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ABSTRACT

The problem of large ‘stra:l_h, consolidation in socils is
investivga'ted by éxnaly sis and experiment, A mathematical
model is formulated to include the effects of large strains.
| Analytic and numerical solutions are discussed,

The design, fabrication and operation of apparatus to
study consolidation and other phenomena in sedimented clays
1:5 described. Results of experiments on two types of cla;lr’
are presented, Finally, the cons&i-dation characteristics
of one of these clays are shown to be in close agreement with

a particular solution of the large strain consolidation equation.
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CHAPTER I

MECHANICS OF S0IL CONSOLIDATION AND
CONSOLIDATION OF SEDIMENTED FINE-GQRAINED SOILS

A. INTRODUCTION

In &aveléping his econsolidation theory, Karl Tergzaghi
(1,1)* proposed some basic concepts which permit a rational
explanation of the process of soll consolidation. In order
to formulate a mathematical model for the process, a series ,
of assumptions concerning some soll parameters and the magnie
tuﬁe‘af_ébraina were introduced., With these assumptions a
linear mathematical model was obtained. Subsequently,
Terzaghl and many others have found solutions to this equa~
tion for a variety or,loaaing and boundary conditions, Exm
perience with various types of anginaeéing;strusturas has
shown that the Terzaghi equation, when properly applied,
adequately describes the econsolidation process for meny prace
tical problems and thus is 2 most useful tool for the prac-
ticing englneer.

The usefulness of the Terzaghl equation 1s greatly en=
‘hanced by the fact that the equation is exmcetly analogous
to the classical linear heat condustion and diffusion equa-
tion. Thus, when faced with the problem of finding a Bolu~
tion fur a particular case, the engineer hes avallable a large
body of literature®* on the mathematics of the problem,

*References are numbered consecutively by chapters and
are listed at the end of the text,.

+iSeg, for example, reference 1,2 and reference 1,3,



There are some s0il consolidation problems for which
the assumptionsg used to obtain the linear mathematical
model ere not reasonable. Using only the basice concepts
of the Terzaghl consolidation theory a eonﬁelidation equa-~
tion is developed here which, although difficult to apply,
1s 8 more accurate model for such problems.

The assumptions necessary to obtain the Terzaghi equa-
tion from this more general equation are coneidered.

Finally the more general equation is applied to a
consolidation problem for which the linearizing assumptions

are clearly nét reasonable,

B. MECHANICS OF CONSOLIDATION

When a saturated fine-grained soil 4is subjected to a
load, 1t is observed to slowly decrease in volume by e#-
pulsion of some of ite pore fluid at drained boundaries.
The problem is8 to déucribe the meehﬁnien of thie process.
The assumptions required to do this may be divided into
two groups: assumptions concerning the properties of thé
soil constituents and assumptions concerning the mechanics
of the consolidation process.

The pore fluid (uatér) and the soil graine are assumed
incompressible, or, stated differently, the range of stress
18 limited such that the compressibility of the soil con-
stituents s negligib%e cormpared to changes in pore volume,
The pore spaces &are agsumed completely filled with water.
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In discussing the mechonles of oconsolidation, the con-
cepts of pore [luid pressure and intargramlaw Btrese are
required., Figare 1l-1lz is a section bhrwgh a s0il with a
horizental surface, &tl some distance baneath the sell surface
theve 45 & ham.mmal water table, below which there 18 a
hydwams:m water presgure profile, so there is no flow of
pore water anywhere. At any level below the water table the
total vertical stress must equal the weight of the column of
water and noil particles above that level, This total stress
is divided into two parts. The pore fluld pressure is simply
the hydrostatic pressure, In addition, ﬁh&_‘m are a large
nusber of small forces in the grain structwure of the scll.,
That pm*ﬁwm of the stress due to pore fluld pressure ls de-
fined as acting over the whole unit area and is glven the
name, “"neutral stresz.” The difference between total stress
and neutral stress must be provided by all the #mall inter-
granular forces, The intergranular stress is defined ss the
sum of all these forces acting over the whole unit area, De-
fined in this way, these three stresses are slmply related*:

6y © Tw§ + S
where Gy = total stress
ng = pneutral stress
Yy = unlt weight of water

#Symbols are defined as they appesr and are listed
alphabetically in the appendiz,
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£ » depth below water table

o = intergranular stress,

The distribution of total volume between pore volume
&nd soil particie volume is commenly expressed by a di-
mengionless volume ratiec. The ratio most used in seil
mechanics is the void ratio, e, which is given by:

-

where V, = percentage of total volume occupied by pores
V, = percentage of total velume ocoupied by
soll particles,

Por & given soil formed in a given way in 8 given en-
vironment, the void ratic is a contimwus single valued
funotion of 5. This iz sssumed to be true for sny seil
when - 18 inoreased from lower te higher values once only.
Upon unloading and reloading different curves of 5= vs. @
are traced out.

If & uniform load 18 placed on the surface of the
801l in figure 1-la, 9 s ineressed everywhere by the
load per unit ares. The intergranular stress, o, may not
increase until the vold ratic deereases, In the soil be-
low the water table, the void ratio may decrease only as
pore water is removed, Thus, at the moment of application,
the increased load must be supported entirely by an ap-
propriate inorease in neutral stress., If the free water
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table remains fixed, the neutral stress profile iz no longer
hydrostatic and water starts to flow through the soil. That
portion of pore water pressure above hydrostatic is called
the "hydrostatic excess pressure” and given the symbel, u.

Ag pore water ig removed by this flow process, the pore
volume decreases and some of the load is mnsfemd to the
801l structure. This is the concept of the consolidation
process proposed by Terzaghi. Vhen the hydwaeatte oXCcess
pressure is completely dissipated everywhere, all the in-
creased load has been transferred to the goll structure,
and the consolidation processe 18 complete with the soil
structure in equilibrium at the appropriate lower void ratic
for the incressed load, _

This discussion 1s limited to one-dimensional comoli—
dation only. This means all aspects of the consolidation
are one-dimensional. Neutral pressure, intergranular pres-
sure, void ratio, and the movement of pore water and soil
parﬁieleu are all functions of time and one (vertical)
dimension.

The final assumption concerning the mechanics of
eonsolidation 18 that the flow of pore fluld takes place
in soccordance with Darcy's Iaw (1,4) and that the perme-
ability of & given s0ll in a glven enviromment is a single-
valued contimucus funetion of the void ratio. Since only
one-dimensional consolidation and thus only one-dimensional
pore fluid flow is considered here, the problem of aniaotw
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in soil permeebility does not appear and ne assunptions
en this matter &re required, ,
The relationships governing the conzelidation process
will now be consideved.
The domain of the problem 18 indicated in figure 1-lb.
The symbols used ave defined below:
| 2 w, vortical dietance from fixed base, om
Z w 2 at the soil surface or upper boundery of the
Boll under consideretion = z(t), em
t « time, minutes |
o = intergranular stress = o (2,t), m/cma
u = hydrostatic excess pressure = u(z,t), me/au@
" w T + u, ms/cma |
7, = unit weight of soil solids, gms/om’
Ty = unit weight of pore fluid (water), gma/cm?’
Y = Yy - Vo s fomS
V = total volune, om>
v, = pore (or void) volume, em3
Vg = volune of 011 grains, om3

v
ne -v-"' = porogity, dimensionless

v
e = = void ratio, dimengionless

B = VY" = yolume ratio » ¢ + 1, dimensionless
s

k « permeabllity = k(y,t), om/min
1 = velocity of soil particles = 1(y,t), om/min
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/4 = superficial velocity of pore fluid such that J
multiplied by the total cross-sectional ares
equals the quantity of fluid passing a given
horizon por unit time, em/min

A fixed elemental layer st 2 has both soil particles
and fluid passing through both faces 86 that the porosity
changes with time (Fig. 1-2a). The volume flow rates are
indisated in the figure. (Assume unit oross-sectional area,)

‘Bince the total volume of the layer remains unchanged,
the outflew volume must equal the inflow velume or

{1-n)1 + 2 ({(1-n)t)a =+ + ﬁAz -{1-n)l - J =0
o . g

| > L2 .
or -;; [(1*!1)1] + Sy 0 | (1s2)

In the special cese of an impermeable base, there is no net
flow of 2oil and water through eny eurface and equation 1:1
reduces to
(lun)i +3=0 (1:1a)
The rate of pore volume increase is equal te the net
inflow rate of pore fluid Le,

2
--?-(noz) = J - (.1+---¥"- Az)
at g

on 23

or‘ = - 1:2
EP . (1:2)
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The pore fluid flow velocity 18 in sccordance with
Darcy's Law, that is, the velocity is proportional to the
gradient of total fluid head. The only heed causing flow
{8 that due to hydrostatic excess pressure. The ve&ooxty,
here, 1s that relative to the soil grains. As indicated
in figure 1-2b  for consideration of Darcy's law, the soil
nmay be considered as an aaeamblage»of small vertical tudes,
If the total cross-sectional area is unity, then the fluid
flow area is n,

At time, t, the reference tube section and reference
fluid pection are at 1. At time, t + A t, the reference
tube section has moved to 2 and the reference fluid section
to 3. /
The quentity of fluid passing the reference tube sec-

tion in the time increment, A t, is

(—g--at-i At) n

In this time, the fluid reference level has moved relstive
to the tube ae indicated,so the applicable head gradient is

1 H+‘§%4t+~§%§% At)*[u-i—-?%At-&%—%(iAt)]
Tw | st - 14t

- which ,when multiplied by the permeabllity and total area,
gives the quantity flow rate according to Darcy's Law,



a4y 2u
("é'"i)nAtu-k(” 1)dzAt at
W (e - ) 4t
J'-'in’u-——-’% -i-l: | (1:3)

The sum of intergranular stress and hydrostatic excess
pressure at any point is this sum at z = 0 reduced by the
buoyant weight of soil grains between z = O and .

re
o oy o) G1-m) Ve
0

where ' o"mo"atzu()

m be & function of time,

o +ums / (3 ~n) 74z ’ (1:8)

Bummarizing, there are four equations in the four
varisbles u, 1, J, and n.

w{(l-n)n-r—-ino  (111)
22
Zn 24
e > (1:2)
. .k du ,
J-1inm Y 72 (1:3)

G +um O ~ (1 - n) Yaz (1:4)
o
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As noted before, o 1& assumed to be & function of n
(or of e or E since n, e, E are all simply related),.
It has been convenlent to use n in setting up these
equations, For subsequent developments it is more con-
venient tc use E., The volume ratio, E, may be subatituted
for n in equations 1:1 through 1:4 by means of the followe
ing relationships:

2B .48 LE 3 2B

28 JE 2t EEDt (1:5)

With appwpmam substitutione of E for n, equations

1:1 through 1l:4 become:

2 . |
g Heo (1:6)
':'%*4« 3 =0 (1:6a)
1 2E_ . ..._.1 |
B2 Dt (1:7)
] - 1(%*—1‘) - "&“ - | (1:8)
Tw 22

z
o+t u = oG = f%—dx (1:9)
v O
Subsequent treatment of this set of equations in-
cluding simplifying assumptions, which might be appropmiate,
depends on the particular problem under consideration.
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As noted sbove, if there 1s no flow through the base
surfsce at # = o, equation 1:6 reduces to equation 1:6a,
In this form, it is possible to obtain a second erder eque-.
tion in a single dependent variable {n, e, or E) with quite
general applicability subject to this one restristion.
Combining equations 1:6a, 1:7, and 1:8 gives:

1 . JE_ J [ k., 2u] - ‘
Tl {;3% rd (1:30)

Taldng "j)‘? of equation 1:9 ylelds a simple equilibrium
4

equation which 18 valid under any condition.

Tt was aspumed, sbove, that o~ 18 & contimwous single valued
function of E. In this case the term f)j"-—; may be replaced by:

1= = 2

g a e

In s0il mechanics literature, the standard term used to
describe the slope of the E - g~ curve is &, the "coef-

ficient of compressibility".

B T = e

V&7
In terms of a the equilidrium relationship, above, becomes

2u _ 1 2B
- (1‘:1'1)



Combining equations 1:10 and 1:11 gives

1. 2E_ _3 k (1 2E_ Tﬂ (1:12)
g? ot Dg [Yﬁﬂ(% 0z E

This, then, 1s the equation deseribing the distribution

of E with depth and time during the consolidation process, The
term (miw.mé%f — Q%L) 18 the excess pore pressure gradient.
When the excess pore pressure i1s completely dissipated, this
term 1s zero and the consolldation process is complete,

Before considering possible application of équation 1:12
and comparing it to Terﬁaghx;s consolidation equation, it should
be normalized,

In any soil, E deoreases with increasing o- . 1In order
to malke a, a positive quantity, it is definea as the negative
value of the rate of change of E with inereasing & . Since
E is dimensionless, a, has the units of the reciprocal of a
stress or présaure. Thus, /av/ = cm/gm, where the notation

/’/ means the units of the enclosed quantity. Now, if as
assumed ébove, &, 18 a function of E only, then no matter
'Wbat the form of this function may be, 2,, may be written as

ay = a F (E) (1:13)
where a 18 a econstant and F (E) 1s a function of E only. Since
F (E) A5 dimensionless,

/a/ =/ &y / (1:14)
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¥hen a soll 18 at equilibrium 80 that the hydrostatic

excess pressure 18 gzero everyvhere,

do o 1
“EF e E-F

. E 43 _ .
,0? Ta-z- ar (1.15)

Equation 1:15 may be integrated to give E as & function of

depth:
. & 4
] ‘%“ dE= fa’rdz
(E),o | o
B
or f ...%.» dE=aY & (1:16)
(E)zw

The constants a and T and thelr produet have the dimensions
of mngth'l. It is natural, therefore, to choose av 2z as

a dimensionless length variable in nomlizmg 'equag:ion
1:12, Therefore, define

X = aTez, dimensionless (1:17)

The permeability, k, ié also assumed to be a function
of £ only. Thus, by the same reasoning as used for a,, k
may be written as

k=K@& (E) (1:18)
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where ¢ () is & function of E,and K is a constant with

the dimensions of k,'e,
| K| = | k| = em/min (1:19)

Using equations 1:13, 1:17, and 1:15, equation

1:12 becones
1 O 2 {:x | 2E v
= BY e e—— 5
? ot dx g-( ox
2 . r
or 1 92 _.ar’K_o |@ o _§.§-1 (1:20)
ot Yw . Ox I?‘T b ox )

2
m tern 5—% has the units of one over time so a dimension-
less time variable may be defined as
a’}’eK
T = BLA (1:21)
Tw
Substituting equation 1:21 into equation 1:20 gives the
normalized form of equation 1:12,

A 2E _ (Egv_s ] .
g 9T ax[g F ax (1:22)

Before considering ways of obtaining solutions to
equation 1:22 or equation 1:12, thelr relation to the
Terzaghl consolidation equation will be lnvestigated.
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¢. THE TERZAGHI CONSOLIDATION EQUATION
Equations 1:6a, 1:7, and 1:8 are combined, as before,
to abtain equation 1:10 ve.,

Rﬂ

1:10
E 7% <EV‘w dz (1130)

However, equationg 1:10 snd 1:9 are combined so mg to
eliminate E as the dependent variable to obtain an equation
in u. To do this a time derivative is taken of the equilib-

rium equation 1:9. Le.,
5= Ju _d D [/z 7" l
o - 4 )e = X 0’8 - ‘:'-; A v d =z (1:23)

Introdusing & v’ 28 before, equation 1:23 becomes

z |
2u _ 1 2F _ 7
P ”’v At*a@e( o) [K’sz} (1:24)

To combine equations 1:10 and 1:24 in a single equation with
u as the dependent variable, some assumption must be made
concerning the last term of equation 1:24, This term is

the time rate 61‘ change e¢f the volume of seil particles
between 8 fixed base and the fixed co-ordinate horizon, g,
expressed in terms of buoyant weight. To obtain the 'Perz,ashil
equation, this term mst be assumed to be zero. Making this
assunption and combining equations 1:10 and 1:24:

_ a
28 ) () (1125)
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The factor ‘:_ is a function of E, except in the special
E W

case where k varies linearly with E. The next assumption

that muet be made is that k is independent of z, or, in
E Tw

general, that E is independent of z. Equation 1:25 then
becomes
- 2%y " q Grﬁb

2w | xx 24
o avﬁw og° dat

(1:26)

1O, 18 a oonstant, l.e,, if the externally applied load
does not vary in time, then equation 1:26 reduces to

Ju kZ 2%y , .

which is the Terzaghl consolidation equation as it is

usually presented. ,
When applied to the etandard laboratory consolidation

test, the many assumptions used to darive'éqﬁation 1:27

are at least qualitatively reasonable, In the stendard labora~

tory consolidation test¥, a eylindrical sample of soil, whose

diameter is approximately twice 1ts thickness, is placed in

a consolidometer with load applied to the top surface

through a perous stone., The applied load is normally much

- larger than the weight of the sample ltself. Thus, & c¢losge

‘approximation to equation 1:9 is

#For a detailed deseription, see for example reference
Qvli pp- (7“‘"’87)'
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o~ + u = P o the applied load = a constant (1:28)
{per unit avea)
Taking the time derivative of equation 1:28 then gives

Ju 1 JF
o, 1 2E 112
Jt B Jt (2:29)

~ In solving equation 1:27, the bounderies are normslly as-
sumed fixed. Thie assumption produces an error which in
sense, tends to cancel the error erising from the assumption
“of B being independent of . The initial and fmhl values
of B in the standard test are probably nearly constant over
the depth of the m:le‘. However, during the test E cer-
tainly is not independent of depth. Immediately after the
load 18 epplied, the soil at the drained surface assumes the
ultimete B value corresponding to the appiied ¢, whereas

£ in the interier of the sample will not change much until
pome time has elapsed. The reduced E and thevefore k value,
in the surface layer has the effect of restraining the dis-
pipation of the interior excess pore pressure, for, how-
ever permeabllity mey vary with E, it always decreases with
decreasing E. On the other hand, becsuse censolidation i@
taking place, the drainege surface is progressively moving
down providing higher gradients of pore pressure than those
which would exist if the boundary surface remsined fixed.
The two effeets of lower permeabllity end higher gradient
tend to cancel each other,
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In uolv:lng equatien 1:27, the gmup,—-&;;- which
8, "W

18 given the symbol, c,s 8nd called the eoermeient of
consolidation,” is talen as constant. This is not an in-
dependent essumption but follows from the assumptions of E
independent of depth and fixed boundaries., These two as-
sumptions taken together make E independent of both depth
and time and, since Sy is a funetion of E only, it isg also
independent of depth and time,

| In summary, the assumptions required to obtain the
Terzaghi equkeion (Bqn, 1127) over and sbove those required
| to obtain aquaw.en 1:12 are. |

. [/‘{4 o

2. B is independent of depth

In addition, wlutiom to equation 1:26 are uwany found
asguming fized boundsries

3. Pixed boundaries
Assumptions 2 and 3 taken together amount to assuming
E independent of both depth and time, from which assumption

1. follows immediately.
From this and the foregoing discussion, the following
observatiens may be mede: | |
1i. Sclutions of the Terzaghi equation give the dissipa-
tion of excess pore-pressure as & function of time from
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which the consolidation-time relationship may be obtained

as a second step. 2. In practioce agreement between observed
consolidation end thet obtained from the mathematical
solution is probably always irproved by maicing the seemingly
contradictory assumption of fixed boundaries,

As noted in the introduction to this chapter, the
Terzaght ’mati-m has been found through experience to be
a good mathematical model for consolidation and settlement
celeulatione in many engincering problems, and nem of the
above remarks ave to be construed to imply otherwise, How-
ever, in formilating the equation, there seems %o be some
advantage in making the minimum number of assumptions at
first and then to examine what eort of additional assump-
tions are required to put the equation in a form for which
solutions may be cbtained without difficulty, In textbooks
_and technical papers en the subject, the universal practice
18 to make a series of assumptions in the first instance
‘which will yleld the lincar Tersaght equation. This prac-
tice tends to obscure the real assumptions that are, in
fact, made; for, in all the considersble literature on
the subject, the suther 1s not aware of any menticn of as-
sumption 1, sbove., Rurthermore, considerable stress 1s
often placed on mspuning a, and oy to be'eonstants.. while,
in fact, this follows sutomatically from the more funda-
mental assumptions 2 and 3, above,

’See, for examble. reference 1,5;pp. 220-226).
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D. APPLICATION OF GENERAL CONSGLiDATION EQUATION

The general equation 1:12 or 1322 is nou-linear and,
in application, would usually be associated with moving
boundaries. For such proﬁlema,analytio solutions may be
expected only in speclsl limited cases. However, 1t should
- be possible to obtaln solutions numerically.

