERT EARTH ENGINEERING| 2108 Simons, Li & Assoc. RID

g LOCATION OF BORING DRILLING METHOD & EQUIPMENT BORING NO.
CME-55 Drill Rig equipped B-15
g with 6 5/8" 0D 3 1/4" ID SHEET
Sta. 21+42 2 ft N of CL 1hollow-stem continuous lor 1
flight augers ENGINEER
SAMPLING METHOD RMP
Split-spoon Penetrometer TIME
and Ring Sampler
DATE
DATUM ELEVATION 1003 CASING DEPTH 20 Nov 85
wZ e : SURFACE CONDITIONS
Too|¥2 x 8 x
§§ 28 V,g BLOWS/6' E§ ‘.g E:%
v, Sé SAMPLER oz 53 =
o zu = ®
—0
| Gray and Brown SAND, GRAVEL and COBBLES
1
-
2 —
: -
3:: T Clean Brown SAND with trace qravel; moist,
medium dense, clasts are rounded

18 4/5/7

18 10 B

SS | 18| 12/15/14

12 ottom of hole at 10.5 ft

[T 11

i3

[ ]

3
]

14

[ 1

A

&
]

15

16

i

I

17

1

18

I

I

19

I

I

29




2 JOB NO. CLIENT LOCATION
- |DESERT EARTH ENGINEERING| ss-2108 | Simons, Li & Assoc. |  RID
- LOGATION ‘@F BORING DRILLING METHOD & EQUIPMENT FRRIGARE
‘ CME-55 Drill Rig equipped B-16
with 6 5/8" 0D 3 1/4" 1D .
Sta. 21+43 15 ft N of CL hollow-stem continuous 1 o¢ 1
flight augers ! ENGINEER
SAMPLING METHOD RMP
Split-spoon Penetrometer BE
and Ring Sampler
DATE
DATUM ELEVATION CASING DEPTH 20 Nov 85
P Lol g SURFACE CONDITIONS
E‘ ¥ /o I o] x-d
a’l‘i’ 28/ % sLows/e Eﬁ 2.5 E%
¥ p o BV SAMPLER 4=z :]3 =i
fi ") / LZJQ 53 @m
B Gray and Brown SAND, GRAVEL and COBBLES
1M
2.—
3——«
\ i 5__
6 —
7 . .
|| (CH) Brown CLAY: saturated, very plastic, soft
8 |
9@
RS |1 oM _ | -
4 0]5/6 | g i Bullnose penetration only, 10 ft to 18 ft
| , N4 — .
; L5
12 e
16
134 —
9
i3 14 4 —
4 — 11
15/
S — 16
; 16 H —
W m 17
® ik
I 124 |y
18
Tiak ok
& \I_ Bottom of hole at 18.0 ft
20
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i JOB NO. CLIENT LOCATION
DESERT EARTH ENGINEERING| ss-2108 | simons, Li & Assoc. RID
LOCATION OF BORING DRILLING METHOD & EQUIPMENT BORING NO,
CME-55 Drill Rig equipped B-17
with 6 5/8" 0D 3 1/4" 1D S ASeT
Sta. 21+21 20 ft N of CL hollow-stem continuous 1 of2
flight augers ENGINEER
SAMPLING METHOD RMP
Split-spoon Penetrometer RIS
and Ring Sampler
DATE
DATUM ELEVATION 1003 CASING DEPTH 20 Nov 85
& ‘m_z‘ . § SURFACE CONDITIONS
!3 [=] T xd
EE 28/ ¢ sLows/e* E§ ‘cg EE
- | /43 SAMPLER az gS $i
) / gg T | mm
+o0
] Gray and Brown SAND, GRAVEL and CORBLES
] —
2—
3_
4 Some clay
-
dn
g
7 1 .
| (CH) Brown CLAY; saturated, very plastic, soft
8
ss [18 _ N
121 3/2/4 \DN\) Brown SAND with some silt
11 H '
12 —
13 :: i (CH) CLAY interlayered with (SM) SAND with some silt;
n saturated, soft
14 |
12 1 B (CH) CLAY
RS | 421 2/3 2
lé-ﬁ
17 B
e
18
Some layers with trace organics
18 _
SS |18l 3/3/3




| JOB NO. CLIENT LOCATION
3 DESERT EARTH ENGINEERING 84-2108B Simons, Li & Assoc. RID
% LOCATION OF BORING DRILLING METHOD & EQUIPMENT BORING NO.
. CME-55 Drill Rig equipped B-17
i with 6 5/8" 0D 3 1/4" ID R
! hollow-stem continuous 2of 2
iy flight augers ENGINEER
‘ E)% SAMPLING METHOO RMP
| Split-spoon Penetrometer ik
B and Ring Sampler
| }-3 ' DATE
DATUM ELEVATION CASING DEPTH 20 Nov 85
g . S S = ¥ SURFACE CONDITIONS
5 o !3,'c 3 c
¥ I8 #8578 mLows/e EE‘ fg s
372|793 sameLEnR az | 33| 34
E 3 :_z"tz:' T | Bm
9 i
20 (CH) CLAY
2]H
22r1
23]
_ 12 ]
@365 121 33 e g
& ;|
Wi 25
L]
26—
|| GRAVELLY
27
A —
5 28
29 ==
2 .GW) Brown SANDY GRAVEL with some clay
L 18 :
P [ As| assys .
? 31
32
k2 33
) 34 o
Eg = i% (GW) Brown SANDY GRAVEL with trace clay: very dense,
Gl A

SS 5 35 & anqular_to subanqular

33/47

\

+— Bottom of hole at 35.0 ft

F}; 38

39

I (5 N

40
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. JOB NO, CLIENT LOCATION
DESERT EARTH ENGINEERING 84-2108B Simons, Li & Assoc. RID
LOCATION OF BORING DRILLING METHOD & EQUIPMENT BORING NO,
CME-55 Drill Rig equipped B-18
with 6 5/8" 0D 3 1/4" ID SHERT
Sta. 23+60 35 ft N of CL hollow-stem continuous 1 of 3
flight augers ENGINEER
SAMPLING METHOD RMP
Split-spoon Penetrometer R
and Ring Sampler
. DATE
DATUM eLevaTion 1009 CASING DEPTH 20 Nov 85
« wi 5 .é, ' SURFACE CONDITIONS
‘fZ Q T ¢ xd
ﬁg 28/l BLows/e" E§ ’.‘g ‘..”.E
v | /43 SAMPLER &z gs <4
) / L_zjé - @ m
0_
L] Gray and Brown SAND, GRAVEL and COBBIES
1H
}-—
]
1
| (CH) CLAY
:; Some cobbles, 7 ft to 14 ft
=
(CH) CLAY
12
i 2/4 n




