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ON THE ONE-DIMENSIONAL CONSOLIDATION BY
THREE-DIMENSIONAL DEHYDRATION, WITH
SECONDARY COMPRESSION TAKEN
INTO CONSIDERATION

I. INTRODUCTION

Determination of coefficients relating to soil con-
solidation needs much care in the design and execu-
tion of ground improvement works with rapid con-
solidation effect by three-dimensional dehydration.
And there have been many problems in the methods
to determine the horizontal and the vertical coeffi-
cients of consolidation permeabilty of soil. In most
cases it is assumed to make analysis easier that the
horizontal coefficient of consolidation permeability
and the vertical one are the same. But the assu-
mption is not reasonable from the viewpoint of soil
stratification process. It is said that in some cases
the horizontal coefficients of permeability of soil
related to the consolidation coefficients are several
times greater than the vertical ones.  So soil may
not be regarded simply as isotropic.

On the other hand as to soil consolidation, not
only primary consolidation but also secondary comp-
ression must be taken into consideration. Especially
in case of weak ground, secondary compression plays
an important role which cannot be ignored. The
author analysed the mechanism of consolidation by
three-dimensional dehydration, taking secondary co-
mpression into consideration, and investigated the

method to determine coefficients of consolidation.

1I. DERIVATION OF THE BASIC EQUA-
TION (A model of the consolidation
mechanism)

(1) Amount of dehydration

With a small element shown in Fig. 1, /4 and ig
may denote hydraulic gradients at faces A and B, »
may denote pore water pressure, and r, unit weight

of water. Then one may get,
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Applying the Darcy’s law to this element, the amount
of water lost per unit time by the horizontal flow is
expressed as
4Q,=kyigB—kLisA
3 3%u 1 0u
= TZ <~5-r—2 +7—a—r>dV

A : area of the face A,

B : area of the face B,
dV : the volume of the element.

where,

In the same way as before, the rate of water lost
by the vertical flow is

. ) ky 0°
4Qu=kyipD—kyicC=——"- % av

where, C : area of the face C,
D : area of the face D.
Then one may get the total amount of dehydration
of the element per unit time, as

4Qp+4Qy

kh<82u 1 du k, 0%u
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48 Trans. of JSCE. No. 142, June (1967)

(2) Amount of deformation

Deformation of soil by consolidation consists of
elastic deformation and permanent deformation (plas-
The latter is clarified by Dr.
As his original is hardly available

tic deformation).
Ishii’s Theory.
now, the author explains the theory and its develop-
ment here.

At first, (the amount of elastic deformation)/(load)
is called the rate of elastic deformation, and is sym-
bolized as v, while permanent deformation of soil
particles occurs due to permanent deformation move-
ment of soil particles, and (the amount of plastic
deformation)/(load) is called the rate of permanent
deformation, symbolized as 7.

Then on gets,

eyt ee=(DHT)P coerrreerreersreesnieennues @.D
where ¢ is the total amount of consolidation, ¢, is
eleastic strain ¢, is permanent strain, and % is in-
'tensity of load.

When the permanent deformation begins, the fric-
tion resistance arises among soil particles, the fric-
tion resistance increases according to the increase of
friction area as the distance among particles becomes
smaller, and it continues until the resistance and the
outer force are balanced. Based on this idea, per-
manent deformation of soil particles is thought to
‘“‘occur at the rate proportional to the amount of
permanent deformation to occur’, then

de, _
R [ IOETS

where 7 is the creep coefficient.

e,

ot
Rearrangement of the equation making use of an

+7e,=7 rﬁ(t) .............................. 2.2)

operator 8/0 t=p gives
(p+mec=nrp(D)
As a particular solution of the homogeneous equa-
tion obtained by making the right side of the equa-

4

tion (2.2) zero is e.=¢e" 7, the general solution of

the equation (2.2) is, by Duhamel’s rule,

o) =7 j 7 eI B (e

4 9 —
= (]
o[ [ -4 a-ereny o
where ¢ is a parameter of time.
So one obtains

_ 4 a vteers =
e:«yp—i—rj.o[——a—t— (1—en¢ ))]p(r)dr

Therefore the amount of deformation of the ele-
ment per unit time, considering both elastic and
plastic deformation, is

de .
at

_ ap a
dV——[‘v—a—t* +TW

‘3 9 (1mert=)) ge |av
XJOP(T) {“a—t( —~e )} T:|

This is rearranged making use of an operator,

_a_e. = Qv ”P N
o dV—(v T p)dV
e

With saturated clay the amount of deformation
is thought to equal the amount of dehydration. So
the basic equation is obtained from the both above-
mentioned amount by making the one equal the

/z;,<6‘2u 1 du k, 0%
To \O7° +7.6r)+_r:6z2
np
P+

other.