To utilizé some establlshed principles for solving
initial-value problems by finite differendes, it is helpful
' tc’change the dependent variable, E, 1n equation 1:27 to
another volume distribution parageter concentration., If
¢ is the concentration of soll particles in gramé per cm%

then ¢ and E are related by
=X (1:30)

E

To keep things in dimensionleas form, ¢, may be defined
as the value of ¢ when E 1, i.e.,the value of ¢ when the
pore volume is zero. Then C, a dimensionless concentration,

way be defined,

c _ % _
“co T YZ T E (1:31)

Equamonig;ee, in terms of C, becomes
ar M[fr L+ G'Ci[ | (1:32)
where  G=G(e)=G(c)
F=F E)=F ().
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With & sultable change in co-ordinates, equation 1:32
may be expressed in termms of fixed boundaries with the
effect of moving boundaries thrown into the ccefficlents.

Iet T =7
| X | (1:33)

b Al

X
where X (T) is the co~ordinate of the moving upper bound-

ary. The lower boundsry is assumed fixed., In this new
co~ordinate system equation 1:32 becomes

-4 H[FL - HE S

or

-t [ 25 (&) )]

o€, & _y 3

2e

+ 1{9*(& CE) y'+ dT 2 53

The problems in f&nﬂing solutions to equation 1:34 by
finite difference mathaés are, perhaps, more easily ap-
prvaohaﬁ by considaring n gpecific example,

| Ganaidar the following situation., A portion of a harbor
or bay 48 to be filled in by drsdging in cosrse sand from
another part of the bay Assume the sand will be placed in a
short time over the whole area. The bottom of the harbor 1is
eeveraﬁ'with 8 laysr of fine sediments, which have accumulated
slowly and are assumed to be in equilibrium under thelr own

welght, Frior
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to the dredging operation, samples are taken at intervals
in the sediments. Leboratory daﬁa from these samples glve
the initiel steady state clstribution of C with depth and,
essuming the sedixeunts to be in eguilibrium, the C-Scurve
up to the meximum value of C, et x = O, prior to loading.
Using the laboratory spperastus described in Chapter II,.
‘the C- & curve may be extended to the msximum & which will
prevail after loading is cowplste. This apperatus also
provides the k-C (or k-E) curve over the required range of
C. The lsboratory dstas provide, then, the distribution
of C with x or y at T = 0 and the form of the coefficlents,
-E%,‘fc'f (EG%) and adg._ (G C ?) ror all values of C which
will occur during the consolidatlion processz. It remsins
to esteblish the boundary conditlons.

The material, on which the sediments rest, 1s assumed

impermeable. Ib the originel co-ordinate system, this

condition requires:

at z ='C2'§%% = O

Prom equation 1l:11

°2u - L+ 2B _ Y =0
o =

Z av 3z
L 3k _-
or av 2z '%g
or E 3€ _av at 2=0
\d Dz

(1:35)
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recalling - X = axz
: L
and C= &

equation 1:35 becomes

C3F Do
or in terws of ¥y | 3C =-.3 (1:38)
C*F 24 k

At the upper boundery, x =X, y =1, hydrostatic
excess pressure is assumed to be zero for sll T, that is,
the permesbility of the dredged send 111 is sssumed to
be 30 high thet any excess pressumﬂ in it ere dissipated
lumediately. Thenm et x =%, y =1, Cg (t) 1s prescribed
for ell T from the & -C curve and the known rate of load-
ing. | | |

The total amount of soll solids between the two
boundariss remains constant. This conditlon is used to
determlne the moving boundéry s |

%
" Cdx=A = 8 constent for =11 T (1:37)

&)

The finite difference calculetions must be set up
to meet stability criteria. Thset is, & swall error
introduced at any polnt in the calculations must damp out

as the calculations proceed. Two aspects of eguation 1:34



present problems in establishing a stability criteribn: the
C- dependent coefficients and the presence of the first-order
term on the right hand side of the equation. Disregarding, for
the moment, the first-order terms, equation 1:34 is in the form
of a diffusion equation with a concentration dependent
diffusion coefficient. For such equation& Courant, Friedrichs,
and Lewy (ref. 1,6) have shown that the stability criterion depends
on the solution as it progresses, but that an i.bsqlute stability
criterion may be establighed if the meximum value of the
variable coefficient is known *. This coefficient, for the problem
bere, is ;5—-— C’GF . The functions G and F are known from
the laboratory data for the range of C values that will occur.
The initial and final values of ¥ are known. This coefficient
can be computed for all values of x at T = o0 and when consoli-
‘dation {8 complete, T— oo . The maximum of these
values may be used to estnbliaﬁ the stability criterion to start the
calculitionn. If, as the calculsations proceed, largezj values of
the coefficient occur, the stability criterion and calculation
procedure would be adjusted accordingly.
With the stability criterion established, a choice pf
Ay fixes the maximum A T which may be used. The
Ay - A T grid remeains constant as the solution progresses,

unless the solution requires a revision of the stability

*For a recent application see reference 1,7,
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criterion, ,
Richtuyer (ref. 1,8) demonstrates that for linesr

problems, the presence of lower order terus has little or
no effect on stability. The problem here is, of course,
non-linear. In a glven case, it may be possible to assess
the effect of the first-order teras of equati;:m 1:34%; hove
ever it does not seem to be rossible to make any general
statewents in non-linear problems. 5tlll, the effect of
this term hopefully will be small.

To write equétion 1134 in finite difference form,
the following notation is defined: |

¢ = C evaluated at v, T
;0 = C evaluated at y, T+47T
C.= C evaluated at y +A4y. T

C.= C evaluated at y -4y s v

In this notation,

that 1s, the velues of C at T + A T are computed from the
known values of C at | and equetion 1l:3%. Equation
1:34, in finite difference form, is substituted into
equation 1:38 to obtain:
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.C=C +..3(Ay), [CF <C+ ZC'\'C)‘\' (C.F)( ) 3 '

Mc(c;c )AI-(C+-C)+ dz _y ;(c,—;_ C)

(1:39)

The "y" derivatives in equation 1:34 are approx-
imated by central differences in equation 1:39, Central
differences cannot be used to find ,C at the baundariea.
At y = 1, there i1s no difficulty since C is a prescribed
boundary condltion. At y = o, «+ C wust be calculated to '
conform to the boundary condition, equation 1:36. But
equation 1:36 involves X which in turn, involves equation
1:37. Thus the new values of Cat y = o0 and of X are
found by simulteneously applying equations 1:36 and 1:37.
This must be doné with care, since eqguation 1:39 is clear-
1y sensitive to errors in X, |

Knowing the values of %,g—%:, and C at tiwe, T, sll
the C values at time T+AT are calculated directly frow
equation 1:39 except ,Cy, the value at y = o. Eguation
1:36 may be written in finite difference foru as

(e F) o ~A;C° --z (1:40)

TfAT
by using a forward gifferer}ce t0 epproxinate —:—-5_-) LJ,=°-
In viev of the sbove couments, it wey be worthwhile

to uze & better spproxiwation
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Expanding ?‘;f in & Taylor*'s series, sives
2< - _S
(ay} -o - . ) ) 7“ ¢ & o -
or
26) — /2€
-~ — b "—A ) * o e °*
2)/ )f:o a)/)y: y y )/ +

Using centrsl differences for the derivatives at y—Ay

this becowes (rete: C.ZCat T+AT, may)

aC) - +Cz~ C
28 = s C, =2C + (. .
» y=e ZA —AY =2 (1241)
o1 Y (Ay)"‘
( ) = =G r4( -3C6
3y y=o ZAY
: Uainb this exp: equcm, the approxiuwste fora of eguation
1:36 i _
() ( Lt 4L “3&) = _Z (1:42)
yzeo ZAy

T+AT
whers +C‘,, and X sre unknovn,.

I'he siuplest spproxiustion to the lntesrsl in
equation 1:37 1s. y
; .
- . C+ C L+ L C +C
+ / 2 C +C;,,,.
(f(’c/’)/ - ———-—-"'—oz* AY+——'—’*”2AX;#0..-7I—*”"Z‘*”AX. *;_”w_; Ay

T+AT

(Ir y is divided into v increments, there are n+1 values

of C.) Sincedx=% Ay, this wsy be writbten aos

//C/ = *°+(+Cf—m-v+€+——f~*—‘),zzxy

TraT
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This approximation assumes that the value of ¢, &t an interdor
point, ie the average value for the interval fronm 4%Z~ below
the point to &SI sbove the point. However, the C values at
the end points are taken as the average for the increments,
J%XLnextAto the boundaries, A better approximetion to the
integral would be to use the values of C at the midpoints of
the boundary halfnincrementa. These are

©)y o 2y = Oy + 4 [(@sy ‘"(c)m]

and

(c >y,;1_7‘g (©yat 3 L(c:) “"(C}Wl»-AJ

~ Using these relations, the approximate form of equation 1:37 is

(‘“g' Co +-§~+G‘1 + aCo + core 3 Chay «’r-gq;cn-is‘f_“ﬂ)

. (1:43)
Combining equations 1:42 and 1:43 ylelds an equation from
which .C, 18 found |

3Caz 4L+ 3.Co A (1:44)
2(C3F>y=° Ya +Ca+ %QI+CZ+""'++C'\-.+ 9/3 +Cr\+ 3{8 Lonat

After finding  C_ from equetion 1:44, X 1s cbtained from
elther equation 1:42 or 1:43,

A5 with ¥, a good approximation for é%% is required.
Obviously, some sort of backward difference must be used,
The simplest one is

dx, _ (X)r - (X)7- T
Li T (1:45)
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A better apprmtxm comes frow e Taylor's series ex-
pangion |

(‘%—)w B (-‘g_)‘r- ar " AT a (%)TM¥ e

or

(%‘)w " (“%”)% ar " A‘I‘(‘f‘,}%);- pt

Using central differences for the derivates at T-AT,

this'baaamaa
(é}) s (R)r"(i)-r-zav — AT (5?)-;-2(77)7_47"' (X)r-2a7
dT/5; 2.AT (aT)*
oy ' |
(gj) s =T +%(¥)r-a1 ~3F)r-2aT7 (1:46)
dT /T 2AT

For the first time step, equation 1:45 must be used, since
therve is no (x).x.,,;_) p to use st T = T in e«quaﬁicm 1:46,
After the first time step, equation 1:46 may be used,

Although the numerical techniques, outlined above, have
pot been tesated b& application in this study, the discussion
indicates that numericsl solutions are feasible.
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E. CONSOLIDATION IN SEDIMENTED FINE-GRAINED SOILS

Natural streams transport a wide range of sizes of sediments.
When a stream discharges into a body of relatively still water,
these sediments are depoﬁitcd with greater or lesser degrees of
sorting. Differences in settling velocity are sufficient to provide
considerable degrees of sorting. Classification 18 further enhanced
by development of density currents which can transport the fine
- materials distances of many miles from the stream outlet*. What-
ever the mode of deposition, observations of recent sediments in
artificial lakes yield abundant evidencé of well developed size sorting-
Sedimentary rocks algso show marked effects of siie sorting from
sandstones through siltstones and shales. |

This study is concerned with‘only certain phases of the con-
solidation of cl#y-aize sedimenta after suspended transport has
ceased. The consolidation problem is certainly not independent of
the transport problem, since the mode of transport defines the
addition of sediment to the top of the bed and thus gives loading as
a function of time in nature. Here the investigation is confined to-
cerﬁin simple initial and loading conditions in order to learn some-
thing of the consolidation mechanism per se. It is recognized that
this is only one part of the much larger problem.

Laboratory investigations and field observations indicate a

considerable list of factors which bear on the consolidation problem.

*8ee, for example, reference 1, 9 (pp. VIII 288-VIII 299)
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Tho following list is not necessarily complete.
| Physico-Chemical factors
Type of clay mineral
Dissolved salts in the water
Presence and decay of organic matter
Degree of flocculation
Size distribution of individual particles

Mechanics factors
Rate of deposition at the surface
Nature of lower boundary
Temperature
Topography
The available data on the ‘den:itiea and consolidation character-
istics of sedhnented fine-grained scils cast doubt on any analysis
which would assume the rate of surface movement and a constant ‘
coefficient of consolidation. Samples of sub-aquecus fine sediments®
show that initial dry weight of the material may be of the order of
5 or 6 pounds per cubic foot and that the same soil will consolidate
to a dry weight of 80 pounds per cubic foot as the overburden builds
up. For common values of grain specific gravity, this change means

a poroiity change from about 87% to about 45%. Expressed differently,

*For some published data see reference 1, 8 (figure 103 facing
p. VIII 286); reference 1, 10 ch. 12 by C. B. Brown who reports
some unpublished data from experiments by J. L. Hough (pp. 784-
786); reference 1,11, reference 1, 12, and reference 1, 13.
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the quantity of soil required to make one cubic foot, as laid down at
the surface,compresses to a volume 0. 055 cubic feet.

The mathematical difficulties of large strain consolidation
problems are of two types: moving béundaries and changes in physical
characteristics of the soil which goirern its consolidation character-
istics. Obviously these two effects are coupled. Moving boundaries
mean changing void rat.ios, and the pertinent physical properties of

‘the soil are functions of void ratio.

The literature on the subject tends to treat the effects separately,
and, to the author's knowledge, without exception, the governing equa-
tions are written in terms of excess pore pressure.

There is a large body of literature in the fields of heat con-
duction and dﬂﬁulon éoncerned with non-linearities in equations
analogons to the Terzaghi consolidation equation. These studies are
pertinent to the consolidagton problem when the study is directed
towards hydrostatic excess pressure. When the approach is to study
volume changes directly, as was done in formulating equation 1:12,
the analogy no longer exists, except in special cases.

Bchiffman (1, 14) analyzes the effects of varying permeability
on consolidation. Permeability is assumed to vary linearly with
porosity,and porosity is permitted to change as excess pore pressure
dissipates and intergranular pressure increagses Even with this
rather restrictive assumption concerning permeability, the equations

in general muet be solved numerically.
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Abbott (1, 15) has made a useful contribution in formulating the

problem of one-dimensional consolidation of multi-layered soils.
The linear equation is assumed to hold in each layer, but the layers
have different coefficients of consolidation., The theory is applied to
an engineering problem and the theoretical and me@sured settlements
are in close agreement. _

Gibson (1, 16) atudies the problem of consolidation in a sofl
lnvor increasing in thickmu by the addition of soil at the surface,
The soil is added at a nniform rate and its initial void ratio is as-
sixmcd constant., Analytic solutions are obtained for two rates of
thickness increase,and the numerical solution is outlined for arbitrary
rates. The method is applied with 1ntcreiung and useful resuits to
the analycii of pore pressures in an earth dam during construction.
'i‘he results were used to establish the earth fill placement schedules.
Gibson suggests the use of his analysis to study consolidation in a
soil forming by sedimentation under water,

These 'stud‘ics may all be grouped together under the clas-
sification of studies of variations of the Terzaghi equation. In
analyzing sedimented clays, which exhibit such large volurne changes,
it would seem more reuona;ble to investigate the consolidation as
such,avoiding the intevrmodiate step of hydrostatic e.iceu pressure.

The following chapters describe some experiments on sedi~
mented clays and the correlation of the data from theic experiments

with the consolidation equation, 1:12, developed in this chapter.
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CHAPPER 1I
APPARATUS DESIGH AND OPERATION

A, INTROYUCTION

This chapter desoribes the design snd operstion of
the various types of laboratory equipment which were built
to study the properties of sedimented clays.

he several formulse used tn Ghepter IIX for reducing
data to useable form are developed in this chapter.

e mgpm;mludes with some comments on qm
possible uses for the general types of spparatus developed
for this atudy and with some suggestions for isprovemsnts
that might be made iw the design.

In discussing spparstus design and fadrication, the
English sysbtem of units ﬁ used, !bm«a units are used
for 812 data and caleulstions. |

B, LARORATORY APPARATUS--DESION AND PABRYCATION

BELAN UL VeR AR
8. The general purpose of the experiments is to ob-
tain data on the consolidation, permeability, and strength
charsctaristios of clays formed by settling of aclay floc
under water at controlled rates and in & presoribed en-
viromment,

b. A transparent column 48 required in ﬁ;za.ah the clay .
hed may be formed and obeerved.
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c, A source of clay floc is required, and the rate
of cley input must be subject to close control and measure-
ment,

d. Provision should be made for pore pressure measure-
ment at various levels within the columm,

e. The column bsse should be equipped with a filter
and eutlet valve and provision should be made to pressurize
the to:s of the ,qalm. Such an arrangement provides a means
of ;l-.mmng'n hydreulic gradient on the clay bed in the
column,

f. The column should be s0 designed as to permit
removal of clay bed sections for other tests.

| g. Apparatus is required to perform consolidation,
pemsbinty. and shear tests on individual oelmmk sections,

The assembled settling colwm is shown in (rig. 2-1).
It consists of a base plate and bua' columm section- ( fig. |
2-2), any desired mumber of cinch-ring sections (fig. 2-3),
a coupling nm:iicn identieal to the base column section, &
settling section,and a cap plate (fig, 2-h).