JO8 NO. CLIENT LOCATION
»|DESERT EARTH ENGINEERING| ss-2108 | simons, Li & assoc. | Rip
% [LocaTioN OF BORING DRILLING METHOD & EQUIPMENT BORING.NO:
CME-55 Drill Rig equipped B-18
with 6 5/8" 0D 3 1/4" ID RS
hollow-stem continuous 2 o 3
flight augers ENGINEER
SAMPLING MET HOD RMP
Split-spoon Penetrometer BIME
and Ring Sampler
DATE
DATUM ELEVATION CASING DEPTH 20 Nov 85
o lad o SURFACE CONDITIONS
¥3 p 3 xd
25 Z%? BLOwS/ 6" E§ ’55 =
r E: .‘(' §§ SAMPLER &z g% <5
p ~20%
& Z‘E
; 22;—1
- 23D
-~ 2 . :
? 4F% 1 Bullnose penetration only, 24 ft to 45 ft
/ 25 et ——
£ — 1
26 HH —
3 — 1
27 H —
— 2
3 28 H —
— 2
291 —
i up
.15
[ N+ —
13
-
{ — 3
IBH—
4
44—
35—
s -—5
[’?’t‘; 36 H-—
: —6
o
3 a
—7
[ 3=
= 8
&3 a0l _ |V




" JOB NO. CLIENT LOCATION
DESERT EARTH ENGINEERING| s2-2108 |simons, Li & Assoc. RID
LOCATION OF BORING ORILLING METHOD & EQUIPMENT BORING NO.
CME-55 Drill Rig equipped B-18
with 6 5/8" 0D 3 1/4" ID HEET
hollow-stem continuous 3 of 3
flight augers ENGINEER
SAMPLING MET HOD RMP
Split-spoon Penetrometer UL
and Ring Sampler
DATE
DATUM ‘ ELEVATION CASING DEPTH 20 Nov 85
" 3 - § p SURFACE CONDITIONS
¥
7 T R R
5| 37 |g3 saweeem |z | Hg)§d
R 23
= mL -
e
h——
H 10
42 —
0
439 —
44 .
ks 3
/ , 45F (
2 46
J L Bottom of hole at 45.0 ft
47 4
48 |
! ool
. 5 H
52
53
54 H
55 |
% ]
2 56
=
57 H
3 -
& 58 -
& B
2 T
& @ H
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PLASTICITY INDEX (%)

PLASTICITY CHART

JOB 84-2108B

DATE 18 Dec 85
BY RMP

80
N OE:I - /
\\/
W\ »
. //
o A
30 //
20 e OH
P or
CL/ : MH
10 cL e oL
7 L - = /] or
W LMY | w
ML
° 0 10 20 30 40 50 60 70 80 90 100
LIQUID LIMIT (%)
PLASTICITY DATA
UNIFIED %
SOIL
KEY HOLE DEPTH Liauio PLASTICITY CLASSI- PASSING
SYMBOL NO LIMIT INDEX FICATION # 200
(faet) (%) (%) SYMBOL
O B-13 14-15.5 77 51 CH 99
OJ B-13 34-35 80 53 CH 99

desert earth engineering




DATE 11 Dec 85

RMP

JoBNO. 84-210B gy

CONSOLIDATION TEST DATA

PRESSURE - ksf
0.1 1.0 10.0 100.0
166 TS 0
N
X 2
\ \ 4 y
"\ R
4 6 N4
v, \ | Ea
Ay o
\ 8 —
N ¥ % ©
[WH]
| -
o L
= \ 10 i
g e
> 12
14
16
\; 18
1.08 ™S
20
DL THIONOE 8l ) Brown CLAY
BORING: DEPTH: 5, o6 ELEVATION: gg1
MOST PROBABLE PRECONSOLIDATION EXISTING OVERBURDEN STRESS
STRESS I¥SF) SHOWN THUS: Pc) (K.SF) SHOWN THUS: Pql
COMPRESSION INDEX (Cc) 676 |SWELLING INDEX (Cs) i
MOISTURE INITIAL 62.5 VOID INITIAL - &, ( 1.58
CONTENT %  [FINAL 39.8 RATIO FINAL - ep 308
DRY DENSITY [INITIAL 65.7 DEGREE OF [INITIAL SAT
(PCF.) FINAL 81.2 | SATURATION % [FINAL SAT

desert earth engineering




18 Dec 88

DATE

JOBNO.84-210B BY__RMP

CONSOLIDATION TEST DATA

PRESSURE - kst
0.1 1.0 10.0 100.0
1.60 t\\ 0
N
\\ 4
\\ 4
N\ i
\
\ =
\ S
8
2137 \> §
9 L
E 10 g
(en)
o 3R
~ 12
0/ .
V/Q
Y
{/v
DESCRIPTION OF
SAMPLE: (CH) Brown CLAY
BORING: DEPTH: ION:
B-18 L 14-15 ELEVATION 0995

MOST PROBABLE PRECONSOLIDATION
STRESS §¥SF) SHOWN THUS: P.}

ISTING OVERBURDEN STRESS
K SF) SHOWN THUS: Pql

COMPRESSION INDEX (Cc)

SWELLING INDEX (Cs)

MOISTURE INITIAL 54 .2 VOID INITIAL - & 1.60
CONTENT %  |FINAL 50.7 RATIO FINAL - e 1.37
DRY DENSITY [INITIAL 64.9 DEGREE OF [INITIAL 1.7

(PCF.)  [FINAL 71.1 | SATURATION % [FINAL SAT

desert earth engineering
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f., Antwerp.
Saligh, M. M. (1978).

‘one penetrometer and Performance of vertical drains at Queenborough bypass

tept, Dept Civ. Engng,

'f consolidation coef- D. P. NICHOLSON* and R. J. JARDINE#+

1. Fdns Div. Am. Soc.

avities in irfinite soil
Am. Soc. Civ. Engrs.
The bypass round the town of Queenborough on the Isle

74). Consolidation of of Sheppey, Kent is constructed on soft alluvial clay up to
Is with finite perme- 10 m deep. Where the bypass bridges an existing railway
1 Engn 14, No. 2. line the approach embankments rise to a height of 7m

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 65mm dia. Sandwick

drain and a 300 mm wide AV Colbond fabric strip drain.
. The Paper compares the consolidation parameters and

settlements 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 Déviation autour de la ville de Queen-
borough sur I'lle Sheppey, Kent, a été construite sur de
l'argile alluvionnaire molle d’une profondeur atteignant
10metres. La ou la route de déviation passe au-dessus
d'une ligne de chemin de fer existante, les remblais
d'approche s’¢lévent a une hauteur de 7m au-dessus du
terrain marécageux existant. La construction des remblais
a commencé en 1976 mais les valeurs obtenues a I'aide
d'instruments de mesure indiquaient que 'on ne pouvait
dépasser sans danger 30 m pour le remblai initial. Une
analyse ultérieure a révélé qu'il faudrait prévoir des drains
verticaux pour accélérer la cadence de consolidation et
pour permettre de terminer les remblaisdans les limites du
programme de construction portant sur trois ans. Des
essais de perméabilité in situ a charge constante ont été
effectués en réduisant la pression interstitielle a I'extrémité
du piczométre d I'aide d’'un matériel récemment mis au
point. Deux types de drains verticaux ont été testés par la
suite lors des essais effectués en 1978; 1l sagissait du drain
du type ‘Sandwick’ de 65 mm de diamétre. et du drain du
type @ bande de toile AV Colbond’, de 300 mm de large.
Larticle compare les paramétre de consolidation et de
tassement, deduits des essais de consolidation en
laboratoire et des essais de perméabilité in situ, a la
performance sur place du remblai avec et sans drains

l *Ove Arup & Partners.