=vpu-+r

u

III. DEHYDRATION ONLY BY THE HO-
RIZONTAL FLOW

The basic equation of dehydration only by the
horizontal flow is obtained by making du/8z=0, on
the above eguation.

B2 1 0 12
re\d7r* r or p+7
Analysis of this equation gives the equation of u,

073

>=v1>u+7’

pore water pressure.
Operating p+7 in both sides, and rearrangement
with p gives

bi(u 1 du
2. ———— — ——
vpru -+ {77(’U+r)u . < 5, + p 6’r>}p

ky, <6zu 1 du
L \G +737)*°

Assuming that » at any time ¢ is the product of

a function only of », ¥(r), and one only of ¢, $(&),
namely u,=v¥(#)+¢(#), and writing that 1/ ().
() +1frey’' (1)) = — M2,

#7C6) + '%(m-r) +C M} o' (D

FCLn MEG(L) =0 eveeervrniansiinnnnnns 3.1
’W‘//(T)-f-%w/(r)—]-M? P =0 oo 3.2
in which, Cp= vih

These are two independent equations.

The equation (3.1) is a linear differential equation
of the second order and the first degree, and its
general solution is

(&) =C ettt + C,ete!
in whick

1 k
Ay, /12:?[——;7}*(11-#7’)——7}—:—1\42

_4k 7 Mz:l

Ul o

iJ{—Z (v+r)+;k—;';—M2
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The equation (3.2) is Bessel’s equation of order
0, and its genera! solution is
v () =CJ,(Mr) +C, Y, (Mr)
where J,(Mr) is the Bessel function of first kind of
order 0 and Y,(M7r) is the Bessel function of second
kind of order 0. Since u=¢{H)y¥(r), the general
solution of the basic equation is
u, = {C,eht + C,et2t} {Coo (M) +C, Y, (Mr)}
Next, the following boundary conditions are in-
troduced to this general solution.

du
(1) 0t o, at r=0 W=0

The differentiated value of u, with respect r is

ou,

5= M{C,et* +C, et}

X {Co L (Mr) +C, Y, (M)}

where J,(M7r) is the Bessel function of first kind of
order 1, and Y,(M7) is that of second kind of order 1.

Since J,(0)=0 and Y,(0)=—o One gets, C,=0.

Therefore

w, =CJy(Mr)(C, e1t+ C, eh2)

(2) 0Kt o, at r=r, 1,=0

where, 7, is the radius of the consolidated cylind-
rical soil section.

This gives J,(Mr,) =0

Letting m; be the zero point of the Bessel func-

tion of first kind of order 0, Mr,=m; M= 7:‘”
0
Therefore
u, = 2'1 JD(% 7-)( B,ehit + Byelat) wvvenn 3.4
= 0

where, B,=C,C,, B,=C,C,
@ ogrr,at t=0 u,=K
where, K is the intensity of load.
This gives
K=‘;§i (Bx+Bz)Jo( i 7")

o

Multiplication of both sides by J,(m;/r,+r) and
integration gives
2K
mid,(m;)
(4) at t=0, ;=0
where, ¢, is the permanent strain and is expressed

B4 By= o i (3.5)

by the following equation.
4 7 -
=7 ] 5= Aot |5

¢
R~

Substitution of p=K-—u, in the above equation
gives

- . 4 ) (fT 2K <m,~ )
CCO)‘ML"’ B ){2 midi(ms) Ny
— 3L ) Bient+ Beet| s
0

The coefficient of J,(m;/ryer) is

4 2K
-y ) S
r ”Joe { med (m;)

The values at #=0 are zero, and can be omitted,

— (B, e+ B, elzf)} dr

and applying the condition that ¢,=0 at £=0,
2K B, . B,
A (lﬁrﬂ " Xz+ﬂ)
Next, B, and B, are calculated from the equation
(3.5) and (3.6) as
___ 2K A(A+7)
BEZACH RN
2K W)
B miJi(m)  p(A—2,)
Introducing these to the equation (3.4),
U, = E’ _2K Jo(ﬁi—r>

=) miJ i (m;) )

B,

B,

1 i o
K ey et e =Gt me |

IV. DEHYDRATION ONLY BY THE
VERTICAL FLOW

The basic equation of dehydration only by the
vertical flow is obtained by making 9u/87=0, namely
ky 0u o np
re a2 PTG

Operating (p+7) in both sides, transposition and

.