The base plate (fig. 2-2) 1s mechined from bdrass and
is provided with & center ocutlet and valve., Eight pore
msme tap holes are srranged at even spacing halfway
between the plate center and the inside wall of the column.
The pore pressure tap holes are machined to previde "0"
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ring gland swats and threaded for gland holts en esch sgide,
One pore pressure tap ie shown inserted through the base
yiate. The tap is made from % ineh 0.D. Monel tubing.
The tube 1s swaged # inch from the upper end, the end
yacked with 2 nylen thread filter, and the tip of the tudbe
sweged to hold the filter in place. The geal between the
plate and base column section 1s made with an "O" ring
uhmph ﬁtninhummmﬂwbmpmt@uﬂm
~ 'he base colwum section 1s made from 4 § insh I.D. by
# tnoh wall lucite tubing. A lucite flange is threadsd
and comented onto the Im end of the section. The top
face 1s rough finished on & lathe and then fine finished
by hand sgainst a flat surfase to male 16 smooth, plane,
and square to the coluwmn axis, |
The einch-ring sections (fig. 2-3) are made fyrom the
same 4 § tach 1D, by § inch wall lueite tubing, They are
first out slightly ever length. The steel oinch rings are
then mwa at the sectien mid«-het.&h’e a.nd tighﬁemd A
threaded hole 19 made in the tubing wall halfway between
the cinch-ring and one end of the section, A nylon tubing
fitting is sorewed inte this hole and a piece of 200 mesh
brass soreen is comented over the inside end of the fitting.
The seotien is then set up in ﬁ lathe seo that its sxis
_cas.mmos &8 nearly as peossible with that of the lathe.
This 18 » matter of compromise since lucite tubing of
this large diazmeter is commonly not uniform in diameter or



- 20 -
wall thickness. The outar end surface is then faced off,
This newly faced surface is used as the reference surface
for ths final cut on the other end of the section. All
cinch-ping seotions are cut te length in this manner, after
which the end surfaces are finished by hand as with the
base column section. At this point the ¢insh-ring sections
have finished end faces, squore with the column axis, and
are 811 of the same length. A1l that remains is to finish
the inside dimm of the seotions. Besides the diameter
variations in the‘ mbin_g &8 received, the pressure of the
cinch-ring produces a mmall, but measursble reduction in
dimmeter at the mid-point ef each section. To correct
this cendition, the sections are bored out on the lathe
with the boring tool looled in ite traverse position.
Thus all seotions are finished to the same inside diameter.
As 8 final step, the outside edge of all end faces ave
given & slight chamfer, ’

Indicated in figure 2-1, sbove the seetionalized
pertion of the column, is the settling section, It is made
from 8 30 inch section of the lusite tubing with lucite
flangss thresded and cemented onto each end.

The oap plate (fig. 2-4) 1s machined from brass and
provided with an "0" »ing groove in the same wey ag with
the base plate. The other main features are a center in-
let hole fitted with a pipe-nipple end an outlet hole
fitted with g needle valve.
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The clay slurry agitator tank (fig. 2-5) is an aluminum
drum coated on the inslde with coai tar enamel to inhlbit¢
corrosion by the chemical constituents of the slurry., The
eross traﬁe acroge the topAof the drum aupborts an electric
motor with a built in speed reduction and output shaft
speed of 12 r,p.m. The motor drives the vertical paddie
shaf't through one to one ratio bevel gears, The shaft is
fitted with two paddles and 1s supported so the paddles
Just clear the bottom of the tank., An outlet with valve
is provided through the side of the tank, The end of the
valve is connected by a horizbntal plece of plastic tubing
to the glass slurry inlet tube, The glass tube passes
through a gland nut and the center of the column cap plate,

Mgure 2-6 shows the inlet pressurizing system, It
is made from a boiler gage glass modified for this purpose,
1he gage glass is mounted on é,piece of aluminum bar stock
whiqh has a scale mounted behind the glass, The gage glass
volume i3 calibrated against the scale, The lower valve is
connected to pipe which,in turn 1s connected to a plece
of flexidle hose., 1In operation, the other end of the hose
is connected to a fitting screwed onto the column cap
place center hole nipple. The upper gage valve is con-
nected to an air line, A water line is connected to 2

hole through the upper gage valve body.
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Figure 2~7 shows é colum cinch~ring section set up
for a ¢consolidation test., The filter housing 48 machined
from brass and a sintered bronze filter disc is pressed
into the space provided. A threaded hole is located at
the center of the housing to accommodate a tubing fitting.
The einch~ring column section iz held against the "0" ring
seal by tightening the four ecinch~ring nuts on the bolts
pessing through the four oinch-ring holes. The bolts are
machined from brass hex-atock with long heads td provide
gpace for the tubing {itting in the housing.

The loading disec consists of another sintered bronze
filter disc pressed into a bronze ring which has an "O"
ring groove eb its 0,0, for a wiper ring.

Figure 2-8 shows a colum c¢inch-ring section set up
for a vane shear test. The cinch~ring section is secured
into a filter housing as for a consolidation test, Two
vanes of gh~1nch thick stainless steel it into cross
cuts at right angles in the end of the loading shaft.

The loading shaft passes through a low friction ball

thrust bearing and 1s attached to a pulley with a set

screw, The shaft bearing 1s pressed into an aluminum
spider which fits into a lucite tubing spacer sectlon which,
in turn, is bolted onto the cinch-ring section below. The
circumference of the shaft pulley 1s marked for each degree
of rotation so that the strain angle can be measured and a

reference pointer 1is attached to the spacer section., ILoad
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is applied through & nylon thread which is connected to
the shaft pulley, proceeds horizontally to a side pulley,
under the appearatus up and over & second side pulley and
thence horizentally bhack to the shaft pulley. Spacer
scrows are provided to hold the shaft pulley up so that
the shear vanes are sbove the top of the einch-ring sce-

tion when not in use.

C. COLUMN-ASSEMBLY, OPERATION, AND DISASSEMBLY

1. tic

This section oéntaina 8 detailed description of &
typlcal experiment from begimning to end ineluding deriva-
tions of formulas used in reducing data. |

2. Column Assesbly

The base lucite section is forced over the "0" »ing
en the brass base plate (tig. 2-2)., ‘The base plate is |
placed on a support table with the base plate outlet valve
and gland bolts progecting into the opening provided in
the nupport.tabia; Iong threaded studs are passed through
the four matching holes in the base column section flange,
bahe plate, and support table, Theue»studs are located in
elevation with nuts resting on the base column section
flange so that the upper ends of the studs will project
%-1nch above the cinch-ring of the next columm section
above. The studs are then secured with nuts and lock
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washers on the under side of the support table.
| If the pore pressure tubes are to be used, they are

installed through the base plate at thls time, The tubes
mm through gland bolts on both aideg of the base plate
and are positioned so thelr upper ends are at the desired
elevations, The upper gland bolts are tightened slightly
80 the tubee may be lowered by a firm pull from below. The
lower gland bolts are then drawn up tight, The tight lower
gland bolts prevent leakage ﬂuring the experiment, and the
upper glands ére sufficiently tight to prevent leakage
while lowering the tubes prior to disassembly, Flastic
tubes are connected to the copper tubing at the lower
ends of the pore pressure tubes, The other ends of the
plastic tubes are fitted with valves which are, for the
moment, left closed, |

If the pore pressure tubes are not to be used, the
gland bolts are replaced with solid bolts which are drawn
up tight against the "O" ring packings to‘make the base
plate water tight, |

The base plate outlet valve is closed and a 2 inch
diameter by’%.inch thick porous stone is placed over the
outlet, The base luclte section 1z now filled with a 28 to
200 mesh graded Ottawa sand filter, The filter surface is
leveled off at the top of the base column section.

A thin layer of vacuum grease 1s spread on the top

face of the base section and on the end faces of all colum
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geotions to bte used, The grease provides some insurance
against leaks., A cinch-ring seotion (fig. 2-3) 18 now
placed on the base gection and four oinch-ring nuts screwed
onto the proJjecting stude, The studs are é inch while the
cinoh-ring holes are yr inch, This difference permits the
einch-ring section to be loeated over the base section so
there ave no projecting edges at the Joint, The four cinch-
ring nuts are now tightened so there is encugh pressure
between the column section faces o prevent leaks. "Enough"
pressure 18 o matter of feel and ‘experience since too much
pressure will displace the cinch-rings. Priox to assembly,
each cinoh-ring seotion 1s fitted with @ length of plastic
tubing connected to the tubing fitting in the cinch-ring
wall., The other ends of the tudbes are comnected to needle
valves which are closed.

The oinch-ring nuts are é inch long, the cinch-rings
are %— inech thick,and the einchmraﬁg sections are 2 inches
long. Studs 1 f inches long are Screwed j inch into the
four cinch-ring nuts holding the first célum section,

They will then project %- inch above the cinch-ring of
the next wation; Any mumber of cinch-ring sections may
now be added. As each section is added, it is tightened
seourely to the one below and positioned 8¢ there are no
projJeoting edges on the inside surface of the oa;um.

After the first cinch-ring section is in place, deaired
water 18 admitted through the base plate valve slowly. so



- 45 -
88 not te disturb the sand filter. More water iz added
as e2ch cinch-ring ip installed.

After the desired mmbér of einch-rings are in plece,
four long studs are screwed into the last set of einch-
ring mits. These m:wt through the mating lucite flanges
of the coupling aectim and settling section. A rubber
gesket 18 placed between the flanges, and nuts are turned
onto the studs to secure the settling section to the column.

The cap plate is now pressed into the top of the
settling section with thé "o" ring in place to make & seal.
The cap plate 1s secured to the settling sectien with four
bolts through the matehing holes in the upper settling
section flange and cap plate, ‘

During aspembly, deaired water is added periodically
to keep the water surface nesr the top of the colusm. In
this way any major leaks may be detected and corrected
before assembling the whole columm. As each side wall
pressure tap begmes submerged, 1ts valve is opened and
water allowed to pass through the tube and valve until
all air is vemoved. The pore pressure tubes sre best de-
aired by forcing water up through the tubes and thus ex-
peliling the alr through the filters at the ends of the tubes.
The base plate valve ip opened peveral times to make sure
ro send can escape. This also hag the effect of seating

the filter.
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After the cap plate 1s installed, the column is filled
with water including enouéh electrolyte to produce the same
concentration in the column as will be used in the slurry
~tank. The glass slurry inlet tube 1s now installed with
its gland nut serewed onto the cap plate centervhole nipple
{(fig. 2-9), The gland nut is tightened with the horizontal
section of the glass tube at the same level as the slurry
tank valve. The glass tube and slurry tank valve are theh
cormected with a plece of plastic tubing. A plece of plastic
tubing i3 conmnected to the ineiined branch section of the
glass tube, The other end of the tubing 1s connected to a
funnel which is supported at a level above the top of the
‘.slurry tank, The slurry tank is partially filled with
dezired water., The tank valve is opened, filling the glass
tube with water,

A plece of plastic tubing is connected to the cap
plate outlet valve and inserted into the top of a burette
(fig. 2-9). An muxilisry slurry agitator is mounﬁed above
the main slurry tank., This 1s a 10 liter aspirator bhottle
placed on a magnetic stirrer. The base outlet of the
bottle is fitted with a rubber stopper from which tubing
passes horizontally over the rim of the main slurry tank
and down into the tank, A rubber stopper is inserted in
the top outlet of the flask., Tubling passes from here 1nto.
the mein slurry tank with 1ts end fixed at the desired
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slurry level in the main tank,
A sesle 18 attached to the side 6f the column. This
completes the column assembly. Slurry may noew be pre-

pared for an experiment.

8, Slurpry preparation.-~Clay slurry is made up of a
mixture of clay, wnter, and commen salt. The Pasadena Mp'
wm, used in the experiments, containg approximately 0.7
srma of dissolved solids per liter, of which an unlmown
but considersble percentage is bivelent metels such as
magnesium and caletum. The slurry concentrations M@a
somewhat but m of the order of 10 gramp of dry clay and 2
‘grams of salt to one liter of tap wabter, ‘

Reference 2,1 disousses the effect of electrolyte con-
centretion on flocculation in clay-water systems, The
presencs of electrolyte is shown to have a marked effect
en the net attractive (or repulsive) force between par-
ticles as & function of particle sepsration distance,
Purther, bivalent and trivalent positive lons are shown to
{nfiuence the net particle-to-particle foree more strongly
than monovalent ione. The concentration and types of elec-
trolyte used here sre in the renge at which the net foree
between particles would be repulsive, if ever, to only &
suall degree and over & short span of interparticle dis-
tences, This is borne out by the good floc formation in
the slurries used here.
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The slurry concentration used is governed more by the
mechanies of the flow system than anything else. In a
given experiment some fized flow rate of grams of dry clay
per mimate 45 desired. (See Chapter I-Section B,) The
more concentrated the siurry, the lowsr the slurry flow rate
will be to attain the desmired result of flow of clay solid,
At very low slurry flow rates, the horizontal portion of
the slurry flow line nearly fills with olay leaving only
a small flow passage along the top of the tube. This
raises the question as to whether or not the slurry flowing
through the 1ine is of the same concentration as that in
the tank. On the other hand, 1f the slurry is very dilute
requiring & high flow rate, eddy formation in the celumn
at the end of the slurpry flow line can be sulficlent to
110t some clay floc up to the cap plate and allow it to
esoape through the cep plate outlet valve, By trial and
error a8 sulteble ocompromige in flow rate is used.

The slurry concentration has no effect on the sige
of floe reaching the olay bed in the column, Within the
range of concentrations allewsble from the mechanics of
the system, the clay floc leaves the slurry flow line at
& uniformly smsell size visually estimated at eppreximately
%m. In the process of settling in the colunn, these
small floc occcasionally will occllide to form larger floc.
The frequency of collisions is & statistical problem de-
pending on the initial distribution of floc sizes (or
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settling velocities) and the floc concentration. As the
flocs grow in size, their settling veloclties increase,
Visual okeervation indicates a terminal r}.oc size for

a given set of conditions. Floc, larger than this terminal
size, tend to break up from the higher viscous drag forces
ineident to their increased settling veloelties., In the
apparatus used here, this terminal size was attained at
some 40 to 50 oms below the slurry inlet tube and was of
the order of 3 times the initial size.

After choosing | a slurry concentration, two batches of
ary clé.y ami pmrtiml amounts of salt are welghed; one
batech "t;"or‘ the volume of alum'-z? in the mam agitator at the
meroi level and cne batch for 10 liters of slurry in the
amnw agitator, These batches are mixed with one to
two liters of water in a dispersion cup to make dense
slurries, The mixing proeess fills the dense slurries with
amall gir bubblea so they are deaired by application of
veouwn for several hours, | |

The dense siurry batches are then added to the two
agitators along with the required amounts of dealred water.
To obtain good dispersion 'thev slurries are mixed in the
agitators for at least one hour. The slurry tank outlet
valve is open during this perled but no Blurry may enter
the colum until the cap plate outlet valve is copened.

The tube between the two agitators is open but no flow can
oocur here until the surface in the main tank drops enough



o 50 =

to allow air to pass through the tube connected to the top
of the suxiliary agitator.

b. Claybed formation.--The oap plate outlet valve
is now epened. ‘The outflow rate of elear effluent was
measured periodicslly by closing the burette valve (fig. 2-9)
and noting the time :‘equimd for some quantity of flow. The
cap plate valve is & needle valve, A fow Tlow measurements
and valve sdjustments ave sufficient to bring the flow rate
to the desived value. This flow rate willl net change so
long as the pressure drop across the valve remains constant,
This is one reason for maintaining & constant level in the
main slurey tank with the secondary agitator system. During
the period of clay input, the flow rate is periodically
checked, | |
. Additional batches of clay for 10 liters of slurry
are prapared as required. The suxiliary slurry agitator
18 allowed %o empty completely befere being refilled. The
outlet from this flask 1s at the base and thus the slurry
flowing inte the mein agitator 1s of a higher concentration
than the average in the flask. By allowing the flask to
empty before refilling, the consequent change in concentra-
tion in the main tank is oyclical around the desired mean
and does not steadily drift upward. Since the main tank
eanf:ﬁim some 430 liters of slurry the variation from the
mean is emall, The main tank outlet valve is at an appro-
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priate location to remove sluryy at the mean concentration.
This is checkod by messuring the mean concentration in the
tank et the conclusion of the clay imput period. This
neasurenent 18 made by pipetting samples fvom five equally
spaced levels in the tank, mixing the samples together |
and measuring the comsentration by drying the slurry and
mem.tng the dry wwi‘b.

' There is, however, ancther effect tending to steadily
inerense concentration in the main tank and that 1s surfece
evaporation, An eveporation pan is placed alongside the
mein tank end evaporation rete is meamured. The slurry
surface 4in the main tank rotates smeothly, but even this
mild movion would be expected to produce & higher evapora-
tion rate then that from a still surfage. To compensate
for this, the water surface in the evaporation pan is within
& few cms of the top while the shwmvy surface in the main
tank 1s kept at some 15 oms below the top of the tank. As-
suming, for the moment, that this meem gives the cor-
vect evaporation rate, the chenge in main tank concentration
may be computed. Twe m: must be oonsidered. In the
early experiments, the auxiliary sgitator was not used so
thet the maih tank surfsce moved down With time and wae
raised periodically by adding a batch of slurry. In these
cages the flow rate was maintained constant by periedic
valve sdjustmenta, The second case is for a fixed level
in the shuey tank.
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Case 1. Moving slurry surface
With reference to figure 2-11a, the following symbols

are defined:
t = time, minutes

A = cross-sectional area of tank, cm?

H = glurry depthatt =0, em

H = slurry depthatt, cm

q = outflow rate, cmal min, & constant

v = evaporation rate, cm/min, a constant

e, * slurry concentration at t = 0, gms/cm3

¢ = slurry concentration at t, gms/cm3
W_ = total weight of clay intankatt =0 = éoAHogms

W = total weight of clay in tank at t = cAH gms

v and q are taken as constants over a given time interval,
By definition:

W de 1| 1 dw _ W dH
¢ "IH"_""BT T["H'ﬂi‘ 'EZ'HE”}

Fluid is removed through the outlet and by evaporation:

H=H, - ‘—}t‘vt,

from which

Clay is removed through the outlet valve at the rate qc:

H = -ac

(2:1)

(2:2)

(2:3)

(2:4)
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Substituting equations 2:3 and 2:4 into equation 2:1i:

% - rlhceo- Sog

or

de ¢

&* "V H

which may be integrated to give ¢ as a functionof t

c t o
¢ - H, "%‘t'“

.

or

H
cre, [ o, J( 1 (2:8)
Hy - (F-+ ot 1+

At some later time, t,, 2 batch of slurry of known concentra-

tion is added. A new c¢_ and Ho are then known for computing

o
c aftert,. This process is repeated for each time a slurry batch

is added.
| Case 2. Fixed slurry surface
With reference to figure 2-11b, the following symbols are
defined |
t s time, minutes
A = cross-sectional
H = slurry depth, cm, & constant
q = slurry inflow rate, cmslmin. a constant

q - slurry outflow rate, cmsl min, a constant
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v = evaporation rate cm/min, a constant

¢, = concentration of slurry flowing into the tank
gms/cms, a constant |
¢ = cft) slurry concentration in tank, gma/ cm3
W, = total weaight of clay in tank at t = 0, coAH gms
W = total weight of clay in tank at t = cAH gmas

Since the tank level remains constant, continuity requires
q =93 VA
The total weight of clay in the tank is the original weight

plus the input less the output:

t
W=Wo+q1 clt-f qzcdt
, o
or,
dw
gt " 9 €1 9°€
also,

aw_ de
ot " AH-g
Combining equations 2:8 and 2:9

‘Eﬁg" ”"iﬂ"qﬁx'qzc’

(2:6)

(2:7)

(2:8)
(2:9)

(2:10)

Equation 2:10 may be integrated to give ¢ as a function of t:

[t
(qlel"ch)
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- t
ql cl-qz cmBg m ‘2:11’

or
where B is a constant of integration and {is the Naperian base.