+ Kent County Council.
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verticaux. Les comparaisons effectuées révélent une
réduction analogue du coefficient de consolidation
lorsque la contrainte efficace dépasse la pression de pré-
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 +8-5m OD, approximately 7m above

the original ground level, is shown in Fig. 2.

The initial site investigation was undertaken by
Kent County Council in 1973 and revealed about
10 m of soft 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 might be sufficient to
provide adequate horizontal drainage to cnable the
embankment to be constructed with & 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 advice on alternative
ways of completing the embankment.

Further site investigations were 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 made by the use of lightweight fill
coupled with a lengthening of the viaduct and a
revision of the vertical alignment.

In order to arrive at the most efficient design,
studies of the in situ permeability were carried out
to evaluate the drainage properties of the soil. In
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Fig. 2. Section along centreline of northern approach embankment

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 studies, 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 contrict was
subsequently let to Cementation Ground t ©1gineer-
ing to install 7500 Sandwick drains in the approach
embankments. This work was carried out between
October and December 1978. Embankment con-
struction is now nearing completion and it is
possible to compare the predicted and measured
performance of the vertical drains.

GROUND CONDITIONS AND SITE

Attheapproach embankment ground levels vary
from about OD to +1-8m OD. the lower areas
being associated with drainage ditches and chan-
nels. The vround surface is covered by rough marsh
grasses. The groundwater level is subject to

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 1 m
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 —8:5m OD below a firm desiccated
crust which decreases in strength with depth to
—0-5m OD, 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 OD.

During the 1978 site investigation, borings were
made in sets of three. Consecutive 1 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 of drying
to examine the soil fabric. This revealed numerous
vertical 1-2mm dia. hollow root holes in the
alluvial clays, with occasional 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 of reed stems were occasionally found
(Fig. 2). At the base of the alluvium a layer of gravel
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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 0-8 below —2m
OD.

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 detailed laboratory testing
which included consolidation tests, unconsolidated
‘quick’ undrained triaxial tests (UU) together with
isotropically (CIU) and anisotropically (CAU) con-
solidated undrained triaxial tests.

Consolidation tests

Consolidation tests were made on 75 mm dia.
samples over a representative range of depths 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
plotofsettlement versus the square root of time /1.
Further increments above preconsolidation pres-
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 ratio
profiles (Fig. 4(b), (c)) on which the primary settle-
ment calculations shown in Fig. 4(d) were based.
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Shear strengths

The stability of the first stage of construction was
governed by the original undrained shear strengths
illustrated in Fig. 3(c). The field vane strength differs
from the overall strength mobilized in embankment
failures because of strain rate, anisotropy and
progressive failure effects; the empirical correction
factors proposed by Bjerrum (1973) were applied to
the data in order to produce design parameters.
One of the case histories used by Bjerrum to
develop the vane correction factors was that of
Scrapsgate, approximately Skm north cast of the
Queenborough bypass site (Golder & Palmer,
1955).

Using these corrected strengths, undrained

stability analysis showed that a maximum thick- -

ness of ground of about 3 m of fill could be placed in
the first undrained loading stage. Construction to
higher levels required a multi-stage construction
technique with consolidation pause periods
between lifts so that cach increment of load could
be balanced by a corresponding gain in strength.
The multi-stage analysis was based on the assump-
tion thatconsolidated undrained strengths ¢, would
grow in proportion to their maximum vertical pre-
consolidation stress p./, and the calculations were
therefore dominated by the choice of ¢ /p." ratio
(where ¢, is undrained shear strength). Both iso-
tropically consolidated undrained (CIU) and aniso-
tropically consolidated (CAU) undrained triaxial
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compression tests were carried out over the range of
effective stress anticipated under the embankment
to assess the correct choice of the parameter ¢ /p.’
as shown in Fig. 5(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 ¢,/p, = 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
SHANSEP procedures of Ladd & Foott(1974), and to
the work of Wesley (1975) on the Thames alluvial
clays.

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 +2-5m OD with chalk
fill being placed above this level. The bulk density of
the free-drainage material is about 22 kN/m3, while
the bulk density of the chalk is about 18 kN/m?>.

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 (10 April, 1978).

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 reduced slightly, with this material being used
to form a 0-5m thick toe surcharge in the critical
areas.

The development of the vertical and horizontal
displacements is best illustrated by the records of
settlement gauges S6/5 and S6/4 and readings from
inclinometers I8 and 19 measured 2m below
ground level (Fig. 6(c)). Typical displacement pro-
files for contract day 140 are shown in Fig. 6(d) and
(e). Tavenas. Miessens & Bourges (1979) proposed
that the non-dimensional ratios y,,/s (i.e. the maxi-

mum inclinometer movement at the toe divided by
the centreline settlement) and its differential Ay, /As
may be used to compare the displacement patterns
beneath different embankments. The ratio Ay, /As
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
+07m OD) and two deep piezometers (P6/1 at
—56m OD and P5/2 at —54m OD). 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
—2m OD, 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 P5/2 to:

embankment pressure at the centreline is shown in
Fig. 7(a), together with that of P2/1 at —5:5m OD
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
changesin vertical effective stress, above —2m OD,
corresponded to the area with greatest vertical
settlements as shown on Fig. 6(d). This process of
rapid reconsolidation to p.’ followed by very slow
dissipation above this stress level is also reflected in
the 5kN/m? difference between the centreline
piezometer response and the applied embankment
pressure for piezometer P5/2. 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
Tavenas & Lerouil (1980).

Construction pause period

No additional construction took place from
contractday 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(c) for contract day 708 and these
may be compared with the contours for contract
day 140 shown on Fig. 6(3). These indicate that very
little lateral drainage was occurring under the
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centre of the embankment.

The profiles of piezometric pressure (Fig. 6(f))
showed significant dissipation between —3 and
—6m OD which was also demonstrated by further
settlement between these levels. However, the
instrumentation below —6 m OD 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) ¢,, of 9m?/year above
—25m OD, and 1-0 m?/year below this level.

VERTICAL DRAIN DESIGN 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 of completing
the embankment within these constraints.

The design requirements for the vertical drains
were based on the following 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 of embankment
construction while maintaining a minimum factor
of safety of 1-25. Secondly, the primary consolida-
tion at the abutments had to be at least 959
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, particularly adjacent to the bridge
abutment. A design differential settlement limit of
1:250 was used in the calculations with the pro-
vision that, at road construction stage, the vertical
alignment would be finally adjusted to account for
remaining primary and secondary consolidation.

As the first stage of loading had shown the
Queenborough clays to be relatively impermeable,
it was considered that a vertical drain system would
generate a nearly one-dimensional radial con-
solidation pattern and that Barron's (1948) simple
cqual 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’

coefficient of. vertical consolidation due to

s ]
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Fig. 8. Laboratory consolidation parameters

horizontal radial drainage c,,, which, being a
combined permeability and compressibility
parameter, was expected to vary with effec-
tive stress, since

_kh

m

th P
viw

where k, = horizontal permeability;
m, = modulus of volume change; and
7w = unit weight of water; c,, and k, similarly
apply to vertical drainage conditions

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 effects, 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 carried out.

(b

~

Laboratory consolidation parameters

The range of ¢,, 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 oedometer
tests for his D-type clay into which group the
Queenborough clays broadly fall. The results of
both vertically and horizontally draining 250 mm
Rowe cell tests on similar soils from a nearby site at
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Cliffe are also given. All the tests showed the same
overall trend for the coefficient of consolidation to
fall steeply with increasing effective stress. The
value of ¢,, of 1 m?/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
effective stresses under the centreline increased to
60-70 kN/m? by contract day 708. On completion
of the embankment vertical effective stresses of up
to 200 kN/m? are anticipated.

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 house. 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 12V 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 monitored by the rate 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).

Calculations of permeability and test requirements

Field permeability is usually found from a steady
state flow calculation. However, in clayey soils. the
testinvolves a consolidation process and the stc.dy
state flow rate ¢’ is only approached afic: a
considerable interval of time. This consolidation
process is dependent on the initial effective stress
and pore pressure regime induced in the ground
surrounding the piezometer cell (Gibson, 1970).
This in turn is a function of the magnitude and sign
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 effective stress distributions
in the soil will temain unchanged. This corresponds

to A = 1/3in 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>l,where T = ¢, t/a,? 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 ¢
versus 1/,/t plotto g, at 1/{/t = 0.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 ¢,
was obtained by fitting Gibson’s curves (Gibson,
1970, Fig. 1) relating ¢,, g, ¢ and the pore pressure
parameter A to piezometer data plotted as ¢ versus
1/\/t. Figure 9(c) shows a range of curves which
have been fitted through a specific data point at the

end of an 8-:25h test that satisfy Gibson’s solution :

for m, = 1:5m?/MN and three values of A.

The plot of field data falls between the theoretical
limits of a perfectly rigid cell, and a perfectly
compressible cell with 4 = 1. Within these bounds
the value of ¢, (and hence ¢,) 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 1. For ¢, = 0-3 m?/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 T*to 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 withdrawal 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 used to achieve higher
values of T withina given period. At the completion
of the test further confirmation of the permeability
may be obtained by monitoring the recovery curve
as a rising head test.

Results

The coefficients of consolidation ¢, were calcu-
lated from the permeability data by using the
coefficient of volume compressibility m, obtained
from the laboratory consolidation tests over the
relevanteffective stress range. The calculated coeffi-
cients of consolidation are plotted against the
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Fig. 9. In-situ permeability tests; (a) hydraulic piezometer system; (b) standpipe piezometer system; (c) test results: solid
lines represent ‘theoretical’ curves caused to pass through point of intersection for the following assumptions: in spherical
piezometer, 0-14m radius; compressibility from oedometers, m, = 1-5m?/mN; piezometer draw-down = 7-2m; (d) co-

efficients of consolidation

effective stress range induced in the soil during the
test in Fig. 9(d). The reduction in c¢,,, caused by
increasing the draw-down on the Casagrande
standpipe piezometer and therefore the effective
stress around the cell may be seen in Fig. 9(d).

In 1980 some additional permeability tests were
made on the same hydraulic peizometers tested in
1978. During these two years consolidation had
occurred in the soil under the embankment and the
in situ vertical cffective stresses had increased by
about 70kN,;m*. The coefficient of consolidation
has decreased by a factor of about 3 as the vertical

effective stress has increased.

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 jetted sand drains as well as the
various band and wick drain systems. However. the
need to install the drains through the existing
embankment  without impairing its integrity
limited the trials to the Sundwick and AV Colbond
systems.
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Sandwick drains

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 95mm 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-:5m below the top of the embankment.
A 12m 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
Sandwick drain was provisionally assumed for
preliminary purposes to have an equivalent theore-
tical diameter of 65 mm. i

AV Colbond drains

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
1-7m of chalk and loosening the upper 0-5 m of free-
draining material using a crane-mounted auger
(Fig. 10(a)). A 165 mm dia. lance was then driven,
using vibration, to a depth of 13-5m. A disposable
anchor plate retained the fabric in position in the
soil when the lance was retracted. To induce the
fabric to leave 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 drain 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 250-300 mm dia. sand drain. An equivalent
diameter of 220 mm was assumed in the design of
the drainage trial.

Layout of trials

Two trial areas were prepared; area A consisted
of 256 AV Colbond drains, and area B consisted of
406 Sandwick drains. as shown on Figs 1 and 10(c).
The Sandwick drains were set out on a 1 m square
grid which allowed a direct comparison with a
previous trial at Sandwich bypass, and the AV
Colbond drains were set outon a 1:35 m square grid
to give theoretically similar rates of consolidation
based on the equivalent drain diameters discussed

previously. These drains were installed between 12
and 20 April, 1978.

Instrumentation of trials

Use was made of the existing instrumentation at
trial area A to monitor the AV 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 instrumentation was installed
to monitor the Sandwick drains in trial area B (Fig.
11(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. 11(c)). These indicated a maxi-
mum of 0-5m 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 scttlement multiplied by the area of.

influence of the individual drain over the same
period of time.

Results of trials

Typical piezometer and settlement gauge records
for both trial areas are shown in Fig. 12(a) and 6(c).
Increases in piezometric levels of up to 3m 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 45 mm in both areas, indicating
the relatively low compressibility of the soil during
this phase of consolidation. The piezometric level
and settlement profiles shown in Fig. 12(b)illustrate
the relatively uniform nature of the dissipation
throughout the full depth of the alluvium as water
flowed from the soil into the drains and then to the.
surface.

A comparison of the rates of dissipation of excess
head. taking the time origin from when the piczo-
metric level returned to its pre-installation value, is
given in Fig. 13. This shows that dissipation was
more rapid in the Sandwick trial area B than in the
AV Colbond trial area (Fig. 12).

For comparison the dissipation curve for a I m
square grid of drains of 65 mm equivalent diameter
is also shown in Fig. 13(a) computed from Barron’s
theory with a coefficient of consolidation ¢, of
I'm? year. The curve fits the field data reasonably
well between day 20 and 60. However, for the AV
Colbond trial area the same theoretical curve was
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300mm dia. hole
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3m thick

—Alluvial crust
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thick
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Al

(a)

165mm OD tube with
12:5mm wall thickness
0

Anchor plate 90 angle
50-8 x 46mm 350mm long

(b)

Fig. 10. (Above and facing page.) Vertical drain trials: (a) AV Colbord drain installation method; (b) details of AV

Colbond installation lance; (c) layout of drain trial areas

only found to fit well if the equivaicnt 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 AV Colbond drains would be required at
1-15m 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
effective stress.