Att =0, c = c, so the constant, B, must satisfy the relation:

B=qy¢,-qyc
or ‘
B = vAci (2:12)

Combining cqnationa 2:11 and 2:12:
| Qo+ VA | e t
o+ VA y -
c = 2 . YA € AR ¢, (3:13)
| U@ b
In either case there is a check on the procedure. By inte-

grating the flow rates and concentrations computed from equation
2-8 or equation 2-185, whichawf spplies, the total weight of clay
pused into the column may be computed. This total may be com-~
pared with the total weight made into slurry less the yeight left
in the slurry tank at the conclusion of the clay input period. As
shown in the Io‘n'owiug Chapter these two totals checked dlosely.
‘The slurry flow line must project hoi'izontally from the
tank before turning down into the column. If inclined upwards,
the sluri'y reaching the column is of a lower concentration than
that in the tank. Thé reverse is true if the line inclines downward.
This results from the fact that the floc settling velocities are not
“insignificant compared to the flow velocity 1n the line. There is no

accurate method extant for correcting this effect. In particular,
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siphoning, ‘which requires slurry flow up out of the tank, must

be rejected as a means of a slurry transfer.

As noted above, the clay floc grow considerably while
settling in the column. The slurry flow rates are kept low
enough so that the individual floc are clearly seen settling
until they strike the clay bed surface If clay slurry is added
to the column in batches there are no simple means of distinguish-
ing between a dense suspension and a clay bed in which the flocs
are in contact, 80 that the bed height cannot be measured.

As the surface of the clay bed rises in the column,its
level is noted, periodically, from the scale mounted on the side
of the column. The reading vis made through a hand level
to eliminate paraliax. In this way the elevation may be read to

-3 om

At intervals during the ¢lay input period, 25 cc of
red clay slurry,at a concentration of 15 gms of dr y ¢lay per
| liter, are injected into the funnel connected to the in-
clined side section of the glass slurry inlet tube. 8Since
the clays used in the experiments are white in color, this

small amount of red clay formsa a visible reference line in
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the clay bed. These lines permit observation of consolids-

tion of sections of the clay bed by noting the differential
movements of adJaaent reference lines,

In the experiments with bentonite clay, these red refer-~
ence lines remain intact and cleerly visible as they move
dewn in the ocolumn. Bewsides providing useful data the lines
are good evidence thet the column walls have little or ne
influence on the consolidation process and that it ig truly
one dimensional., With ksolin, however, the lines are erased
soon after being formed due, apparently, to an affinity be-
tween keolin and lucite. The significance of this is dis-
cuspad in Chapters IIX and IV,
| The time at which elay input should cease is determined
by consideratien of how close the bed surfece ghould be
allowed to epproach the end of the slurry inlet tube. Ob-
semmas indicate that, by thé time clay floc have
settled some 4O em below the end of the slurry line, they
have grewn to nearly their terminal siué. Horeover, if the
bed surface 1s permitted to get much oloser than this 16
will begin to feel the effects of the flow pattern around
the end of the inlet tube,

6. Clay bed conselidstion in settling column.--After
clay input ig stopped, the bed aﬁrfuee subsides as the clsy
continues to consolidste under its own weight. Readings
sre contirued on the sweface elevation end the elevations

of red reference lines when possible,
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¥hen the clay spproaches equilibrium under 1ts own

weight, it may be further consolidated by imposing a hy-
draulic gradient across the bed., Teo do thig, the slurry
inlet tube 1s removed and the inlet presgurizing system
is cormeoted to the coluxn eap plate (fig, 2-6). The in-
let line 1s f1lled with water with & vieible surface in
the gage glags, The desired sir presgure is wmm
through the WM valve. The water surface in the
glass drops a little when pressure is applied bée,mne of
the elastic enlargemont ¢f the inlet lines and column.
The column base plate valve and & constant level free
surface yeservoly are conneoted with a2 pilece of tubing,
™e base plate velve 18 now opened., The total head dwvop
acress the bed is the gage pressure head of the alr above
the gage glass water surface plus the gage glass water
surface elevation less the cutlet water surface elevation.
The rate of flow through the coluwn outlet is given
directly by the water surface movement in the calibrated
| goge glaps., When the gage glass water purface nears the
bottem of the glass 1t is reised by admitting water through
the uppsr guge valve., The flow rates are typioelly low.
Under thesé conditions it is easier to obtain acecurate
data by measuring flow at the inlet side rather than at-
tempting to cateh the cutflow with the attendant evapore-
tion problems. The fluctuating water surface in the gage
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glass means the total head drop aeross the bed is not con-
stant, However, these variations are small eompared to the

total head drop.

d. Fore pressure measurements, -~ During the three

stages: Bed formation, consolidation under gravity, and con-
solidation under hydraulic gradient, pore pressures may be read
from the pore pressure tubes through the base plate or from the
commectlions through the c¢inch-ring section wélls or from

both, During the rirst two stages, pressures are read with
water manometers, The pore pressure taps are connected to
flexible transparent tubes which are mounted on vertical

boards fitted with scales, The scaleajare related to refer-
ence elevations on the column.‘ Water manometers are, of
course, quite sensitive. Thelr main drawback, here, is

that pressure changes are necessarily accompanied by flow

into or out of the mancmeter tubes. During the period of

e¢lay input, this problem 1s minimized by keeping the main
slurry tank level canataht 80 that the only inflow or out-

flow in the manometers is that due to changes in hydro-

statlc excess pressure, This is the principal reason for
using the double slurry tank scheme. ‘

For the higher pressures during the period of consolida~-
tion under hydreulic gradient, water manometers cannot be
used. Replacing the wate: with mercury 1s also not suit-
able because of head room restrictions, 1In any case, as

the clay becombs more dense, the flow problem inherent in
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the usa of manometers becomes more serious, A pressure
transducer was selected as a more suitable means of pres-
sure measuvement under these conditiens. |

T™he instrument used is & Statham Instrmment Company
Presgure Transducer; Model No. P6-50D-350; Serial No, 2765;
iaput resistence, 360.0 ohms; output resistance, 369.0 ohms;
calibration factor, ©8.60 mierovelts (open cirouit) per
- volt exeitation per pei. The trensiucer is calibrated
sgeinst & meroury column using & 12 volt wet cell battery
for excitation. The calibration curve and the wiring
disgrak ave shown in figure 2-10. The sensing element in
the tranasducer is an unbonded strain gage connected in a
¥heatstone Eridge. fTwe “Iags of the bridge are for tempera-
ture compensation se that the ocalibration ourve does not
change with tempersture, The "gzero-adjust” civeult provides
2 means of balancing the bridge at any desired pressure.
Then as the pressure is inoreased sbove this “zero! the
beridpe becomes unbalanced and the cutput voltage is meas-
ured with a potentiometer. As showmn by the calibratien
curve, the output voltage varies linearly with pressure.
For tests, here, the "zero” is set at atmoepheric pressure.
Perhaps the most desirsble feature of the transducer is
that the quantity of water required to ectuate the device
is negligible. In use, the transducer is connected in turn
to the needle valves at the ends of the pore mam tubes.
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Care is taken that no air bubbles sre tyapped in making
the connection, The needle valve is then barely "cracked”
open and the pressure recorded. Connecting the transducer
airsetly to the valves is & glow procedure but preferable
to any sort of menifold gystem since the direct -connestion
requires enly the very snall flow velume necessary to ac-
tivats the instrument, The valves noed to be opened only
ﬁ small smount to sense the pressure. Opening the valves
further than necessary is avoided since the volume of water
in the line is changed as the valve stem retracts, Cook-
valves have the advantage of produsing no line volums
chenges frem full closed to full open., However, needle
valves give mich more positive insurance mgainst lealks,

After the elay bed m reached equilibrium under the
- hydraulic gradient, the bed surface stops subsiding and
mw threugh the bed settles down to a steady rate. Pore
pressuve data give: the gradient of total head for esch
segment of the clay bed. With the flow rate kmown, the
pormeability of esch seguent of the bed may be caloulated.
Seepage foroes are uleuhm from the gradients also.
After the contents of the column seotions are dried (see
disassexbly procedure, below), the volume ratics (eqn. 1:5)
may be cAleulated,

A curve of permeablility as a function of volume ratio
(or porosity or void ratie) may now be constructed for the
material under consideration. By summing the buoyant
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weights and seepage forces from the clay surface down, a
curve of volume ratic as & function of intergranular pres-
sure may also be constructed. |

To obtain soluticris of equation 1:22 , in & given
case, k and a, must be known as functions of E, Data
from the apparatue and methods described above provide
this information. o

In some experiments the column of clay was disas-
sembled after coming to equilibrium under ite own weight.
The 7 -E curve for the upper range of E is obtained in
this way, but no information on permeability 1s obtained.

L, Column Dimsssembly
At the time of column disassembly the elay surface 1is,

in 2ll experiments, below the coupling section (rig. 2-1).
The column ecap plate is removed and the clear water
above the clay surface is withdrawn, care being taken not
to remove any clay in the process. The column sectlons
sbove the clay surface are then removed. Two finger clamps
are applied to the oinch-rings of the top section and the
next one below. These serve the purpoie of maintaining
pressure between the section faces while the cinch-ring
nuts and studs are removed from the top section. If fur-
ther tests are to be run on the top section abrass filter
housing (fig. 2-7) is placed over the top of the cinch-ring
section, Four of the long head bolts are pessed through
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the base peotion and ¢inch-ring and secured with four cinche
ring ruts. Water 15 admitted slowly through the center hole
of the base gection until the porous disc and the space above
1t ave filled. This is the reason for the taper in the
space above the porous dise. A plece of flexible tubing is
connected to the base section with a valve at the other end.
The tube 1s filled with water and the valve closed. The as-
sembly is held down by hand while the two finger clamps are
ramoved, A thin sheet of stainlese steel is now passed
quickly threugh the bed at the interface between the column
gections., The chamfer on the cutside edges of the sections is
provided to facilitate this operation. The top section and
stainless steel sheet ave now slid horizontally off the
colum below, Thay may not be lifted off the column, Bince
this would pull some clay out of the next section below due
to its tendency to adhere to the stsel alleing sheet. The
section and steel sheet are now turmed over and placed on
the bench 8o that the column section with 1ts brass filter
housing rests on the four long-head bolts, The steel
slicing sheet 1s s114 horizontally off the colum section.
This whole process 1s repeated until the ‘solum is com-
pletely disassembled. |

If no edditional tests are to be made on some of the
gections, the section removal process is the same except
that the brass filter housing is net attached., After re-
moving the section from the colum, its contents are ‘
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‘emptied inte a previcusly weighed drying pan., The contents
of all sections are ultimately placed in drying pans and
dried in en oven at 105° C until weight loss is complete.
The dry clay weights for each section are obtained in this

way.

D, TESTS ON COLUMN SECTIONE
The column sections mounted in the filter housing may

now be subjected to permeahility, consolidation and vane

ghear tests.

1. Permeability Tests

For permeability tests, & second filter housing is
placed on top of the section. It ie filled with water and
fitted with a plece of tubing. The falling head permea-
bility test (ref. 2,2) 1s used with the water passing
through the clay from bottom to top. In principle, it
would be deuirnble to keep the head drop through the
sample below that which would lift the sample up were it
not enclesed. In practice this is not feasible. The |
densities of the sections ere typically so low that the
‘maximum head drop under this criterion would be a fraction
of a centimeter or'water. The best that can be done is to
use low head drops of & few centimeters and take a reading
after only a small emount of water has passed thruugﬁ the
sample., With the fluid pressure force difference across
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the ssmple greater than the weight of the sample, either the
sample must rupture forming & passage through which the water
may flow unrestrained, or the whole sample must be 1ifted
againet the tep porous disce forming & relatively impermeable
layer against the dlsc. The experience here indicates the
latter effect in all cases, for the permeability dropped
sharply as flow continmued through the sample. If the flow
systen ig reversed so that uatér flows down through the
section, the clay is subJected to & consolidating force in
the same way &8 the clay in the assembled column is éénnoli—
dated by a hyﬂrauiiu gradient acyoss the bed,

It mist be noted that the permeameter aesembly provides
some resistance teo flow without any cley in 1t. This is
measured and a correction made to the reading for the com-
bined system to obtain the permesbility of the clay alone.
~ In both toata; with and without the clay, the same initial
and final head drops are used., The cross-sectional aress
of the supply column and test section are the same in both
cases,

With reference to figure II-12a, the following symbols
are defined:

t = time
= cross-sectional ares of supply column, om®

- croaa-ueetienal area of test section, cma

e » &

= length of test specimen, com
initisl head drop, om

Gb‘
g



t ®

E

k =

- BB = )
head drop through clay, cm

final head drop, cm

head &rop at some intermediate time, cm
spparatus conductivity, min" 1

clay conductivity, min”

superficial flow velocity through apparatus

only, cm/min

superficial flow velocity through apparatus plus
clay, cm/min v

total time for test with apparatua only, mins
total time for test with apparatus plus clay, mins

permeability of clay, em/min

With no claey in the apparatus, the quantity flow rate is

VaA = Ra hA

This equals the flow out of the supply column

nahﬁﬁ-a-g%—

The minus sign is required because g% is always negative.

1ntegrating equation 2:18 gives

h
2.

R, = 2 _ log (
At
a 1

With clay in the apparatus, the quantity flow rate is

VTA = R,HA - Ra(h-l{)A

(2:14)

(2:18)

(2:18)

(2:17)
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R, R
- VoA = ——2 ha (2:18)
Ra-b- Rc
As before, this equals the flow out of the supply column,

RcRahA dh

, =-a g (2:198)
R+R,
Integrating equation 2:19 gives
R R : h
c e . ‘ .2 log ¢ 5-2- ) (2:20)
R+ Ra A ty 1 |
Combining equations 2:16 and 2:20 gives an expression for Rc
a h,
R, = - log (—) (2:21)
The eohductivity, as defined here, is, for a homogenecus
medium, the permeability divided by the length of the sample.
Thus, from equation 2:31
. A h _
k= RL = sl log (~2) (2:22)

2. Consolidation Tests _
For consolidation tests, a porous loading disc is placed
on the surface of the clay (fig. 2-7). Load is applied through a

rigid loading frame which bears on the bronze ring surrounding

the porous disc. Weights are added to the under side of the frame

as required. If the anticipated settlement of the loading disc

is greater than the thickness of the loading disc ring , additional rings must



- 08 -
be placed between the disc and the loading frame, Other-

| wigse the leading frame will come to rest on the end face
of the lucite section. Care must be taken to center the
lceding disc and spacer rings over the column section and
to place the loading frame symmetrically over the section.
If this is not done correctly,the leading disc will impinge
on the inside surfece of the lucite,

Settlsment measurements sre made with a dial gage
resting on & steel ball which in turn rests in & tapered
depression in the top of the loading frame.

Ioad 18 added in increments, and the e¢lay permitted
to consolidate to near equilibrium for each load. The
time at which the next load increment may be sdded 1s
disoussed in Chapter III. DJost tests are carried out
with drainsge from the top surface only although the ap-
paratus is also iuieabie for deuble drainage tests.

The consclidation apparatua also permite permeability
tests to be conducted in conjunction with the consolidation
test. After the sample is at equilidrium at & particular
load, the tube from'the ecenter hole of the filter houéing
is connected to a burette filled with water. When the
valve 18 opened in this ling,a failing head permaability
test 18 M. The initial fluld pressure force at the
base of the sample must be less than the sum of the load on
the sample and the sample weight or the whole sample will
be lifted out of the column section.
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3. Vene Shear Tests

In coneidering possible tests to conduct on section®
‘or a clay column, various methods of measuring shear
strength were studied, The anticipated high void ratios
- and low shesr strengths seemed to rule ocut any strength
testing system which required removing the clay from ite
oeluﬁn section. Ewven if this oould be accomplished, it
would, inevitably, result in appreciable disturbence of
the sample. The claye and environments used here suggest
the possibility of the resulting clay beds exhibiting
thizetropy to & high degree. In such materials any ap-
preciable disturbances result in aharply deéreaaed ghear
strengths (2, 3). |

Under these circumstances a vane test seemed to be
the only reessonsble solutien, The vane shear teet appar-
stus 18 shown in figure 2-8, The apparetus is assembled
with the shaft pulley supported on the spacer serews.
The shaft ﬂullay is turned so 185 spokes c¢lear the spacer
serew and thén it is lowered foreing the sheaﬁ vanes
straight down into the clay. The pesition of the refer-
ence pointer on the shaft pulley scale is noted and the
spacer serews removed. The length and welight of the
loading thread is chosen earlier such thet it 1s Just
sufficient to overcome the statie frioction of the shaft

and side pulley bearings. Iload is added at the center of
the thread loop which hangs freely below the apparatus.
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The tension 1nvtheithread is caloulated from the angle

1t makee with the vertical. load is added in eteps and
the shaft pulley scale noted when it comes to rest. Vhen
the failure load is reached, the ghaft pulley does not come
to rest but dentinuea turning.

At failure, the cylinder of clay presoribed by the .
geometry of the vanes rotates while the clay ocuteide the
‘vanes remains fixed, The shesar stress on this cylindrical
surface is asspumed to be a measure or.the sheay st?angth'
of the soil. Reference a,h'deucribes the use of vane
shear tests in engineering practice and suggests the
results of such tests correlate well with more rational
1éborahory tests such as the triaxial shear test. It is
the author's impression that the vane test has not gained
wide acceptance amongst soil mechanios engineers ap-
parently because of much experience to the contrary.

The shear stress developed by the device is coemputed
a8 follows., With reference to figure II-12b the following
notation 1s defined: |

D = diameter of cylinder generated by vanes, cm

h = depth of'penetration of vanes inte clay, om

T = ‘torque applied to vane shaft gm-om

By = shear~qtreuu on purface of soil cylinder of

diameter D, gma/bma

8, = Bhear stress on base of soil cylinder, gms/bm2
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T™he resisting torgue from the clay is equal to the
sppiied torque and is the sum of resisting torques from

the vertical surfage and base surfuace of the cylinder.
Resisting torque frem vertical oylindrical surface

= 72D h 8y

Along the base surface, the shear stress is assumed

to vary umarly from zeve &t the center to s, at the

~ edge of the vane,
B

_ -] :
Ropinting torque from HESe = 8, {(e7r ar)
L+ ]

but 8y = -5~ 9,
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o (2 7rer) = 4l u, / o

. J e
»ﬂ.
n-Bﬁ. ﬂl
so that Tuﬂ‘ﬁhs +7}”z-u
1 6 1
T 2123



- 72 -

E. EVALUATION OF APPARATUS

Of the two methods of obtaining pore pressures, the
tubes through the base plate have the deeided advantage of
sensing preasures in the columm interior, thus avolding any
wall effects, The cﬁuas»aeatianal area taken by the tubes
can hardly have any serlous effeects. The combined arvea of
elght tubes is 0.63 cm® while the column has en area of 91.5
am?; Umfof%unately, desplte repeated attempts, no relisble
data could be obtained from these tubes. This appeared to
be caused by plugging of the fllter ends of the tubes,

After the end of a tube 18 burled by the rising clay
surface, the fluid pressure at that level must start to riée
sbove the hydrostatic level at that point, For the water
manometers to detect this rise, water must flow into the
pressure enﬁeﬁ. This 1&'onm m@qbaniam by whiéh the filtér
ends may be plugged with clay;’“in addition, as the clay
congolidatesn, it moves down in tﬁe column, tending to forece
- elay into the stationary endsuar'p%aasure tubes.