PERFORMANCE OF SUBSEQUENT STAGES OF
EMBANKMENT CONSTRUCTION

The vertical drain trial confirmed the tendency
forc,,, to fall with increasing effective stress and also
gave reliable equivalent drain diameters for the full-
scale design. The design coefficient of con-
solidation was taken as 07 ml/ycar for effective
stresses below 130 kN/m?, and 0-35 m?/year above
that value after considering the field permeability
tests (Fig. 9(d)), the laboratory consolidation data
(Fig. 8) 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 be
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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 width of the
embankment, the square grid spacings in the blocks
being progressively increased from 0-9m at the
abutment to a maximum of 3m 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 13kN/m?. 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 stability control charts which give the upper
piczometric level for various embankment eleva-
tions to maintain the minimum factor of safety.
These were used as the primary construction
control method. The predicted settlement required
before a further 0-5 m lift of PFA could be added is
also shown. This was based on the laboratory
consolidation tests and used as a secondary control

Standpipe piezometer (1978)
X Magnetic settlement gauge

to check the overall consolidation of the alluvial
clay. Good agreement can be seen between the
predicted and actual settlements shown in Figs 15
and 16 immediately before placing additional lifts.
By contract day 1580 (September 1980) the Sand-
wick trial area had settled 1-2 m compared with the
1-0m in the AV Colbond 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 exception of instrument B/3/3 which was
apparently installed in a more permeable peaty
layer found at —4:7m OD. The permeability test
on piezometer B/3/3 showed the soil around the tip
to be up to 10 times more permeable than at other
piezometers. The development of lateral displace-
ments may also be seen from Fig. 15 which shows
the plot for the maximum movements at 3 m depth
for Inclinometer 19.

From contract day 1060 to contractday 1600 the
lateral movements occurred at a fairly uniform rate.
The ratio of changes in the lateral movements to
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Fig. 15.  Sandwick performance; contract days 1000 to 1600

centreline vertical settlement was about 0-20. From
an analysis of case histories, Tavanas & Lerceil
(1980) suggest a ratio of 0-09 for the 1in 2-3 side
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 coefficient of consolidation
¢, With effective stress to be calculated from the
piezometer records between contract day 700 and
1600. This has been done by assuming only radial
drainage and applying Barron’s solution which
gives .

4u 2 r r? —rw2
d?F, e !l : 2

excess pore pressure at radius r

= average excess pore pressure
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Fig. 16. AV Colbond performance; contract days 1000 to 1600

The relationship between u, and u expressed in
equation (1) is a function of the geometry and
independent of time. A result of this equation is that
a piczometer placed near the centre of the grid
should express a constant proportion of the aver-
age pore pressure.
The variation of & with time is
0= uye? (2

u, = initial average pore pressure

;= 28T _ —8cwt

F F,d?

n

Differentiating equation (2) with respect to time
and substituting equation (1)

du  —8c¢,, - 3)
700 .
dt ~ F,d:" e
or
d —8¢
uir o (_\h_ (4)

dr C Fdr "

The bulk coefficient of consolidation (horizontal)
¢,, has been back-calculated using equation (4),
taking the excess pore pressure and rate of dissipa-
tion from the piezometer records over increments
of time when the embankment load remained
constant. The coefficients of consolidation ¢,
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 AV Colbond
area. A similar variation of ¢,,, with effective stress
may be seen.

The in situ permeability tests which were also
performed on the same piezometers in the Sand-
wick trial area (Fig. 9(d)) show similar values of ¢y,
to those obtained from Barron's theory shown in
Fig. 18. Furthermore, in this case the ¢, values are
similar to those obtained from the laboratory
consolidation tests shown in Fig. 8.

The permeabilities calculated from the in situ
tests described in the Paper do not necessarily
correspond to the undisturbed tield horizontal
permeability because the piczometer installation
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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 para-
meter varies with effective stress. This limitatien
can be overcome by analysing the dissipation over
small increments of effective stress, ie. 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 stress
between the piezometer boundary and some distant
radius is not known. However, by incrementally
increasing the draw-down the sensitivity of the bulk
horizontal permeability k and hence bulk ¢, can be
found.

At Queenborough the similarity of the results
obtained from the small driven hydraulic piezo-
meter and the large augered standpipe 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
laboratorv consolidation tests and the field per-
formance. Draw-down tests at other 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 ¢, derived from 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). Back-calculated ¢y, values for this stage of
dissipation, where the vertical effective stresses
were less than the values before drain installation,
are also shown in Fig. 18. These initial ¢, 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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the vertical drain trial results.

Other in situ methods of obtaining a ficld
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
based on monitoring the decay of excess pore

pressures caused by expansion of the pressuremeter
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 embankment construction on soft clays
where the preconsolidation pressure is often
exceeded.
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Itis therefore recommended that the appropriate
in situ test which models the proposed construction
work should be selected. In the case of embankment
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 m, obtained from laboratory consolidation
tests to obtain a bulk ¢, 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 assessment of the coefficient of consolidation
¢,y, 18 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 65mm 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 Sandwick drain 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 edges of the fabric strip had folded inwards
or had become compressed. Hydraulic head losses
measured in both types of drains did not exceed
0-5m 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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Cover Story

More than 3,000,000 L.f. 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
the grime are saving time on a new ma-
rine terminal in Baltimore.

The 113-acre disposal area for spoil
from the [-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 $10.9-mil-
lion, 600-calendar-day project for the
Maryland Port Administration.

“Itis all on a fast track schedule,” said

>titeh in

n s

A tractor-supported sewing machine stitches seams along heavy, hand-spread geotextile used to support workers and equipment constructing
new marine terminal on soft, wet dredgings in Baltimore Harbor. '

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 use 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 ‘September 1985

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 2'% 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 30 ft. down into
the soft goo.

The toughest part is punching through
the heavy geotextile, which is usually
done with the rig’s 15-ton static force.
On occasions, a short burst of vibratory
power helps. Once the pointed mandrel
tip pierces the geotextile, the mandrel is
pushed almost effortlessly to the bottom
of the spoil and withdrawn leaving the
wick behind.

After the mandrel is withdrawn, a la-
borer cuts the wick material with hand-
held hedge trimmers, doubles the loose

A 2'>-ft. layer of sand and 6 in. of slag are
Spread over geotextile by wide-track dozers.
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end back into the eye of the mandrel and
inserts a 9-in. length of '2-in. rebar to
hold the wick snuggly in position for the
next insertion.

One wick every 30 seconds
John Singleman, the foreman for Geo-
technic, regularly installs one wick every
30 seconds as the rig rotates from side to
side inserting two or three rows of wicks
from a single setting. The wicks are
spaced about 5 ft. apart in a diamond-
shaped pattern. Daily production, includ-
ing downtime to change reels of wick
material or for major movement of the

machine, ranges from 10,000 to 18,000
I.f. installed per 10-hour day.

A Rioile: mod e Mh 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 70,000-1b.,
11%-ft.-wide rig can be walked onto a
special four-axle, hydraulic.beam trailer,
jacked up to provide 6-in." of clearance
under its tracks, and moved over the
highway as a 112,000-1b., 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 flat, 4-
in.-wide sleeve of nonwoven filter fabric
surrounding a ribbon of longitudinally
corrugated plastic.

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 system 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 2!-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 in one direction and poly-
cster in the other. The fabric weighs
nearly two Ib. per sq. yd. and has a ten-
sile strength of more than 1000 Ib. per
lincal inch in each direction.

The fabric, which comes in 1200 Ib.
rolls about 16%-ft. wide and 270 ft. 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

Tne modified wide- track excavator wzth 56 ft. mast st:// smks into soft ground wh/le installing
more than three million 1.f. of vertical wicks to drain the wet 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.

Honzonta/ drains are /nsta//ed in 22%-ft. sand blanker to col/ect water to be discharged from
vertical wicks after a heavy, earth surcharge is placed.

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 cight laborers to support
and shape the fabric seams for the sew-
ing machine operator.

Sand spread over geotextile

About 250,000 cu. yd. of sand is being
spread over the seamed geotextile to a
2% 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 D31P
wide-track dozers.

Slag is placed in a similar manner af-

ter the sand course has been leveled by
the small dozers 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. O

More information on equipment used is
available by circling the appropriate Reader
Service Numbers in this issue.

176 Hydraulic excavator

177 Vertical wick drains

178 Perforated underdrains

179 Trencher

180 Extra heavy woven gcotextile

181 Farm tractor

182 Portable generator

183 Small dozers
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What’s new and different in drainage . .. for foundations . . . for surface runoff

Drainage

for area drainage . . . and for construction sites.

S

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 move 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. Dfa’magc of the construction site so the contractor

<

geway

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.

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-
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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-

» 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 slows 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 are 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 on-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 are 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
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and trenching machines have been adapted to retrofit existing highways with n

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 Urbar Stormwater Management, is one of the
most comprehensive documents on that topic we've seen. It
provides legal and operational perspective for managing urban
stormwaters, and detailed guidelines for planning, designing
and constructing stormwater management facilities. This 15-
chapter;"285-page documentis availablé af a cost of $30 plus
postage through APWA:4:313<E.-60th St:>Chitags I ‘60637.

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-
O, Nassif Building; 400 7th St., SW, Washington, DC 20590.

Reference manuals for these workshops are already avail-
able. They include:

* HEC 12—Drainage of Highway Pavements (1984);

* HEC 13—Hydraulic Design of Improved Inlets for Cul-
verts (1972);

* HEC 14—Hydraulic Design of Energy Dissipators for Cul-
verts and Channels (1983);

* HEC 15—Design of Stable Channels with Flexible Linings
(1975); and,

* 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 FHWA Office of Engineering;
Bridge Div., HNG-31; 400 7th St. SW, Washington, DC
20590. : O

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




. Geofabric Floats
Swamp For Easy

lin :
Access

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. O

More information on equipment used is
. available by circling the appropriate Reader
imm. ~ Service Numbers in this issue.

195 Geotextile

196 Dozer

B vaym
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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.
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“aﬁmer Jahs@n 53 UECE( | Transmissions, ménufactured by TWIN DISC,

WICHITA and FUNK. We also stock the parts

delivery of a rebuilt S T =)
almer Johnson Distributors offer the knowledge-
CEUECh pT@ Sa\‘led me able service that you need to stay on the job. .

$10,000 a day.””

) “A COMMITMENT TO SERVICE”
Your Palmer Johnson rep is a veteran of years of on-
the-job experience. With a phone call, you can have PALMER JOHNSON DISTRIBUTORS, INC.

that technical skill at the job site. POWER TRANSMISSION GROUP
Our 3 locations offer same day shipment of new Madison, Wl Chicago, IL  Minneapolis, MN
or rebuilt Clutches, PTOs, Torque Converters and 608-222-3532 312-250-0370 612-770-0440

| For more details circle 34 on Reader Service Card
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December 6, 1985

Simons, Li & Associates
P. 0. 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,

S e
Tom Cunningha

AMERICAN WICK DRAIN CORPORATION

TC:1b
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A soil drainage wick
for accelerating
settlement through
vertical drainage

DEWATERING WICKS
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AMERDRAIN VERSUS SAND DRAINS

AMERDRAIN 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

. No water is usually required during installation

eliminating environmental nuisance and cold
weather problems.

. 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.

. The design and high strength of the AMERDRAIN

assures drain operation despite large lateral soil
movement or high soil pressures.

. Installation is feasible to depths of over 50 meters

(164 feet).

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.

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
1¥2 or 2-to-one ratio is more common. To obtain op-
timum results, a complete geotechnical analysis
should be completed to finalize drain spacing.

PHYSICAL PROPERTIES

(i AMERDRAIN 407 VALUES TEST METHODS
‘ Drain Core Polypropylene
. Filter Fabric Polypropylene
Weight 93 gm./m. (1.0 oz./ft.)
Width 100mm. (4 in.)
Thickness 3mm. (1/8 in.)
Grab Tensile* 61.3 kg. (135 lbs.) ASTM D1682-64 (1975)
Elongation at Break* 62% ASTM D1682-64 (1975)
Modulus* 544 kg. (1200 lbs.) ASTM D1682-64 (1975)

ASTM D2263-68
ASTM D751-73
ASTM D774-46
ASTM D1175-71

33.6 kg. (74 1bs.)
22.7 kg. (50 lbs.)

14 kg/cm.? (200 psi)
19.1 kg. (42 lbs.)
Specific Gravity 0.95

Flux* 3238 lit./m.2/min.
(230 gal./ft.2/min.)

Trapezoidal Tear”
Puncture Strength*
Mullen Burst”

Abrasion Resistance®

EURM-100 (DuPont)

Coefficient of HoO
Permeability (K)* 2 X 10%cm. /sec.

(7.9 X 1078 in./sec.)

EURM-100 (DuPont)

“Data for filter fabric only

@he 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.

TANK FARM FOUNDATIONS & ~
MATERIAL STORAGE AREAS

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.

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.
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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..

I A AR P B IS A PR KA NI et ey T T T T s SO =T
F)(é?go NSRS &.O_.)i'g,oqb§.\sg?o°o?q oagzqac"‘“g.o 2258052 NN
S8 250070085 N P0G E S0 - 28 0B M O

o




HOW AMERDRAIN FUNCTIONS

w:e function of the AMERDRAIN has two aspects — 1)
Fhe 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
t 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 sail 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 sail 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-

tems. 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 3
50x Magnification of AMERDRAIN Filter Fabric
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Figure 5
AMERDRAIN Wick Core




INSTALLING AMERDRAIN

AMERDRAIN 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 P
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 800 438-928] & 704 821-7681 Telex 572385

AB1-0983-5C




GEOTECHNICS

ANERICA, INC. e
INSTALLERS OF

SOIL DRAINAGE WICKS

Geotechnics America Inc. is a nationwide construction firm specializing in the supply
and installation of AMER-DRAIN scil 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
Maximum Depth 125’ (40 meter )

10’

216 VIBRATOR

Geotechnics America's drain equipment is capable of in-

stalling drainsto 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-

SUSPENSION ration force. Production rates of 8000 - 10,000 feet
per day are typical.

110" MANDREL

30’

——SIDE BLOCK

90’ BoOM.

40’

£

40’

HYDRAULIC SPOTTER

19'-8" - 29'-8"°
g

AV

BOTTOM SECTION ——

GEOTECHNICS
AMERICA, INC. oo e

1-0482-3S Printed in S 4



New materials
are speeding
construction
and cutting
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 major 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

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-

An ICE 216 vibratory
driver is being used to
place the wick drains.

N R

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 Ib. power pack.

The general contractor’s
superintendent, John Cox, said
that about three weeks after the
vertical wick drains were installed
in one area 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.

DIXIE CONTRACTOR, October 7, 1983
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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 appllcatlon, 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.