The elay forced into the tube ends combined with the
filter materlazl to form a plug which resiated flow in either
directicn, This was evidenced by attempts to clear the
tubes. Water was poured into the open ends of the

manometer tubes and in some cases the free water surface
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in these tubes stood one to two feet above the maximum
poseible level that could exist at the ends of the tubes
without any apparent movement of the water surface. In
some cases, the tube ends could be cleared in this manner
but they soon plugged up again,

Despite these problems, thaq advantages of this system
seem to Justify further attempts to make the tubes usable,

As noted in section C of this chapter, pressure trans-
ducers have the desirable feature of mguimng almost no
flow to sense a pressure. Unfortunately, the instrument de-
Beribed in that seetion was obtained after most of the ex-
perinents were riniéhads slso, 1ts range is much too great
for the purpose of detecting the small pressure differences
 between the several tubes, Possibly, a low-range, high-
mieiﬁtﬁr instrument would solve much of the problem
caused by flow through tube filters. | |

The problem of clay being forced into the tube ends
as the bed consolidates ooculd, perhaps, be eliminated by
drilling small holes in the walls of the tubes near the
ends and sealing of the ends. Then the movement of the
elay would not impinge direetly on the hole,

That this scheme might work was suggested by the feet
 that some measure of success was attalned with the pore
pressure measurements through the walls of the cinchering

sections,
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The base plate tubes were finally abandoned after
the montmorillonite experiments were completed, At this
time, the cinch-ring sections were fitted with pressure
tubes in the hope of obtaining some data In the kaolinite
experiments, As discussed in section C, Chapter III, this
action met with a qualified success, That the tube remained
free was shown by proumpt movements of the manomater free
water surfaces when these were raised or lowered, Unfor-
tunately, the characteristics of the clay were such that
pore pressure measurements hed little meaning, at least dur-
ing the periods of bed formation and settlement under gravity.

One of the kaolin beds was consolidated in the colum
with the pressure gradient system. Thls wes the one time
during all the experiments thn gome meaningful pore pressure
daté were obtalned.

The fact that the hoiaa through the cinchering section
walls 414 not plug when pressures were messured with a trans-
ducer suggests that & more appropriate transducer used with
base plate tubes having closed ends and holeas through their
sides may produce some useful data.



The principle of conselidating a soill by nmeans of &
pms'aum gmdiant would seem tol be a useful soll-testing
technique, presuming, of course, the é.pparatus; problems
could be solved, The possibility of obtaining data on per-
meability, void ratio~intergrenular pmsﬂm rela.tionshins,
 and time-consolidation characteristics, all over a range of
void ratics, in one laboratory test, would seem to warrant
further study of the apparatus problem. Conceivably, such
& test could be made on an undisturbed soil sample. Thia,
however, would complicate the problem, , '

To develop the .mtamwnular praessures commonly re-
quired for engineering purposes would necessitate high
fluid pressures. Iucite may not be a suitable material
for a high pressure colum. If the column were made of
metal, lucite windows could be installed so as to retaln
hm of the adventages of visual observation.

In comoon with many soll testing problems, pore pres-
pure maaummt;s probably would present the most difficult
problems in both design and operation.
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CHAPTER III

KPERIMENTS ON PROPERTIES
OF SEDIMENTED CLAYS

A. INTRODUCTION

Three experimente with a montmorillonite elay and two
with a kaclinite clay are reported in this chapter. Prior
to these five, three preliminary experiments were performed
with the mentmordllonite. These preliminary mms provided
general information om what to expect in Puture runs and
brought to light a mumber of apparatus deficiencies which
were corrected to bring the amrabua to the eondition de-
scribed in Chapter II.

For one of the montmorillonite experiments, original
data and ths various caleulations and corrections are re-
cwm in detail to clearly indicate the mthm For the
wm experiments mly dat;a and final msults are gilven,
| No record of temperatures was made during the experi-
ments, However, the location of the apparatus was such
that the temperature probably did not vary more than
k. 5° F during any one experiment. The effects of this
variation sre not considered serious,

B, EXPERIMENTS WITH MONTMORILLONITE CLAY

1. eser ) Y.
The montmorillonite used in these experiments was
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obtained comserclally from the American Colleid Company,
Skokle, Illinois, The company quarries the clay from a
Wyoming deposit and mariets it under the trade name
"Velelay ﬂa. 200, " The following analysis was obtained from
tha.suypliari |
Composition
Q0% Montmorillonite o |
10¢ A mixture of a variety‘qf other inorganic
minerals, including gypsum, feldspars,
micas, etc. | -
ge capacity (complete sample) 80 ~ 85
milliequivalents per 100 grams of sample of which
60 milliequivalents iz Na 4ion
20 milliequivﬁlehﬁa is Ca ion
15 milllequivalents is Mg ion
1 miiliequivalent. 18 Kk ion
The supplier states further that the deposit from which this
tlay is obtained is quite uniform and that repeated analyses
give results which vary only a few per cent elther way from
the above figures, |
2., @i

Some general features of the three experiments are
ghown in table 1,
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Pable 1
Experiment
A 2 e 3
Slurry agitator system Single tank Double tank Single tank

Initial slurry concen-

tration | |
Clay, gms/liter 10.42 10,50 6.83
Salt, gms/liter 1.79 1.80 1.10
Average slurry feed |
rate, Cm3/min, 3.90 3.86 3,07
Average clay feed rate, |
grams clay/min, ~OH06 «OBOS 0210
Total wedght of clay |
in bed | . 37.2 512.4 . 27,2

Experiments 1 and 2 were performed in nearly identical
ways, both to check reproducibility and because this particu-
lar feed rate produced some interesting results which are
snalyzed in Chapter Iv;

a. Experiment 1

For this experiment all data and compubations are re-
corded in detall,

The total volume of slurrylred into the column is com~
puted in two ways: 1. Summing increments as computed from

measured flow rates and, 2, Agitator tank measurements
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corrected for evaporation. Table 2 glves the results
from the first process,
The second method of computing total slurry input is
as follows: At the conclusion of slurry input, the slurry
spurface in the tank was 4.3 em. below the starting level,
of which, from the evaporation pan reeord shown in figure
3-1, 1,1 cm, was due to evaporation. Thirty liters of slurry
were added during the input pericd.
- Slurry tenk cross-sectional area = 1490 emf
Total volume of slurry = (4.3 - 1.1) (1.490) + 30
= 34,77 1iters |
Thus, the total volume of slurry is between 34,77 and 35.35
liters, VWelghting the adjusted total somewhat towards the
figure obtalined from tank measurements, the total slurry

volume is taken as 35,0 liters,

Since the single slurry tank systqm wap used in this
experiment, equation 2:5 13 the appropriate formula for come
puting slurry concéntration. The measured evaporation rate

] l.lyam. in 9150 minutes, from which a slurry volume of
34,77 1iters was computed, The adjusted volume of 35,0 liters

requires an adjustment to the evaporation rate,



v 1.1 - 28 BTl g oy 5 1,074 emmin

9150

q = average outflow rate
q = 38%%%’ = 3,82 am3/min

Then the exponent in equation 2:5 is

y 1+ (TR (a6)

= o. 037 a'

and equation 2:5 becomes
037

¢ = Co { Jio J
Ho ~ (2.68){(1073)

The calculations are shown in table 3, and a plot of slurry
concentration vs.jgﬁge is shown in figure 2-2,

From figure £-2, concentration is read for each time
inerement in the flow record of table 1 and the weight of
clay in the bed 1s computed for each time increment as shown
in table 4, The individual flow rates are adjusted from the
values in table 1 to econform to the total slurry flow

figure of 35.0 liters,
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Figure 3-3 18 a plot of depth of bed and grams of clay
in the bed vs., time. The rate of clay input is seen to de
essentially constant, At this particular feed rate, the bed
surfece rose linearly with time after a short initial periocd
during which the rate of surface rise was increasing, Flgure
3-4 shows the location of the red marker lines during the
period of bed formation. Varying degrees of success were
attained in installing the marker lines, some being much
smoother than others., However, the marker lines retained
thelir initlial configuration as they moved down the column,

8o that it was possible to accurately trace the history of

rough 1lines by referencing the same spot on the line to the
colum scale for all readings, |

After slurry input was stopped, the clay was allowed
to conzolidate under its own weight until it reached equi~
1ibrium. PFlgure 3-5 shows the location of bed surface and
marier lines during this perlod. The curve for the bed sur~
face indlcates that some very slow movement was still oc-
cuwrring when this portion of the test was terminated. How~
ever, the curve indicates the bed was nearly at equilidbrium.

Recalling the consolidation equation development in
Chapter I and anticipating the discussion of Chapter 1V,
the equilibrium location cof the red lines will be used to
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determine a & =~ ¢ relationship.

Although the average concentration of the clay between
pairs of red lines may be calculated from the known welght
of clay in each section, the levels at which these average
concentrations should be plotted to form a concentration
profile is open to question. Howevei, any assumed concen-
tration profile may be checked directly against the loecation
of the surface and marker lines.

In Chapter IV, a & « C relation 1is used which satisfies
the equation
= a = g eonstant, (3:1)

3
ql

At equilibrium, &  must satisfy the following relation:
6.
=z = Y e
Combining the above two eguations gives

from which
C=ac" (3:2)

where A 1s a constant of integration. The volume of clay

particles per unit plan area up to the 1l'th marker line is

Z,
f Cdz = [el,
° (3:3)
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‘where Z, 1s the level of the 1'th line. Combining equa-
tions 1:2 and 3:3 glves

o .

or
 1-877%. [c], (3:4)
The quantities [C]l are known from the data. Thus,the prob-
lem 18 to mee if two econstants, a and A, can be found to
satisfy equation 3:4 for all 1. If this can be done, equa-
tion 3:2 is confirmed as the correct eﬂuatinn for the equi-
librium concentration profile. If equation 3:3 is written for
any two lines, say the 1'th and the m'th 1inea, ané a ratio

formed, then one equation in "a" pesults:

i ¥m '
s (3:5)

The only unknown in aqﬁatian 3:5 18 "a.," IFf equatlon 3:5 is
formed for all possible pairs of lines, the same value of
"a" ghould be obtained each time, if equation 3.2 is correct.
This procedure gives a good fit for the values,

a = ,0083

A= 032
The dry clay data show Y ¢o have the value 1.64, Insertion
of these numerical values in equation 3:2 gives the
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concentration profile

-0.0136Z
" C= 0.032¢& (3:6)

Returning now, to equation 3:4 and using the known [C 1l
values and the constants found shove, i:he various Zlvaluea
are ccmputéd and showm in figure 3-5 for eampamsén with the
observed values. The ag_re_ement is seen to be quite good,
cmﬂming equation 3:6 to be a fair representation of the
concentration profile,

Using equation 3:6, the ¢ - & relation may be derived

from equation 3:1 as follows: integrating 3:1 glves
cTad + C, ' (3:7)

where C, 18 & canétanb of integration equal to C when o
is zero. The value of {, may be obtained from equation 3:6,
as C evaluated at the surface elevation,

Co = 4032 e-(.o136)(78.!4) = L011 (318)

Using this value of Cy and the value of "a" obtalned above,
equation 3:7 becomes
¢ = ,0083 ¢ + ,011 ' (3:9)

Consolidation of Clay By Pressure Gradient

An attempt was made to consolidate this bed under an
hydraulic gradient. PFigure 3-6 shows the location of the bed
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surface and marker lines during this period. It will be
noted that the lowest layer consclidated quickly to a concene
tration value of some 30 times the value at the beginning
of this period, while the upper layers show only a small
ehange, This was the expected behavlior, However, after the
lowest portion of the bed consolidated, it formed a barrier
of very low permeébility which greatly retarded consolidation
of the upper portions of the bed., After a period of 22 days,
there was still no detectable pressure drop at the lowest
rore pressure tap,indicating the entire head drop through
the bed oceurred in the bottom 2 or 3 centimeters., It was
obvious that development of an equilibrium state with this
clay under these conditions would require a total elapsed
time of many ménths, and thus the experiment was terminated,

b. Experiment 2

The clay bed wae formed under essentially identical con-
ditions as in experiment 1, Original data and adjustments are
presgented in vable 5., Corresponding curves are shown in

figures 3~7 through 3-11,
No attempt was made to consolidate this bed under an

hydraulic gradient,
It will be noted that all results agree with those of

experiment 1,
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¢c. Experiment 3

In this experiment, a bed of clay was formed under dif-
ferent conditions from those used for experiments 1 and 2.
Originel data and adjustments are presented in table 6,

Curves as with experiments 1 and 2, above, are plotted in
figures 3-12 through 3-186. |

‘During the process of bed formation, the average con-
centration was at first lower and later higher than this
average in experiments 1 and 2, These differences persist
in the equilibrium concentration profile after the bed settled
under its own weight. No equation of the form of equation 3:6
will agree with the marker line locations,

The veriations between experiments 1 end 2 and experiment
3 are discussed in Chapter 1V,

Figure 3~1# shows that the rate of clay input was not
held constant but was twice decreased, This would appear to
be the cause of the bed surface actually falling for a short
pericd during the bed formation period. Apparently, under
these conditions, the consolidation effects in the bed tend=
ing to lower the surface were greater than the surface raising

effects due to acceretion of more clay,



a., Permeability Tests
The data and calculations for permesability tests are
shown in table 7. Tests were run on sections from experi-
ments 1 and 3. The results are plotted in figure 3-17,
There 18 no apparent distinction in results between the two
clay columms., |

The curve k = KEa,' where K = 4,5 x 10"5, is sketeched in
to it the pattern of pomi;g. There ib & lot of scatter,

- much of whieh iz probebly due to the method of measurement.
This is discusszed in section D-1 of chapter II,

b. Ceonsolidation Test

The bottom section of the bed formed in experiment 1 was
used for a consolidation test., The results are shown in the
form of the E~log G ecurve of figure 3-18. The curve in-
cludes equation 3:9 (in temms of E) at the low end of the
¢ scale. -

Of the several methods availabe for finding the coeffi-
clent of coneolidation, €y, from the time~displacement data
of & consolidation test, the one recently suggested by Scott
(3,1) has the distinct advantage,in this case, of proving
that shiz consolidation test cammot be described by the
Terzaghl equation., Ratios of displacements at various times
are outside the domalns of the appropriate curves in figure
of reference 3,1, Since these curves apply to any one
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dimensional consclidation test which behaves in accordance
with the Terzaghi theory, then any test to whieh these curves
do not apply must not conform to this theory. |

' ¢. Vane Shear Tests
Vane shear tests were conducted on column sections frcﬁ
experiments 1 and 3. The fallure shear stress as computed
from equation 2:23 is plotted against E in figure 3-19,
From the surface appearance of the samples during the tests,
the fallures all took place along smooth eyiindrical Bur-

faces at the cuter edges of the vanes.
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C. EXPERIMENTS WITH KAOLINITE CLAY

. Description of claz '
The kaolin was obtained from the Braun Chemical Company,

1os Angeles, California. It is labeled as "Kaolin-China Clay.’

No detailed information was available from the supplier. An x-ray
diffraction pattern of a sample was obtained from facilities at
Caltech. No lines other than those for kaolin could be detected on
thig pattern, indicating the clay to be at least 95% kaolin mineral.

2. Clay bed formation

Two experiments were performed under essentially identical
conditions, The slurry conéentrations were 20 grams of dry clay
and 3 grams of salt per liter. The b.ver#ge slurry feed rate was
about 9. 0 cm®/min.

As notcd_ in section D of chapter II, the pore-pressure taps
through the wails of the cinch ring sections were installed for these
experiments, and, during the experiments they were found to respond
quickly to changes in water manometer levels and thus apparently
were not plugged by clay. During the bed formation process, the
manometer‘levels. with slight variations, all rose linearly with
time, after being covered by the clay bed, as shown in figure 3-20.
However, the behavior of the red marker lines makes it difficult
to give these pressures any significance.

The marker lines formed nicely at the bed surface, but, as

the clay moved down in the column, the lines were immediately

eraged at the column wall.
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The red line behavior indicated that the clay was adhering
to the column wall. This was confirmed when the columns were
disassembled. The clay was removed from several column sections
and sliced in half. The red lines were found to be distinct and clear
in the interior, but near the edge, the lines curved sharply upward
and disappeared. |

One of the columns was allowed to stand for a period of 30
days under its own weight The list of flry weights of clay in each
" section, tabulated below, shows quite ciaarly that tests of thia type
in a lucite column are of doubtful significance with a kaolin clay.

Bottom elevation Dry weight of
of column section, cm clay in section, gms
0 278
6.1 248
10. 1 . 252
15, 1 280
20. 2 267
25.3 261
30.4 . 248
35.5 252
- 40. 5% 38

*Partlal section; 1.0 cm of clay

3, Consolidation under hydraulic gradient
One column of kaolin was subjected to a total head difference

of 115 cms of water. Figure 3-21 shows bed height vs. time during
this period. The pore pressure tape continued to function well.
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The equilibrium pore pressure profile is shown in figure 3-22.
The importance of the wall drag effect, under these conditions,
is not known., The results are presented in figure 3-23 as plots of
k and 04;, computed from the gradients and dry weights of column

sections, as functions of E.

4, Vane shear tests

It will be noted fi‘om the above that the kaolin beds formed at
much greater densities than the montmorillonite beds., This is the
expected result, However,‘ the density and strength of the kaolin
beds were such that the shear strength could not be measured in
the apparatus described in chapter II. Instead of failing along a
cylindrical surface, cracks radiated out from the vane tips towards
the lucite wall, while, at the same time, clay heaped up on the pressure
sides of the vanes. These conditions are illustrated in figure 3-24.

No attempt has been made to analyze the stress distribution leading to

this sort of failure.
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Table 2
MONTMORILLONITE RUN kO, 1 - SLURRY FLOW DATA
(1) (2) (3) (4) (5)
| Average
Slurry flow Slurry

| Inter« flow rate for volume for
?1me val rate interval interval
. Qo dedn, Cel/in, . Lo Notes

Start slurry 1nput‘

0 6.12
 bo 6,12 245
o 6.12 Change flow rate
3,74
130 3.74 486
170 3.74 |
196 3.765 738
366 3.79
134 3.78 506
500 3.77 '
500 3.775 1890
1000 3.78
320 3.785 1210
1320 3.79
80 3,785 303
1400 3.78 |
340 3.76 1280

1740 3,74



-~ 108 =

Table, 2
(1) (2) (3) (4) (5)
| Average
' _ Slurry £flow Sluryy
- Inter- flow rate for volume for
Time wval  yate interval interval
(ntn.) uin. Cm> min, Cm3/min, cm3 :
210 3.74 785
3.74
1950 3Q90 Change flow rate
890 . 3.86 3435
2840 3.82 -
70 3.83 268
2910 3.84
350 3.815 1340
3260 3.79
140 3.785 529
3400 3.78
b0 3.77 1620
3.76
3830 3.97 Change flow rate
430 3.97 1710
4260 3.97
560 3.93 2200
4820 3.89
530 3.86 2045
5350 3.83 |



(1) (=2)
Time  vei
(min,) min,

4oo
5750 '
20
5770
430
6200
100
6300
570
6870
370
7240
460
7700
600
8300

375

- 104 ~

tes

Table 2
(3) (%) (5)
Slurry Avgiﬁﬁe Slurry
flow rate for wvolume for
rate interval - interval
G fpin._Co/min,  _ cn3
3.81 1525
3.79
3.79 76
3.79 |
4.03
4,02 1730.
4,01
4,02 Loz
4,03
3.99 2275
3.95
3.935 1460
3.92
, 3.39 1790
3.86
3.83 2300
3.60
3.785 1420

Change flow rate
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Table 2
(xv) (2) (3) (4) (5)
Slurry Avgitg%g Slurry

Inter- flow rate for volume for
Tine val rate interval interval

min-) 0 o pun, edman,  _owd Notes
8675 3.77

475 3.745 1780
9150 3.72 ——  Stop slurry input

Total slurry input = 35.35 liters
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Table 3

MONTMORILLONITE RUN NO. 1 ~ SLURRY CONCENTRATIONS.