Sincerely,

& pir

R.E. Slicker
Market Manager

FJP/ti
Enclosure

0951
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We’ll show you dozens of
reasons why it’s

® | #1 intheland.

ADVANCED DRAINAGE SYSTEMS, INC.




Corrugated polyethylene tubing from
Advanced Drainage Systems, Inc. pro-
vides years of trouble-free drainage ina
wide variety of applications, at a cost of
just pennies per foot. Lightweight ADS
tubing is available in continuous coiled
lengths, orin straight lengths, and is
flexible and easy toinstall, 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.

Afullline 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 toinstall than PVC, clay,
concrete or corrugated metal. ADS
snap-on fittings and couplings keep in-
stallation time and labor to a minimum.

Choose ADS tubing

Exterior foundation drains are neces-
sary for both residential and industrial
buildings, below the level of the lowest
floor, where high water tables and rain-
water resultin 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 collectand carry the waterto 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

alength of non-perforated tubing from

the drainin 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
recentinnovation, 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 evidentin
highways which begin to deteriorate
afteronly 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 toinstall.

C



Culverts are easily drained with ADS
culvert pipe; itis 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. Itis ap-
proved by most state departments of
transportation, and many county and
local regulatory agencies. ADS culvert
pipeis availablein 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.

Afrport 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-
jectto 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, tokeep
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 itis 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. Inthe 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.
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for a variety of applications.

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 duty
drainage applications. This corrugated
pipe may also be adapted to other drain-
age needs.

Applicable Specifications and

Installation Guidelines

1. ASTMF 405, Standard Specification for
Corrugated Polyethylene Tubing and
Fittings.

2. ASTMF 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 quality—
#1intheland.

ADVANCED DRAINAGE SYSTEMS, INC.




Ec:sy—to -use heavy-duty ADSﬁttmgs

Split Coupli Couplin al Coupler Internal
d e e e internajodple Reducing Coupler
3"-311 8- 811 X ‘ o PNy ol
4'-411 10°-1011 3-312 6'-612 4-415 5'x4'-514 10"x 8'-1018
5-511 12"-1211 4-412 8812 5'-515 5'_4"-425 6'x4—614 12'x10"-1210
i 6"-611 15"-1511 §°-512 10"-1012 6"-615 6"-5"-526 6"x5"-516 15"x12"-1512
! Snap Tee Saddle Tee Blind Tee Downspout Adapter 45°y”

R\
q

i
==

3" — 364 (3Vsx 21%)

3"-321 5"-525 4"-443 6"-646 3"-341 5"-541 4" — 464 (3Vax21%) 3"-322 5"-522
| 4"-421 6"-626 5"-545 8"-843 4"-441 6"-641 4" — 465 (3 x 4V4) 4"-422 6"-622
i Spin-on Couplings Split End Cap Snap Adapter Reducing Tee (Multiple)

644-6"t06"/6"t0 5"
6"t04"/6"to 3"
844-8"t08"/8"to 6"
8"to5"/8"to 4"
1044-10"to 10"/10"to 8"
10"to 6"

1244-12"t012"/12"t0 10"

3"-331 8'~ 831 12't08 .
4431 10"-1031 3-362 6662 AL P

18"-1811 5"-531 121231 4-462 8862 a4 L

24'-2411 6'-631 15"-1531 5'-562

Perforated Tubing

3"-801-300’ Coils
. 4'-401-250’ Coils
5"-501-165" Coils

Non-Perforated Tubing

3"-351-300’ Coils
4"-451-250' Coils
5"-551-165’ Coils

Protective Wrap

Heavy Duty Tubing

6"-601-100' Coils 6"-651-100" Coils Sock Perf. Non-Perf.
8'-801- 20’ Lengths 8"-851-20" Lengths Drain Guard ® 373-300' Coils 8"-801 851-20" Lengths
10"-1001-20" Lengths 10"-1051-20" Lengths 3'-372 473-250' Coils 10'-1001  1051-20° Lengths
12"-1201-20° Lengths 12'-1251-20" Lengths 4'-472 573-165' Colls 12'-1201  1251-20' Lengths
15"-1501-20' Lengths 15"-1551-20" Lengths 5'-572 oreo100 Calls 15"-1501  1551-20" Lengths
18"-1801-20' Lengths 18"-1851-20" Lengths g:g;g {6va50" nggthz 18'-1801  1851-20’ Lengths
(301 and 401 also available in (351 and 451 also available in 10'-1072 12'-1273-20' Lengths 24"-2401  2451-20’ Lengths

bundles of ten—10" lengths.)

bundles often—10’ lengths.)

12'-1272 15"-1573-20' Lengths

Advanced Drainage Systems, Inc.,
is America’s leading manufacturer of

uality corrugated polyethylene pipe. CALIFORNIA MICHIGAN
ﬁ/lanu)f/acturegd of seﬁecyted yol etﬁ p' e o g e palr cranog
| ! polyethylene (209) 674-0903" Owosso (517) 723-5208
resins, ADS pipe meets the strictest GEORGIA NORTH
roduct quality standards and industr Atlanta (404) 393-0602" CAROLINA
p 0 q y y Montezuma (912) 472-7556 Rowland (919) 422-3303

specifications.

In addition, ADS manufactures a
complete line of fittings and couplings,
simplifying installations for highway and

ILLINOIS OHIO

Harvard (815) 943-5477 London (614) 852-9554
Monticello (217) 762-9448 Napoleon (419) 599-9565
IOWA (419) 599-0585*

B : S Cresco (319)547-3105 Wooster (216) 264-4949
construction drainage applications. Creston (515) 782-8565 TEXAS
From coast to coast, ADS tubing is Eagle Grovs {o15)446:5101 Ennis (214)875-6591
. . s lowa City (319) 338-9448 VIRGINIA
available through the industry’s most 1 -3689° .
O e (319) 338-3689 Buena Vista (708) 261-6131
extensive distribution network. For the KENTUCKY WASHINGTON
name of your local distributor, contact \L/:fsr;}g: EZSZ; g;gggjg Bellevue (206) 643-2770°
the nearest ADS sales office. Washougal (206) 835-8522
MASSACHUSETTS
Palmer (413) 283-9797 *Sales Office Only
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It's your sign of quality—#1 in the land.

Corporate Office :
3300 Riverside Drive ' :
Columbus, Ohio 43221 * 3

(614)457-3051 LAAAN GEF—
ADVANCED DRAINAGE SYSTEMS. INC

«Copyright Advanced Drainage Systems, Inc 1982 All rights reserved  Printed in US A Form #L3030 *Drain Guard is a registered Trademark of Advanced Drainage Systems. Inc U.S. Patent Nos. 3699684 and 3830373

*The Green Stripe is registered in U S. Patent and Trademark Offic
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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 poliutes 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.

Watersaver

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 e LATEST FABRICATION
TECHNOLOGY « ECONOMICAL

USES

INDUSTRIAL PONDS e« BRINE PITS ¢ IRRIGATION
RESERVOIRS » FIRE WATER STORAGE ¢ SOLAR
EVAPORATION PONDS « CANAL LININGS » FLY ASH
& SOLID WASTE LEACHATE CONTROL e LAND-
SCAPE LAKES ¢ SEWAGE LAGOONS e COOLING
PONDS e« SLUDGE DRYING BEDS ¢ OIL SPILL
CONTAINMENT e POTABLE WATER RESERVOIR
LININGS & COVERS « ANDMANY 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.
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SITE PREPARATION

: S P S A5 \ o0 i Excavation is completed by the earthmoving

o — 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.

v
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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.




GENERAL MEMBRANE LINER INFORMATION

FACTORY FABRICATION

Just as you know there is no one liner
that meets all containment problems -
there is no ore 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
Quality Control is your assurance of the
Worlds finest membrane linings from
Watersaver Company.

FACTORY FABRICATED
ACCESSORIES

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 available 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.

PANEL SIZES

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.

INSTALLATION

Watersaver membrane lining systems
are easily installed. A technical service
representative is available from Water-
saver Company to instruct the installa-

tion contractor in recommended pro-
cedures.

ECONOMY

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.

OIL RESISTANT POLYVINYL CHLORIDE (ORPVC)

ISOBUTYLENE ISOPRENE (BUTYL) (lIR)

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 pH2to 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 NR| R NR
DOMESTIC WASTE R R RR| R R R R
ROOFING MEMBRANE NR| R NR| R R NR | NR

R - RECOMMENDED

RR - RECOMMENDED ONLY WITH REINFORCING

NR - NOT RECOMMENDED

THE ABOVE ARE GENERAL GUIDELINES ONLY. MATERIAL SELECTION SHOULD BE BASED {
ON SPECIFIC PROJECT REQUIREMENTS. CONTACT WATERSAVER FOR RECOMMENDA-

TIONS.

Have a question about liners? Call Toll Free 800-525-2424




| Watersaver
MEMBRANE
LININGS

HYPALON®
(Chlorosulfonated Polyethylene)

...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.

PVC (Polyvinyl Chloride)

...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 PVC to maximize its service life as a fluid
barrier.

OR CPE (Chlorinated Polyethylene)

...specifically formulated for resistance to oils. Mem-
brane features excellent weatherability, sealability,
chemical resistance and long term durability. CPE does
not require a cover material for most applications.

OR CPER
(Reinforced Chlorinated Polyethylene)

...specifically formulated for resistance to oils. Offers all
of the desirable characteristics of Watersaver CPE and
in addition, provides greater strength and resistance to
creep, sagging, and puncture where conditions of use
are severe, such as steep slopes or other high stress ap-
plications. .

EPDM
(Ethylene Propylene Diene Monomer)

...has been used for roofing and lining applications for
many vyears. Superior weathering and elongation
characteristics have made EPDM the most widely used
single ply roofing membrane in the U.S.A.

EPDM R (Reinforced EPDM)

...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.

NOTE: Product information is of a general nature. Specific
application may vary.

Hypalon® is a registered trademark of E.l. du Pont de Nemours & Co. (Inc.)




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
Company 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...

WATERSAVER'COM PANY“ INC-

“P.0. BOXi16465% DENVER COLORADO: US 80216
303-623-41:11} : - (TWX)910:931:0433%.

WATERSAVERINTERNATIONAL“-',,LTD;'&-

Have a question about liners? Call Toll Free 800-525-2424
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COTTER CORP’S
NEW TAILINGS
POND HAS A
SYNTHETIC
LINER

Reprinted from July 1981
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COTTER CORP.'S
NEW TRILINGS
POND HRS R
SYNTHETIC
LINER

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 1 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:

B To prevent leakage.

® To withstand tailings and water pressure in the decpest
part of the pond (the tailings are 80% water).

B 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. Hydraulic asphalt concrete was ruled out
because of quality control problems during construction.
Clay alone, normally a good scepage barrier, would not be
reliable enough in a uranium tailings pond without additional
protection.

Hovater-Way Engincers Inc., a Laguna Hills, Calif., con-

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.

R

The Cotter Corp. uranium tailings impoundment has a Stage 2 depth of 90 ft.
The total weight of the liner is 1.8 million Ib.

sulting engincering firm, recommended a multi-component
lining system using an impervious membrane as the primary
scepage barricr. 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
sccondary scepage barricr if the membrane is damaged.
Scveral 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., Easthampton, 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

¢
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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 Hypa-
lon sheeting consisting of reinforcing fabric sandwiched
between two sheets of Hypalon. The Hypalon is nearly 50%
of the total liner weight. The reinforcing fabric is a polyester
whosc 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
Hypalon synthetic rubber. The sheeting produced by Stevens
was made into various sized large panels by Watersaver Co.
Inc., Denver, fabricator of flexible membranc linings for the
Cotter tailings pond.

The Cotter job was the first use of industrial-grade
sheeting containing Hypalon. “Since then, it's become very
popular,” says Bill Slifer, vice president of Watersaver.

SURROUNDED BY CLAY AND €ARTH

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 Hypalon 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 float it into position.
A crew of three men seamed the pancls 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 !/32
in.) for the shallow area; 45 mils (about % in.) for mid-
depths; 60 mils (about 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 near 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 carth was spread on top of the entire
lining to protect it from possible tearing or puncture. There
arc also subdrains benecath the clay sub-lining that relicve
reverse hydrostatic pressure and prevent damage to the lining
by up-lifting. The grade of the ponds ranges from a mini-
mum slope of 20:1 to a maximum of 3:1. 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 runoff, while the
rest is tailings and liquids from the new mill. Once the
impoundment is filled with tailings, it will be covered with
carth. sm

Reprinted from ENGINEERING & MINING JOURNAL, July 1981, copyright 1981 by McGraw-Hill, Inc., with all rights reserved.




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 COMPANY, INC.

P.O. Box 16465
DENVER, COLORADO, U.S.A. 80216
303/623-4111 TWX 910-931-0433




WATERSAVERCO; INCX @+ P.O. Box 16465 Denver, CO 80216 |
Phone303-:623-4111"  e@# Colo:WATS 800-332:1971" = @& In'terstaft_e_ WATS 800

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
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
30days @ 70°F

14 days @ 158°F
30 days @ 158°F
Low Temperature, Cold Bend,
1/8” mandrel for 4 hrs., °F
Ozone Resistance
(3 ppm @ 30% strain @
104 °F, 72 hrs.)
Heat Aging, (14 days @ 212°F)
Tensile Strength, psi, min.
Elongation, % min.

TION GUIDE
GRADE HYPALON®
1 10 x 10 1000d SCRIM

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. Dusting 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 that 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 thoroughly bonded, fabric-reinforced
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.

Specification Test Method

1500 ASTM D-412
300 ASTM D-412
ASTM D-471
1.0
1.0
1.0
30.0
30.0
-45 ASTM D-2136
Pass ASTM D-1149
1500 ASTM D-412
150 i
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Property

Thickness
Breaking Strength, Ibs., min.

Tongue Tear, Ibs., min.
Ply Adhesion, Machine Method
180° peel, Ibs./2” width, min.

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 1-12”
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. OTHER 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-reinforced 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:36:0282

Specification Test Method

.036 and not ASTM D-751
less than .033
200 ASTM D-751
Grad Method
80 ASTM D-413
8 ASTM D-413
Method A

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
90°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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