AL £t = o » e‘a R 100&‘2' Hg = 23.2 cm

) . . : .0
o = oz [ 23.2 ] 37
| 23,2 - (2.68)(15%) ¢t

tapln c.pgmsdliter volume in tenk, liters

0 20,42 33.55
500 10,44
1000 10,47
1500 10,49
1950 10,52 25,8

At T = 1950 minutes, add 10 liters of
slurry at ¢ = 10,42 gms/1iters,

bringing ¢ to:
Q = 1 } : . O b = 19.“9
H = 24,8 en
e = 10.49 & 24,8 | ] 037
24,8 « (2,68)(1073) ¢
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Table 3
Eemin o, gms/liter volume in tank, liters
1950 10.49 36.1
2450 10,51
2950 10,54
3450 10.56
3830 10,58 28.3

At t = 3830 add 10 liters of slurry at
¢ = 10,42 gns/liter, bringing
¢ to:

(28,3)(10,53) + (10 EL . 10.%4 gms/llter

¢ ]

H = 26,5 om

¢ = 10,54 [ 26.5

,037
26.5 - (2,68)(1073) t]

tomin o, gms/diter  volume dn benlc, liters

3830 10.54 38,3
4330 10,56
4830 10,58
5330 10.60

5770 10,63 30.6
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Table 3

At t = 5770 add .10 iiters of slurry at
¢ = 10,42 gms/liter, bringing

¢ Lo

= 10,58 gus/liter

2 =
| .037
¢ = 10.58 [ m _ ]
28,1 ~ (2.68)(1073) ¢
5770 10.58
6270 10,60
6770 10.62
7270 10,64
TTTO 10,66
&z70 10,69
8770 | 10,71

9150 10.73 Stop slurry input
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Table 4
MONTMORILLONITE RUN NO, 1 - CLAY INPUT CALCULATIONS
(1) (2)‘ (3) (¥ (5) (6) (7)
Average Grams of Total
adj.slur- .Cone. clay fed welght
Inter- ate | Input’  [eem - umn dupe in ools
Time val . figure ing um,
(min,) (min,) em3/min, em3 . - 3-2) interval _grams
o | |
4o = 6.08 243 10.42 2.53 2.53
4o .
130 3.72 483 10.42 5,04 T.57
170 '
196 3.75 734 10,43 7.66 15,23
366 |
34 3.77 128 10, 44 1.34 16,57
koo -
100 3.75 375 10.44 - 3.92 20,49
500 |
500 3.75 1876 10.46 13.62° 40,11
1000
320 3.75 1200 10,48 12,58 52.69
1320
80 3.75 300 10.48 3.14 55,83
1400
| 340 3.74 1270 10.50 13.34 69.17
1740
210 = 3.72 782 10.51 8.22  77.39

1950



(1) (&)
Inter-
© Time val
{min.) (min.)

20

1970
870

2840
20

2860
50

2910
350

3260
140

3400
430

3830
430

h260
30

4290
530

4820

530

Table 4
(3) (4) (5) (6) (7)
Averege @Grams of Total
adj.slur- Conc., clay fed welght
ry flow Slurry Jiter into col~ of clay
rate input from um dur- Iin col-
3 3 flgure ing . um,
em>/min, eom GQ-2)  interval grams
3.88 78 10,49 0.81 78.20
3.83 3335 10,51 35.05 113.25
3.79 76 10.53 0.80 114,05
3.79 190 10.54 . 2.01 116,06
3.79 1320 10, 54 14,00 130.06
3.76 527 10.56 5,56 135,62
3.7h 1610 10,57 17.01 152,63
3.04 1694 10.55 17.87 170.50
3.94 118 10.56 1.25 171.75
3.90 2068 10,57 21,86 193,61
3.84 2035 10.59 21,55 215.16
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Table 4
(1) (2) (3) (4) (5) (6) (1)
Qgﬁfgfﬁr- Conc. giggsfgg 3332%@
ry flow Slurry 18/1iter into col- of clay
Inter- rate input from um dur~ 1in col-
Time val figure ing umn,
{min,) Lg;g&}.cm3gggg.. emd, . _3-2) interyal _grams
5350
20 3.8 76 10,60 0.81 215.97
5370 |
380 3.79 1440 10.62 15,29 231.26
5750 .
| 20 3.77 75 10,63 0.80 232,06
5770
430 - 4,00 1720 10.59 18.21  250.27
6200 | |
100 k.00  lhoo 10.60 4.24 254,51
6300
| 570 '3.96 2258 10,61 23.95 278.46
6870 | |
370 3.91 1446 10,63 15.37 293.83
7240 '
330 3.88 1280 10.64 13.62  307.45
7570
130 3.85 500 10.65 5.33 312.78
7700

600 3.81 2285 10.68 24,81 337.79
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(6) (7)

Grams of Total
¢lay fed weight

/liter into cole- of clay

Table 4
(1) (2) (3) (4) {5)
Average
adj., slur- Cone,
ry flow Slurry
Intere rate input from
Time  val figure
{min,) (min,) em3/min, om3, 3-2)
8300
375 . 3.76 1410 10,70
8675 ’ |
10,72

475 3,72 1767
2150 |

um dur- 4in cole
ing umn,
interval grams

15,09 352.28
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Table 5
MONTMORILLONITE RUN NG, 2 - CLAY INPUT DATA
(1) (2) (3) W) (5) (6) (7) (8)
Slurry Average 3lurry Concen=- :
Flow Flow quan~ tra- (Orams of Total
Inter- Rate Rate tity tion Clay in welght

Time val 3 gns/ Inter- of
(min.)(min.) em3/min, em3/min, _em3 ;ézssw..““ﬂ&_u..suax.

0 6.12

50 6.12 310 . 10.0 3.10
o . o2 3.0
4,00 | |
150 3.98 760  10.01 7.61
240 3.96 10.71
270 3.95 1070  10.025 10.73
510 . 3.94 21,44
220 3.94 870  10.040  8.73
730 3.94 | 30,17
270 3,94 1060  10.055 10.66
. 3.94
1000 | | | 40,83
4,10 |
210 .11 860 10.07 8.66
1210 4,12 49 .49
420 4.14 1740 10.085 17,55
_ 4,16
1630 4.0l | 67.04
180 4,06 730  10.10 T.37

1810 4,08 Th. 41



(1)

Time val

2000

?280
2500
2770
3000
3240
3830

4000

4620
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(6) (7) (8)

tra~ Grams of Total
tion Clay in weight
gns/ Inter- of

iiter __val clay
10.11 7.68

82,09
10,125 11,34
93.43
10,135 8,92
102,35
10.145 10,96
113.31
10,155  9.24
122.55
10.165  9.66
132.21
10,18  23.82 |
156,03
10,195  6.93 )
162,96
10,21  25.22
188.18

Table 5
(2)  (3) (4) (5)
' Slurpry Average Slurry Concene~
Inter- F%gge g:gg %§€§.
(min.)(min,) om/min. em/min, _em3
190 4,08 760

4,08
4,00

280 3.99 1120
3.98

220 3.99 880
4,00

270 | 3.99 1080
3.98 |

230 3.97 810
3.96

240 3.96 950
3.96

590 3.97 2340
3.96

170 3.99 680
4,00

620 3.99 2470
3.98

220 3.97 870

10,225 8.90



(1) (2)
Time vel
(min,)(min,)
4840

160
5000
300
5300
320
5620
170
5790
210
6000
 h20
G20
220
66140
230
6870
130
7000

250

=116 -«

Tablevs
(3) (%)  (5) (6) (7) (8)
Slurry Average Slurry Concen- '
Flow Flow gquan~ tra- Grams of Total
Rate Rate tity tion Clay in welight
3 3 8/ Inter- of
en’/oin, em°/uin, _ em3 r . _yal _ _clay
3.96 197.08
. 3.92 630  10.235 6,45
' 3.38
203,53
4,02
4,02 1210 10.24 12,39
402 215.92
3.99 1280 10.255 13.13
3.96 228,05
3.95 670 10,26 6.27
3.94 - 235.92
3.94 830  10.265  8.52
3.54 - 244 by
3.92 1650 10.275 16,95
3.90 | 261,39
3.885 860 10.285 8.85
3.87 270.24°
3.865 890 10.295 9.16
3.86 279.40
.8 500 10. ol
3.80 3.63 30 5.15
2&. 55
3.94
3.94 990 10.305 10,20
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Table 5
(1) (2) (3) (4) (5) (6) (7) (8)
Slurry Average Slurry Concen-
Flow Flow quan~- tra- Grams of Total

Inter~ Rate Rate  tity tion Clay in welght
' gus/ Inter- of

Time val
(min.)(min.) emS/uin, em3/nin _omS>  1iter _val __ _clay

7250 . 3.94 | 294,75
| 280 3,92 1100 10.31 - 11.34
7530 3.90 306,09
230 | 3.B6 830  10.315  9.18
7760 3.82 315.27
340 3.77 910 10,320  9.39
8000 372 324,66
3.90 _
510 3.805 1600  10.33  16.53
8410 3.89 ~ 341.19
370 | 3.88 1440  10.39 14,89
8780 3.87 | | 356,08
220 3.855 850  10.345 8,79
9000 3.84 ' 364,87
150 3,84 580  10.345 6,00
9150 3.84 370.87
360 3,835 1380 10.35 14,28 .
9510 3.83 - 385.15
270 3,875 1030  10.355 10.67

9780 3.82 395.82
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Table 5
(r) (2 (3) (4) (5) (6) (7) (8)
S8lurry Average Slurry Concen-
Flow Flow = quan~ ¢tra- Grams of Total

Inter- Rate Rate tity tion Clay in weight
Inter- of

Time val gms/
(min.)(min,) em3/min. emd/min _om3  1fter _ val _clay

220 3.82 840  10.355 8,70
10000 3.82 R 404,52
110 . 3.8 k20 10,355 4,35
10110 3.8 | 408,87
90 3.82 340 10.36 3.52

10200 3.82 412,39
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Table 6
MONTMORILLONITE RUX 10, 3 - CLAY INFUT DATA
(1) (2) (3) (4) (5) (6) 7)
Average Grame of Total
adj.slur~ Cone, clay fed welght
meer- et St o i 55 ot
- Time val figure ing
) (o) endmn  _emd/uin .1..-13*).“ interval .,a.........
0
23 12,20. 280,6 6,83 1,916 1,92
e3 | |
| 215 4,63 995.4 6,835 6804 8,72
238 o |
512 3.99 =2042,9 6,85 13,994 22,71
750
53 3.79  200,9 6,86 1.378 24,09
803
, 220 3.76  B827.2 6,865 5,678 29,77
1023 ,
455 3.75 1706.2 6.831 11.740 41,51
1478
50 3.75  187.5 6,892 1.292 42,80
1528 |
60 3.75 225,0 6,804 1.551 4,35
1588
50 3.74 187.0 6,897 1.290 45,64
1638 ‘

U5 3.70 1757.5 6.912 12,148 57.79



(1)

Time

{min,)

2113
2308
2478
2648
£863
2908
3678
3728
3948

3968
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Table 6
(2) (3) (4) (s) (6) (7)
Average ~ QGrams of Total
adl.slur- Cone, clay fed welight
ry flow Slurry s/1iter into col- of clay
Inter= 1rate input from um dure- in col-
val 3 : figure ing wmn,
(min,) em’/min  em3/min, _ 3-14) interval _grams
195 3.68 T17.6 6.932 4,974 02.7T
170 3.71  630.7 6,937 4,375 6714
170 3.71 630.7 6,951 4,384 Tl.52
215 3.67 789.0 6,959 5,491 77.02
45 3.79 170.6 6.964 1.188 78.20
T70 3.65 2810.5 6.989 19,643 97.85
50 3.41 170.5 7.006 1,155 99,04
220  3.40  T48,0 7.008 5,242 104,28

20 3.54 70.8 7.010 496 104,78

300 3.70 1110.0 6,967 7.733 112,51
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Table 6
(1) (2) (3) (4)
ry flow Sluryy
Inter- rate input
Time val C
4268
790 3.71  2930.9
5058
35 3.71  129,8
5093 | |
360 3.65 1317.0
5453
110 2,64  200,4
5563
| 235 2,61 613.h
5798
710 2,58 1831.8
6508
210 2.9  522.9
6718
80 2,45 199,2
6798
360 2,47  889,0

7158

(5)

Cone,

(6)

(7)

Gramg of "Total

gma/liter elay fed weight
{(frem:  Anto cole of clay
flgure um dur- 1in col-

3=14) ing um,

ave Erams

6,982 20,464 132,98
| 6.992 908 133,88
7.000 9.219 143,10
7.008 2,035 145,14
T.015 4,303 14g 44
7.033 12,883 162,32
T 044 3.683 166,01
7.050 1,404 167,41
7.058 6.275 173.69
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Table 6
(1) (2) (3) (%) (5) (6) (7)
Ave ' Grama of Total
add.slure Cone, clay fed welght
ry £low Slurry sms/liter into cole of clay
- Intere rate input {from urm dur- 4in cole
Tive  val figure ing umi,
{min} (min) cm3@gr__s em3/mn 3“1‘” interval & _pgrams
| 120 2,46  295.2 7,069 - 2,087  175.77.
7278 _
600 2.40 1438,0 7.085 10,188 185,96
7878
670 1.78  1192.6 Tolrh 8.484 194,45
8548
720 1.40  1008,0 7.148 7.205 201,65
9268 -
60 2,29  137.4 7.167 985 202,64
9328 |
330 2.28 7524 Te177 5.400 208,04
9658 .
360 2,26 811 7.104 5.834 213,87
10018 ,
170 2.25  3682,5 7.209 2,757 216,63
10188 '
660 2.20

10848

1455,0 T.234 10,525 227,151
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CHAPTER IV
DATA ANALYSIS AND COMCLUSIONS

A, INTRODUCTION

In Chapter I, consclidation theories hre discussed
with regard tq'thﬁ physical asﬁumptiana.eﬁneafﬁing the
mechanics of the consolidation process and to the assumptions
comsonly used to obtain a linesr mathemetical model to de-
soribe the rw@eqaé. The iinaar équation was seen to be un~
suitable for consolidation problems in which large strains
oocur. With the purpose of finding a suitable mathematical
model for cases of large stratn, equation 1:12 (and its al-
ternate forme, equations 1522 and 1:32) wae developed by a-
volding the linearizing assumptions. A finite difference
method of scolution was cutlined to 1ndiaabe how this equa=-
tion might be applied in prastice. |

The experiments on sedimented clays, reported in
Chapter III, represent perhaps the most extrewme possible
exanple of a consolidation process with large strains. Ace-
cordingly, the first point of éiacuzsian in this chapter
is to analyze these experimente in relation to the theory

daveloped in Chapter I.
Finally, there are presented some general conclusions:

resulting from this atudy.
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B, SOLUTIONS TO 'PHE CONSOQLIDATIONEQUATION AND CORRELASION
WITH EXPERIMENTS,

Sime the expers.mm;al data are more simply expressed
- in terms of copncentration than volume ratio, the consolida-
tion equation of Chapter I will be considered here in the

form of aquatmn 1:32, which is reproduced below for ready

reference:
- 2¢ ._ ) G : .2
T o l — ..).. GC?'I (1:32)

where, it will be recalled, @ md F are functions of E and,
by equation 1:31, E = %& . ‘

From inspsction of equation 1:32, it 48 apparent that 1f
solutions of the product form are sought, i.e., if C may be
expresaed &8 |

¢ =0 (t)d(x | (4:1)
mm © is a funotion of ¥ only and & is a fmction. of
- x only, then only certain Bpacié,l forme of F and G are pos=-
sible. PFor equation 1:32 to be separable, F and G must be

power functions of C, i.e.,
F = cP (4:2)

a - c | (4:3)
In tems of aquations lt:l, Iné and 4:3, equation 1:32

bpemﬁ
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¢A@ :fL [¢1~P-l 3‘_% @TP +d>7+z @7,“]
(8:4)
Equatien 4:4 is separable for values of p and q as follows:
| g = =2 all F |
| pe=w2 allgq
For p = -2 equation 4:4 becomes:

1 de -1 4 [p §t2
o 5% T G0 4 v (415)
By the usual reasoning, ths two sides of this equation must

gqual a constant, say L. Then,

. de -y o CI4:8Y
@%i-l T?T - L (416>
which may be integrated directly to glve

O L) (LT e M), 4 £ -1 |
: | : (4:7)

‘where M 18 a constant of integration. Obviously, the solu-
tion for ¢ = -1 1a also easily found,

The equation in Cb is

4 d pt ddyy t d 72y -

d d¢(¢ 8’E>+¢ drt (cb ) =L |
4 (am dé QR -
or 5 I (b a_%) +(g+2) 5 (¢ -0

: ‘ (4:8)
This is a non-linear ordinary differential equation of the
second oxdler, Solutions must be considered separately for
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each value of ¢. Analytic solutions are presumably pos-
sible only for some special values of q. However, it is
always possible to reduce equation 4:8 to a first order
egquation by the substitution, |

dé O (#:9)

3+
 Then g ax
£ =[x (@ 4]
£ (0" 39)k 9% | (4:10)

Substituting equations 4:9 and 4:10 in equation 4:8, the
following fimb order equation is obtained:

£ ') JZZ - | |
$3** d¢ A Y (4:11)

Here again, equation 4:11 must be examined separately for

each value of 4.
For the ease ¢ = -2, equatian B:4 pecomes

~(p43)
P»a. d® %[¢ P43 dd?} L 12)

_ The equation in (O 1s again directly 1ntegmted,

P2
do =
d’l“ L
P+3__ _ _ '
o =(rt3)(Lr+M),P# -3 (8:13)

where M 1s a constant of integration. The solution for
p= -3 glso may be obtained by direct integration. The
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equation in CP i1s solved by integrating twice,

¢[¢ (P+3)d¢] L

Integrating once gives

Integrating a second time ylelds the solution:

. q}_(m): } ( P+2) [_2\-_/,}+ Nac +.P],P 7 (4:14)

?

where N and P are conatanté of 1ntegratiqn. Again, the
speciel cese, p = =2, presents no prcbleﬁ,

The above discussion indicates quite a large group of |
solutions are obtainable by the "smeparation of variables"
technique in the two cases, p = -2 and q = -2, Of course,
these solutions are valid only if the boundary and initial
conditions are satisfied by thgm in a given groblem. Al=-
thougn these solutions are applicable only in certain
special cases, they are presented to indicate some analytic
solutions are possible for equation 1:32,and because one of
these solutions 1s shown below to be applicable, with some
reservations, to some of the experiments described‘in
Chapter I1I1I,

Boundary conditions, in general form, are not obvious
for equation 1:32. Agein, the nom-linearity of the equation
requires Beparate consideration of boundary conditions for
each case,



Ex nte 1 é.

Figurea 3-5, 3+11, and the accompanying discussion show
that;‘at equilibrium under its own wuight, the montmorillo=-
nite elay formed under the conditions of: these two experi-

ments hae ¢ "G - O diagram which 18 linear, L.e.,

g-;-ci f—a—-3constaht (4:14)

The definition of a8, is from Chapter I,

E
av'- 3?'.:

In termus of € this becomes

JC
(4:15)

But a, may be expressed as
v:aF(J—c‘)

(See equations 1:13 and 1:32,)
Thus, from equations 4114 and 4:15

Fle) =22 6y

In figure 3-17 there is considerable scatter but

the permeablility may be roughly expressed functionally as
|
beK 2 (4:17)
(See equation 1:18.)
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Thus, for these experiments the values of p and q in

squation 4:4 are |
qQ=p==2,

A discussion of the legitimacy of using the value of
P obtained from the equilibrium state of the clay 1s re-
gerved for the next sectlion below, Assuming for the mo-
ment that the sbove values of p and ¢ may be used, equation
1:32 becomes | |

de 'y (L '
5z © 8% (< a»:) | C (4:18)

b. .

The solution by separation of variables will now be
exgmined with regard to the progress of consolidation in
a elay-bed during its formation. _

Agein, sssuming C may be represented as
"C= &(T) CP ('X) , equation 4:18 becomes

cl e s do _ |
& d (76 ) L (4:19)
The © function is obtained direectly,

=Lt+M
S (4:20)

where M 15 a constant of integration. For the P eque-
tion, the substitution of equation 4:9 is made,
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L=1 d¢
¢ .
d=. (4:21)
Differentiating with respeet to P gives
df.d (L 46 da |
de dx V& dx/ Jo
or
4 (L déV=h L 4~
With this substitution the equation in .~ end P 1s
| 4./ - |
P agL
whiah-may be integrated to glve
L =2L0-N
or  PVZLGN | (4:23)

- where N 48 a constant of integration.
Substitution of equation 4:23 into equation 4:21 gives.

1 4 =\ e |

¢ dp | VELON » (4:24)
which may be integrated to give.
dé = |

e 7P (4:25)

where P 18 a constant of integration,
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The integral on the left side of equation 4325
takes various forws, depeunding on the relationship between
2L P -N and N and whether N is positive or negative.*
Assuming for the mowent, N> O, end, 2L O-N > O,
then equgtion 4:25 becomes

2. yon VZEEN = x + P

v7r N |
or

J~—£—2LN'N = tan J% (/P"r P)
or

¢ = _2!% [ ++an"C%' (# +P)] (4:26)

# See, for example, reference 4,1 (page 42).1
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Thus, C from equations 4:1, 4:20, and 4:26 18

¢ =N3& + My ) IJ. + tan® \Fg (x + P):] (4:27)

where M, = 'é@f:

Equation 4:27 is a solution of equation 4:18 using the’
technique of separation of varisbles. As expected, there are
three constants, N, My, and P to be determined from condi-
tione of the problem. |

¢. Boundary Conditions

Only one of the three necessary condk ionz is inme-
diately obvious., The other two are obtained from the experi-
mental data and some reassoning concerning the particle struce-
ture in the clay~bed. The acecompanyling sketceh of the domain
of the problem in the X -T plane is helpful in visualiz-

ing the conditions. It will be recalled that

X

T
in the two experiments under consideration, the clay~bed

surface rose linearly with time during the clay input
period (see figures 3-3, and 3-9). Then, in the x- T
plene, the elevation of the surface, X (), is also
linear as indicated in the sketch. Figure 3-9 shows,
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further, that a time was reached after which the bed surface
ne longer rose linearly with time.
‘Phe above observations yleld the three conditions re-
quired to fix the eomstants of equation #:27.
1. The base of the settling column was sealed
‘80 there is no movement of water or olay particles at
ZesX =0, | | 4 '

11. The bed surface rose linearly with time for
most of the elay input period. (It will be recalled
from Chaptey III that the rate of clay input was con-
stant for these two experiments,)

111, In experiment No. 2 (figure 3-9), & time was
reached at which thg bed surface no longer rese linearly
with time,

These three conditions are developed below.
The impermesble base ylelds an equation in C at x = o,
(See equation 1:36.)

A 2¢ =~/ a¥ x=0
¢ ax (4:28)

Condition 11.

The second condition resulting from specifying
x (1), i8, in s sense, related to & boundary condition at
x = X . The equilibrium relationship of Chapter I (equation
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1:9) 18, in terms of ¢
6"‘+u=-6"/’)"c d= (4:29)
At the surface 2=F (p+2)& + =0
The term, o5 » W8S defined as

In this case

o= = -j;",’: Ve
B0 equation &:29; becones
i YCd= = "‘ re
where W is the rate of clay 1nput in grams per square
centimeter per minute, In terms of x ond ¢ this is

(see equations 1:17 and 1:21)

T dr = W o ,
o 7"7'( ¢ (&330)

Since the bed surface rose linearly with time, ¢~ may be
expressed in terms of >  the constant rate of surface
rise., Interms of 2 and ¢ , K  is defined by

E =K% | (4:31)
Replacing Z and ¢t by 2 and 7 in equation 4:31 gives.
Z _ YL "
ar — X ok ¢
or }
oo KV v 2 ——
=5 #=8% (4:32)

Inserting this expression for 7 in equation 4:30 gives

e
ﬁa’x Fx (4:33)
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8ince . the bed surface rises at & wniform rate and clay is
fed in at a wniform rate, the average value of c,7 is &
eonstant Gy for a1l T

C ' = b ¥
8 " Tkt © A
The final form of the second condition is given by

5
/dewﬂa&' o (ba34)

A brief discussion of this equation 1s appropriate be-
fore proceeding to the third condition, Equation 4:34
1s ldentical with the definition of Cy, 1.8.,
C,, = ;’2 / = Cdx |
A comparison between the conditions of this problem and the
hypothetical problen disecussed in section D, Chapter I helps
 te show the relation between this condition and & boundary

condition at x = X . |

In the Chapter I problem, & bed of c¢lay is initially
'&t equilibrium under its own weight, and, from the charac~
teristics of the clay the initial concentration profile 1s
mam, $.e. |

CeC(x)at 7 =o0.
At ¥ = 0, the boundary condition 18 the same as here,
L 2c =~/ 41 % =072 O

C ox
At X = X, the value of C 15 given from the known ioading

conditions at the surface, 1.¢.,
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C=C(7?)atx=x,
prescribed, since comsolidation takss place Lmm
the surface. Pinslly, the movement of the clay surface is
determined from the faect that the total amount of c¢lay in
the bed 18 & lnown constant, 4.8.,
/; ¢ dx = & constant,

In n:;mipu at least, these lest two conditions may be ine
terchanged, If the clay-bed sould be campressed in some way
so that ¥ (7 ) 1s presoribed, then ¢ et x = ¥ would not be a
known boundary condition(sinée the required load would not
be imown)but would be obtained frem the comservation rels=
tionship, J # Cdx = a comstant, In this case, the cone
servation relation may he thought of as a bhoundary condition
for the upper clay surfma, since it fixes ¢ at this bounde
| The above reasoning applies to the problem here, Exami-
nation of figuwre 3~ ¢ shows quite clearly that the lower
levels of the elasy«bed undergo cmsiderable eonsolidation
during the period of bed formation. BSinee (1) C 15 increas-
ing with time within the bed, (2) the sverage C over the bed
remasns constant, and (3) the slumy feed rate and other con-
ditions remsin eonstant, t;m ths econcentration a.t' the sur-
face must decrease as the surfece rises, The only other
poesibility 4s that ¢ 18 not a monctonic function of depth,

pdlately at
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Asewming no changes in floec characteristics as they reach
the bed, a reversal in the concentration profile does not
seem physically reasonable, nor is any such condition in-
dicated by the data,

The surface value of C, C4, 18 not known as a..bound-
ary condition, but, in analogy with the above discussion,
equatien 4:34 may be thought of a8 the boundary comdition
on the upper surface which will fix Cg if the form of X
{ 7 ) 15 taken as known.

Equations lnés and 4:34 provide two conditions on
equation 4:27. The third c-onditieﬁ, which results from a
change in the rate of bed surface rise, is obtained from
some reasening concerning Cy .

It is noted, above, that the experimental evidence
Andieates Cp must decrease with time. Since the inter-
granular stress must always be zero at the surface, one
might expeel Cy to be a constant, but this is contrary
to the evidence. ,

In Chapter II, section C-3-a, there is a brief dis-
cussion of the environmental factors which permit the par-
ticles in an aqueous clay suspension to aggregate into
fiocs. The neceasary econdition for floc formation is
that the met effect of sttractive and repulsive forces be-
tween clay particles is attractive, One might expect,
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further, that a net attractive force may exist between
floes. Such a force 1s thought to explain a structural
characteristic commonly prezent in clay soils formed by
deposition uwnder water and referred to as "honeycomb |
structure,” | |

The process of formation i1s explained* by considera-
tion of the static equilibrium of individual floos as they
make contact with the clay surface. When a floc strikes
the surface at a protrusion or high point of a previous floc
it 1s thought that in a sultable enviromment, the forces
of attraction at the contact between the two floc ave large
anough to overcome the gravity fcrae tending to roll the
floc off its high resting piaae into a more stable position,
'As the process 1s repeated the flocs may bridge over and
enclose small volumes in which there are no soil particles;
hence, the name "honeycomb strunture.“ In this way a soil
may be constructed with a very high average ﬁornsity.' That
this surfaca structure baﬁomas progreasively mofe porous
during the period of bed formation must be due to some ef-
fect of the consolidation procaas occeurring within the bed,
Some possible mechénisma are considered in the next section

below,

*Reference 1, 5, pp. (59 - 6l).
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Whatever thé process may be, one might reasonably expect
some 1imit to this steadily deoressing Cg . In the given en-
vironment the attractive forces at the contacts between flocs
should eventually be overcome as ‘the structure becomes more
and more open, The bed surface rising linearly with time is
explained by Cg decreasing with time, 1If Cg reaches some mini-
mum value then, conversely, the bed surface can no longer con-
tinue to rise at the same rate, In the second of the two mont-
morillonite experiments, the bed fcmnatim pMeaa was con-
tinued until mw was a. slight but c¢lear tendency for the
mte of bed aurfwa r:&aa %o start dwmaamg an shown in figure
3~9. The third condition for equation 4:27, then, is that Cg
decreases until it reaches some minimm value, This condition

is expressed as

dCs . ‘ |
5 ; = O AT ?’, ’?:y (%335>
This 18 a total derivative, since Cy is a function of

(or X) emly.

To amm&ri%. ﬁhe"am)licable form of the consolidation

for the montmorillenite experiments is taken as

de D J
- sEe 2 (R 5) (4:18)
& solution for which is

C/V/z f‘M)[l-f‘éaq 24(?(,1-??] (4:27)

where N, M, and P are constants determined by the three
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cenditions:

—é-g—;—‘ = -1 at X =0, (!4228}
/;Ca’;«: =Cax o< < o (4:34)
aand

5—2 =0 at 7= Pasw ( 4:35)
Using the expression for ¢ from equation 4:27 in
equation 4:28 provides a relation between N and P ,
@__ 7 ~
L 2 _ 2 Ean '{(fxf-f)[c:os’-‘/i?(,yfp) }
¢ o= tréanT VE (yyp)
Putting = = o 1
v , ,
L de _ W7 ban P =) » by equation 4:28
= Py
/[ o
tan 17 P - (4:36)
The term [ /+ ¢an® r/zrﬁ)]

in equation hs27
may be expanded,

Z
1#tan* Zarr)= /4 ré"’ % +tan ?P—,
z /= Gan VEx ten VP

Using equation 4:36 and simplifying, this becomes

VD (W+ 1)
1+tan* ZFlare) =
2 Ger?) VR Cos VR 4 sin VEx) ™

-wWhich, when substituted in equation 4:27, gives

N+l
c=wmLz *”)(vwc,, Byt oin B )T

(4:37)
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In spplying condition 4:34, c 48 integrated over X. This
integration is facilitated by making the substitution.

VW . .
W cos ‘%Tx + sinFx = Vy+1 sia (—,;Wx +§)

NN _
VA

where ‘Sin § =

end cos§ = WJ_;_:-T

In this notation equation 4:37 1s

N (4 |
c N( T+M) 5'“"(V&X+S)

Condition 4:34 may now be appliﬁd.
fCJx = N(ZT+M) f

5""‘ (‘r—x-l- S) _

: X
=N (-i—-'é’.;- M‘)V-—%— [— Ca'e(::x +§ )]o

= 2VN ‘}_"(-(—M) CCo-‘-g-' cot (\Ez:)?-\-S):]

X VA -
[Tedi = 2 (fram) Hedtan 5X

Setting this expression equal to Ca X gives the relatlon

. e -
| Ca— YNCos 2% + sin "—fo |
(zee M) = 3% 005 e B 7 - (8:38)
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Substitution of equation 4:38 in equation 4:37 gives
c=2%c, X (W_Cosi@ -f'sing;)
sin ?R/W“‘?x + sin g‘)z (4:39)

Since the linearity of X (7°) has been used to obtaln
equation 4:39, the solution must be considered valid only
up to that point where x (72) 15 no longer linear. Replacw
ing x by X in equation 4:39 gives an expression for "hhe
aurface concentration, ca:‘

—

X
.sm_?_; (Vi'm‘—"-’v; + s/in _:,_Ci")

&=

op NOR

Since, from equation 4:32, T= 4 X, the condition of
equation 4:35 may be modified to | |

dcs
adx

=0 ai" )?:';m

Applicatlion of this to C; as expressed 1n equation 4:40 yields
the walue of N,

ﬂslhﬁfflcosﬁf
X — ————7
(I-cosVR X +VW sinVi x)

- dGs _ . L
ﬁ“ﬂc“{/—cosvz;fmm»’ii

By equation 4:35, this expression 18 o at X = X so that

VN (3 =1) sinVW X, + (1+VWX,)cosVF X, = [ (4:41)



To complete the solution, some mumerical values from
Chapter III must be introduced. The unit weight of the
monmrinenite clay is, from Chapter III,

7%= 2,64 gne/om3 ’
Bo that |

7 w72-70 = 1,64 gusjend .
From figure 3~5

a = 0,0083
From figure 3-9 the value of Z at which ®(t) 15 no longer
linear 1s in the neighborhood of 123 cm. Then

X, = 1.68 | o
Cheolding with equation 4:41, 1t 18 found that 1f X, = 1,675
then V7 = 0,8, This 18 taken as the value of v .

Introducing the above value of N inte equation 4:39,
the final expression for ¢ is

> (0.3 cot o442 -/—/) ‘ o (4:&2)
A (0.8 cos O Axtsin 0.41,)7‘ ’

g. Assumptions used in finding the solution.

0 =03

Before testing this result against the data, twe assump-

tions used in the solution must be confirmed, The form of

the integral used in prdceeding from equation 4:25 1:.6 equa~
tion 4:26 assumed N>0 and 2L4-N>0 . The value of N found
above satisfies the first condition. From equation 4:26,

2L -W = 1 rtan Y] - N
= tan® L lxre)
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This expresaion is positive for all x. Thus, the first ag-
sumption 1s confirmed,
The second sssumption is the use of equation 4:38,
The question is: Can & constant, My, be found to satisfy
the relation?

——

% :
/ cdrx=_2(zT+M
o .

) Wt1) tan Zx P .
= X
VW +tan Qi ‘

From equation 4:32

.{

. KT —
T”ﬁxud‘ﬂx

The rate of a bed surface rise, o( , is essentially the same
_ for both experiments under consideration. From the data for
montmorilionite experiment number 1,

/3.5 s
= /'3 em = 0.0/24 4”'//;;;;',1

T 9/50 mins

From figure 3-/7 , the value of X is, roughly, 4.5 x 107
cm. /min, Thus, '

B Kt (45)(0°f)(164)
=Y (0.0124 )(!) :

B = 0,00595
Inserting numerical valuee for 8, N and Ca» the required
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relation 13 00975 (~ \ MQ) _ |
. b -4 , | _.
0.800t 0.4 + 1 °'°13?5 X, | (4:43)

where M, an.m.

or E+ M, = 1.39 ¥ (0.8cot 0.4% + 1)

The term cot O,4% may be replaced by the first two terms of
1ts series form with less than 1% error even at the maximum
£ value of 1,675. Making this substitution and simplifying

the relatibn beconmes
X+Mp= 2,78+ 1,39% - ,13522 o (Bskh)

Obviously, this equation cannot be satisfied for all values
of ¥, In that it is not satisfied, J(’ﬁaax does not
equal the lkmown volume of e¢lay in the bed, The range of ¥
18 O-X= 1,675, Solving equation 4:44 for M,

M2 ™ 2.78 4 0039?: - 0o135§2l

it 1s seen that M, vories from 2.78 at X = o to 3.05 at
X = 1.675, Choosing M, = 3, the two sides of equation L:43
are plotted against ¥ in figure 4:1, and the differences are
seen to be small,

Assuming M, to be constant, ylelded the final expression
for C, equation 4:42, when this equation is integrated over



| - 168 -
X, the resulting mreéamn is very nearly linear in X
for the range of X encountered in the experménts. For
mach higher values of X, the assumption would no longer be
valid, It was noted above that this solution for C is
valid only while ¥ 18 1linear in - . Since the solution
1e quite good over the maximum range of X, for which X
is linear in ¢* , then the problem of higher X is of no
concern in applying the solution to these particular ex-
periments., This may not be the case for experiments con-
ducted in different environments and/or with different elays;

somparison of EFouatien 4:42 and Experimental Data.

To check equation 4:42 fur C against experimental da.ﬁa,
there is gvallable only the locations of the red marker lines
during the peried of bed formation. The .munt of clay, and
thus the average C, is known far the sections of bed be=
tween palrs of mariker llnes, but there 1s & question as to
Juat where this aversge C value should be plotted to form &
concentration profile at a given time for comparison with
equation 4:42., However, equation 4:42 may be u#eci to com=
pute the theoretical location of the marker lines at any
time. In this way & chack can be made between the #heory
and original data. Define -

| Xy = X .(?”) ‘as the distance from the base to the
1'th marker line and X; as that distance when the line is
first laid down. Then
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,éxICdx = Cg %Xy = a constant (4:45)
The method of performing the integration has been discussed
following equation 4:37 and is not repeated here, The equa-
tion for x, 1is |

In figures 3«3 and 3-9 , it 18 seen that there is an
initial period Quring which the rate of bed surface rise is
increasing after which the rate is uniform. If the strailght
iine portions of the curves of bed surface vs. time are ex-
tended back to zero depth, they intersect the time axes at
approximately 300 minutes in both figures., The time at
which the red linees were first installed is taken, then, as
the recorded time less 300 minutes. The various values of
%) are computed from these times. The corresponding x,
curves are then plotted from equation 4:46 in figuves 4~2
and 4~3, together with the corresponding data observations,
The initial data points are slightly sbove or below the
x = ¥ 1ine, since the bed surface curve varied slightly
sbout the straight line as shown in figures 3~3 and
3- 9 . The sgreement between the theoretical curves and
the data 1s Been to be quite close, both in the form of the

curves and in the values of xl.
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4. Discussion of Solutiom.

Although a sclution to the consolidation equation has
been obtained which agrees well with certsaln experimental
data, them mmain several points for discussion before any
conclusions may be drawn. ‘

In formulating the three requisite conditions neces~
pary to obtain a mathematical solution, two were esaily ob-
sd from conditions of the problem. The third condition
snomenon of decreasing surface con-

#1

involved the observed
centration during the olay input period. That the surface
concentration did, in fact, decrease during the .’periad of
bed formation 18 clear from the evidence. If other condi-
tions are mot changing, this ehanging bed surface concen-
tration must result from seme effect of the consolidation
process ovcurring in the bed,

mvming x by ﬁ' in equation lhka yields an expmaswa |
for € as & function of ¥ (or time), which is plotted in figure
4=, The indicated values of surface eomanti*ati@n iary be-
tween extremes of 0.01351* and 0,00934, There are no measure-
mnts to check these computed values of surface caneemratim.
and thé fact that the thwry showa close agmment with data
in the total qmmtity of elay up to various levels in the bed
does not imply that the theoretical values of C at particular
points are in such close agreement with actual values, The
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range of values of Cg; in the experiments could be consider-~
ably smeller or larger tham that indicated in figure 4-4
without seriously affecting the agreement between theory and
experiment shown in figures 2«2 and 2-3.

Besides providing values of Cg, the theory also may be
uged Lo analyze two effects of the canaolidabian prbcesg whiehv
explain, in part, the changing surface concentration. |

Sesnage Velocity.

The pore water eaeaping @raﬁ the bed surface reduces
the impaet velocity of floc reaching the surface and provides
support for the loose assemblages of floc &t the bed surface.
From equation 1:6a, the seepage veloeity 1s

J””i%_m ﬁic'

where i 1s the veloeity of soil particles. If 2, (t) is
the travce of a layer of particles with time, then
621‘

at

If this derivative is evalusted at the bed surface an ex~
pressicn is obtained for (t), the soil particle veloeity

at the surface, X3
o« ()

dz, ar dax,
R i B od
® (& ) & (h:47)
& Yol :

The derivative is found from equation 4:46, The seepage
velocity is cbtained as |



gumu o i‘-'}‘;-l.-)” : | (4:48)
‘ dix ‘
where the quantity in the brackets is evaluated at X from
aéuation (4:46), The mthematics is straightforward and
the final form of J iz
3=~ oCa [0k sin 0,6 + 0.5 (1-Cos 0.8F)= 0.32%
| R (4:49)
In the range 0<x <1.675, § increases from O to 0.4 x 107%
en/min, Since the abaemd settling velocity of the floc
is on the order of 1 ~ 2 om/min, thies influence can hardly
be appreciable, |
There is another effect, which, though small, is of
conalderably greater magnitude than the seepage velocity.
Although the olay surface is rising, eash olay floc strikes
a receding surface and 1ts impact velocity is reduced by
the veiacity of the receding surface. This veloclty 1s

dz |
3%'?'" » evaluated at the surface. Some approximations will
be used to put this in simple terms. From equation 4:46

x (0.8c0t O.4% + 1) =~ %

The tangent and cotangent terme may be roughly apprexie-
mated by the firat terms of thelr series for the range of
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values of X and X in Pigwres 4:2 and 4:3.
2%

x =

Then the receding surface veloeity is

(-~ (),

(2 + X - .fl)ﬁ-
oy
&)z T
w0 at X =0 |

This 15 still very small compared to the floe settling ve-
iooity., | ' A

" Decreasing surface concentretion and the apparent
existence of a minimm concentration in & given environment
have been used to prescribe the mathematicel solution. To
be sure, these conditions are applied after the faot, Cere
tainly, none of the above discussion is meant to imply that
these phencmena were anticlpated prior to the isboratory ex~
periments., In an area in whiech published theoretical and/or
experimental studies are almost non-existent, the initial
approach has bam:\ to atteumpt to explain admittedly arbitrary
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experiments conducted under controlled conditions in the
light of sonme baa&efcancepta of ths eanaolidation’proceés.

Sumpary. |

Experimental observation and physiecal reasoning indicate
a dacﬁaaaing aurfané coneentration and two possible explana~
tions for this phenomenon., The theoretical solution has been
used to find scme numerical values for these items. The in-
dicated change in surface concentration is not large and one
might expect that clay at such low concentrations to be sensi~
tive to small 1nr1genaaa.

If the consolidation equation vere solved, assuming a
conatant surface concentration (say the average of the valves
shown in figure 4-4), the solution probably would not be at
large variamce with the solution obtained here.

b, The 7 - E Relationship.

One result of this process has been to show one of the
basic asswmptions of the Tersaghl consolidation theory
and that developed here to be in error - at least, at very
low concentrations., It 1s perhaps best to use the velume
ratio, £, instead of concentration in the following dis-

cussion since it is more easily related to the commonly

used void ratio (E =e + 1).
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The volume ratioc was assumed to be a eontinuous
single-valued function of intergranular pressure, 6
when "G 15 increased from lower to higher values once
only. When the clay is considered as a continwm, o
at the bed surface is always sero, If & at the surface
is envisioned as the intergranular pressure below the top
layer of clay flov, then 1t is the submerged weight of
these rleec less the pressure gradient due to upward flow
of pore 'water. In this sense, the changing surface volume
ratio may be partially accounted for by the manging up=
wm velocity of pore ﬂuid as disauased previocusly. 8Still
the evidence indicates E is not single-valued at & = o .

Of more interest, perhaps, is a comparison of figuves
35, 3-10, and 3-15, in which 1t 1s clearly seen that the
equilibrium ¢ (or E) ve, T curves of the montmorillonite
~beds in experiments 1 and 2 are essentially idemtical and
different from that in experiment 3. The only daifference
in the formation of these beds was that the clay input
rate in experiment 3 was consilderably lower than the rate
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for the cther two, For this clay, then, E is8 a function
not only of ?§r but also of the manner in which the bed.wae
formed, other things being equal,
In developing the consolidation equation in Chaptef I,

the uniqueness of E with G assumption was used in making

the substitution,

25 _ a3 |
E il il 51 O (450)

In solving the consolidation equation for montmorillonite
experiments 1 and 2, above, the equllibrium C - o relation
of equation 3:8 was.used.‘ Equation 3:8 1is

€= ,0083 & + .011,
which in terms of E, is

E = el — (4:51)

The equilibrium profile of E over the depth of the bed is

(see eqﬁation 3:6)

E = 31.25 & (4:52)
During the process of bed formation the total volume of
clay (per unit plan area) in the bed at a given time is,
from equation 4:34, C, {®) . The brackets signify a
specific X, The layer of'particles on the surface at <§>
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may be located in the bed at equilibrium from equation

4:52 since the volume of clay below 1t does not change.

& =
jc‘i" = /31.25@‘ = 6 (®)

(s o (4:53)

The values of (x) for various values of <§> obtained
from equation 4:53 may then.be used to compute ﬁhe correspond~-
ing E value at equilibrium in equation 4:52.' In figure MQQ}
the solid curve is the equilibrium E - 5= diagram (equation
4:51), The labeled points on the "G = o axis and on this
curve represent the initial and final E -'3='conditions for
various layers of the bed, 'Eaéh pailr of polnts 1s connected
by a curve which is the E = & curve for that part of the
bed from g = o to the maximum value of G ocecurring at
equilibrium, Thus, the equilibrium E - G ecurve is the
locus of the terminal points of a continuous sequence of
G - E curves, one for each layer of particles,

The curves connecting the known end points of these
individual G- =~ E curves are sketched in by assuming they
are continuous and of the same general shape of the equi~
librium curve.v If these assumed curves are approximately'

corrvect, their slopes do not differ greatly from the eQui-

l1ibrium curve for a given E, However, the gEG_ term in

equation 4:50 1s not the slope of a particular & = E
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curve. In proceeding from z to 2 + A 2, the intergranular

presgure goes from o to O = 4 &, but, in addition, mov-
ing up A 2 18 accompanied by a jump to a new O <« E curvae,
Assuming that the slopes of all & =« E eurves continually
increase, those curves sbove the equilibrium curve in figure
4l have s)opes iena than the equilibrium curve for the same
E value, Conversely, thnae'curvea below the equilibrium
eurve have larger slopes. The appropriate %‘Eﬁt‘ slopes for
equation 4:50 are the slopes of the lines A - B in the figure,
It is seen that these slopes are probably quite close to the
slope of the equilibrium curve for G = E oomditions below
that curve at a given E, while for cenditione above the curve
the slopes muat always be less. The use of equatlon 4:50
requires that S0 be the same as the slope of the equilib-
rium curve at a glven E, whis iz seen to be nearly true for
the lower levels of the clay bed, but there is apprecisble

error in the upper levels,

various facets of this part of the investigation,
i, Based on eMMy accepted wmemles of the
8011 consolidation process, but without the commonly
used linearizing assumptions, & consolidation equation
is developed in Chapter 1.
31, The equation is non-~linear, however the results
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of gxperimnts ;’m montmorillonite elay, preserited in
Chapter IXI, show the variation of ay and k with C to be
such that the consolidation equation is separable.
113, Of the three conditions necessary to prescribe
the solution, two involve ebsamd ﬁhwm for which no
elear pmmieal axplmtmn is appamnt at this time,
‘:tv. One of the bagic assumptions used i,n formulat=
:b::a the emaaudavim aquatim is refuted by the results
of ﬁtw axpemma. | Bmwr, in applicatim to the mathe-
matics of the problem, the assumption st111 - appears to be

mmmblm
¥. The solution to the equat.im eemlawa well

wit.n experimental data.

mmm the many reservations, the agmmm betwem
theory and experment is falt w be mooa anough to support
the pmpoanim thet the emalmat:im equamm developed in
Chay,w.er Iis a pood mathematical model for the physics of
#01l consolidation involving lavge strains,

Much more 18 required before the equation may be applied
in general with emﬂdsme. The results presented here would
am to Jus'biry mzm wveutigatim. |

This empletaa the discusaion of the consolidation
equation and 1%3 application to the mtmrlnmite experb
aente. The results Wﬂt some other matters of interest
which are considered M‘LG’N.
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In figure 4-4, the "7?”'~ E curves for various layers
of the bed were sketched in by assuming their general form,
but only the ends of the curves weve actually kmown. If
relisble pore-pressure data were available, intermediate -
points on these curves could be calculated. Since the
quantity of clay above any layeyr of paﬁtieles is known, the
effective stress at that layer is ?&aﬁily tmund;

-

» z |
G = ;/nfrCmm
z

Then, if the hydrostatic excess pressure were available from
pore presswre measuvements, o 18 found directly from
70, = ¢ ~u. Despite the lack of data to fix intermediate
points on these curves, their relation te the known egui~
11briun curve and the fact that their end points are known
gives some confidence that they are approximately correct.
The aiatrahutian of hydrostatic exeaab preasure iz of in-
terest in soil mechanies for problems of soll strength be-
sides eonsolidation. These G ~ E curves may be used to
Qcmmute:hyﬁrostatic excess pressures as follows:

| As an example, the profile of hyﬁrastatic excess preg-
sure will be computed at the time corresponding to X = 1.0 .,
The locations at X = 1.0 of the layers of particles which
were on the surface at X = 0.2, 0.4, 0.6, and 0.8 are com~-

puted from equation 4:46 and tabulated below.
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Initial level of Level of zame layers
clsy lsyers, X, ’ 2t X =1,0, %,
o | 0
0.2 0.148
R 0.319
0.6 0.519
0.8 0.745
1.0 - 1.0

The indicested C values are computed from equation H:42,

P R Y & 1 T ——— l
The column of E's 1s celculated from the C values ss E =g .

Values of C st Corresponding values
X = 1,0 snd x, of E

0199 . 50.2

LOLTS 57.8

L0150 66,7

0130 7.9

.0110 90.G

0100 100.0

For these values of E, & ' values sre taken frow the
sppropriate curves 1n figure 4-4,end the hydrostatic
excess preasure is computed es indicated. This profile

of u is plotted in Tigure 4~O.
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W E g BT g=o =T
© - @ s50.2 0.925 1.631 0.706
@ -® 51.8 0.675 1.304 0.629
@ -@ 66,7 0.460 9.978 0.518
~-(®  76.9 0.290 0.652 0.362
-@® 90,9 0.080 0.326 0.246
1.0~@.0) 101.2 =0~ —Ou on

55
*

The aasumptmn' of unigueness in the o - E relation-
ghip 18 so commonly applied in aml} mechanics practice and
is subatantiated by such a large body of laboratory data that
the question of why the non-uniqueness found in this investi~
gation has not been found by others must be considered. First,
the range of E values encountered in thisstudy is far beyond
those normally encountered in solls engineering probleme, -
A volume ratio of 5 or 6 would be a high value for & soil on
dry land, Likewise, the maximum G value found here is of
the order of one gram per syuare centimeter, whereas values
up to several kilograms per square centimeter are encountered
in soil mechanics practice. Secondly, the various o - E
curves in figure 44 tend to come closer together as o 1in-
creases. It is clear from exaﬁination of these curves that,
as ~ G 1s increased, the differences between the curves will
beeame indistinguishable, and the various ewrwves will fuse
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into one, It 18 not surprising, therefore, that the
TS - E relation 1s usually found to be unique at values of
o and E norwally encountered in soil mechanics practice,

In all the above discussion of the S ~ E relation,
tine effects have been ignored. The fact that different
"G - E curves are implied by the data does not, of itself,
prove that th:xs is a property of the clay. It may be more
a property of the experiments, since it iz quite posaible
that the various portions of the bed, which assumed differ-
ent E values at the same 0, might all come to the same
E value &t a given o 1f this G- remained m&hamed for
2 long time. Clays at the lower volume ratios encountered
in engineering problems comuonly exhibit such plastic charac-
teristies, In soll mechanics literature this is usually
referred to an "secondary comsolidation.” Under a2 given
load clay ﬁamplss may eontinue to compress almost indefi-
nitely at a very slow rate, ,

. In this regard, the difference between the "equilibrium”
profiles of experiments numbers 1 and 2 and that for number
3 cannot be cdnsidumd as permanent and constant, If these
beds were allowed to stand for very long times, it may be
these differences would disappear.

The consolidation theory developed mv Chapter I does
not include any plasticity effects, The asspumption of a
unique G- - E relation denies any such effects., The fact
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that theory agreed well wlith certain experiments, which
showed this assumption to be not quite correet, may be the
result of compensating errors, In other words, the theory
may be incorreet in two ways: 1, The o = E relation is
not unigue and, 2., Plastic effects do occur, However,
the error in the "G - E assumption 1s not great, as dise
‘cussed sbove, and during the relatively short period when
the theory is applied, plasticity effects are probably

small,
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CONCLUSIONS

a.

b.

e,

In Chapter I a consolidation equation is for-
mulated which 18 not limited to cases of small
strain and which is felt to be a more reason-
able and accurate mathematical model of the
consolidation process thén the classical linear

equation,

In Chapter IV a partieular solution to this
conaolidation equation is found to be in elose
agreement with some experiments on sedimented

clays.,

These clays represent perhaps the most extreme

cage possible of large volume changes in a soil,
Thus, this consollidetion equation may be a use-
ful model for more common cases of large strain

- eonsolidation.

The apparatus, designed and built for this
study, 1s a useful tool for the stﬁdy of sedi-
mented clays. As noted in Chapter II, diffi-

culties were encountered in the measurement of
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G,
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pore pressures, but later developments indi-~
cated that these difficulties may be overcome.
sdme parts of the apparatus should be of more
genersl usefulnass in & soils laboratory. The
design concepts of the apparatus suggest that
equipment of different strusture, using the same

 principles, may find broad appliaatian in soil

testing. This 1s disoussed in Chapter II.
The results of experiments with kaolin are of
questionable value because of the affinity ex-
hibited between the kaolin and the lucite
column. Since minerals of the kaolin group
are perhaps the most common of all ¢lay min-

‘erals, the results of investigations on con-

solidation of natural fine sediments in lucite
ecolumng are questionable, Columns of some
material other ﬁhanbiuaite must be used, or
some other type of experiﬁant mu&t be éevised
to study natural sediments,
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D, RECOMMENDATIONS FOR FUTURE WORK

The consolidation equation deveioped in Chapter
I should be applied to some fleld exsmples of large
strain consolidation to test 1ts utility as a means
of computing settlements, Applications of this type
almost certainly will require the use of numerical tech-
niques to find sclutions. A more thorough analysis of
the mmerical caleulation technigue than that pre-
sented in Chapter I probably is required before a suc-
cessful method can be formulated,

For future studies of consolidation in fine
sediments, solutions must be found to the two main
apparatus problems discussed in Chapters II and III:
The pore-presgure measurement §rﬂblem end the broblem
of finding some means of‘teating*kaolin under dne-
dimensional conditions. |
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APPENDIX
Summary of Symﬁols

a conptant in 8, * a F(E), cmzlzm
2

- -1‘-5{_ = coefficient of compressibility, cm®/gm

4o

- various constants

---EI-'-‘- = weight concentration of soil, gms/ em®

¢ when E = 1, a constant, gmq/em’

kE _coomclant of consolidation, cmzlmm
8, Yo |

L . 1 , volume concentration of soil, dimensionless
Cq E :
an average C, dimensionless

a surface C, dimensionless
diameter of shear vanes, ’cm.

- |
-;Z = void ratio, dimensionless
] .

. volume ratio, dimensionless

A

a function of E, "

" 1] it n "

head drop in permenbility test, cm of water
depth of slurry in agitator tank, cm
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APPENDIX (Continued)

velocity of soil particles, cm/i-bm
superficial veloéity of pore fluid, em/min
permeability, em/min

a constant in k = KG(E), cm/min

a constant

11

v 4
-y = porosity, dimensionless
v . .

a cénltant

an exponent in F = cP
a constant |

an exponent in G = c?

conductivity, twin”}

shear stress in soil, gmalcmz

time, minutes

t, & dimensionless time variable

¥

w
hydrostatic excess pressure, gms/ em?

evaporation rate, cm/min
total volumé

volume of soil particles
volume of soil pores

weight of clay in slurry tank, gms
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APPENDIX (Continued)

a Y 2, a dimensionless length variable

aT‘E' " "

M : "

L

length variable, cm
g at sofl surface, cm

aconstant in 2 = o< ¢, cm/min

KT . aconstantin 2 = $3 x, dimensionless

a<’T'w»

"

"

unit weight of soil particles, gms/cm®

" " " water, gmll/cmal

a constant
the Naperian base

" & function of T, dimensionless

length down from water table, cm
gatl 4
dx

& + u, gms/cm?

intergranular stress, gms/ cm?®

o“ atz =0
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APPENDIX (Continued)

+ Y w o = total stress, gma/cmg
& .
a T3k, .
—— {, & dimensionless time variable

w
a function of x, dimensionless



1,1

1,2
1,3
1,4
1,8

1,8

1,7

1,8
1,9

1,10

1,11

1,12
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