rearrangement with respect to p give
ko O, Ry O
7o 02°) Te | 02

Assuming that pore water pressure u at any time

=0

vptu+ n(v+rdu—

t is the product of a function only 2z, ¥(2), and a
function only of ¢, ¢(#), and making 1/¥(2)v”(2)
=N,

o on n<v+r>+—fl Nl

+—f£77N2¢(t),—.~0 ........................ .1
YD) A NEP(R) =0 corrererrniinmnaeeiiennn 4.2)

Here are obtained two independent equations.
The equation (4.1) is the linear differential equa-
tion of second order and first degree, and its general
solution is
$(8) =C,et't 4 Creh’?

where,
W bi=g] =L - N
Fo d® 4k o
+a/ 1 v a2l _ 20 are
_\/{v (vTr)—‘_vrwN} anN]
............... (4.3)

The equation (4.2) is the linear differential equa-
tion of second order and first degree, and its general
solution is

V(2) =C, cos Nz+C, sin Nz

Since u=v(2)¢(£), the general solution of the

basic equation is
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u,=(C,ett+ Cyert) ([T, cos Nz+C, sin Nz)
To this general solution, the following boundary
conditions are introduced.
(1) 0Kt at z=0, u=0
This condition means C;=0
Therefore
u,=C,sin Nz (C, e¥'t+C, e¥'t)
(2) 0Kt = at z=2H, u=0
where, 2 H is the thickness of the consolidated
layer. From this condition, sin 2 NH=0
Then 2NH==m=x (m=1,2,3---) namely, N=
mr/2 H

2 (B,et't+ B e‘z")sm 2H

(3)0£2<2H, at t=0, u.=K
where, K is the intensity of load.
Therefore

K= 2 (B, +Bz)sm 2H

~ Multiplication of the both sides by sinem=z/2 H-z
and integration give

BI+BZ=729§_ (1—cosm7c)=in.1;<- ......... (4.5)

where, 7=1,3,5---

(4) att=0, ¢,=0

where, ¢, is the permanent strain and is expressed
by the following equation.

13
=71 B
Substitution of p=K-u, in the above equation

gives

t
e =r 77J’0e‘”("’> iZ fln—l;f-sin Zn;_t[ 2

— 3 (B,et't+ B,e*2't)sin 2”;:1 z} dr

The coefficient of sin 2z is

ZH
L3
r ”Joe—ﬂ(f—f) {iﬁ — (B eh'l_i_B elz't>§ dr

The values at =0 are zero, and can be omitted,
and applying the condition that ¢,=0 at t=0

4K B, B, >
nm (/l'+7] +22'—I—77 4.6

Now B, and B, are calculated from the equation
(4.5) and (4.6) as
4K +may
nz Q=
4K G/ +Di
. nz (=47
Introducing these to the equation (4.4),

= 4K 1
72"~ 4,

B =

B,=—

o= —
n=1,35 NT

X {2 et =2, (2, + 7/)6*2"}]

.(nzr )
X 81 2H

V. THREE-DIMENSIONAL
DEHYDRATION

As shown in 1I,
dimensional dehydration by the synthetic flow of
the vertical and horizontal flows is

_kL<62u 1 3u>+kv 8%u

the basic equation in three-

8 r? +7 ér Te O2°
7P
pt7
This equation can be solved by analyzing the de-
hydration to that only by the vertical flow and that
When external load

=vpu+r

only by the horizontal flow.
is borne by the synthetic flow of the vertical and
horizontal flows, pore water pressure is, as shown
by Carrillo’s, expressed as follows.
u=Ku, u,
where, K is external load, u,’ is the value of «,
when K=1, and u,’ is the value of #, when K=1.
Furthermore, letting #%,, and #, be the mean value
of them with respect to » or 2. The mean value of
# with respect to r and z, respectively, there is a
relation
u=Ku,u,
Next, #, and %, are calculated.

= 2 [r
Uy=——5 u,rdr
7° Jo

o 4 1

zsél'f?z?[nuz-z,)

% {4 (1, +ﬂ)e‘l’-—/11(/12+77)e12'}]
1 (=
7 Tf u,’

il 8 [ 1
s R | 10k — A
X {/lz'(ll’+77)ell"—/11'(12’+7)&2”}1

dz

M

Then the mean pore water pressure by the syn-

thetic flow, %, is obtained as follows.
u~Kﬁ,-uz

.y 1
i (n%) L 2" =20 =24,
X A2 Q1) (A ) et a7t
— 2,4+ (12,”*’77)‘30"”2’)[
=42, (A7) (4 +p)eldet 2

‘KZ'

FAA Q) Gl etz ) |
V1. THE AMOUNT OF CONSOLIDATION
SETTLEMENT

The amount of consolidation settlement S by the
synthetic flow at time ¢ is
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25 2H
S=J; edzzJO (Ppv+e)dz

28 + ,
=J' dz[Kv—t—r ﬂJ Ke1¢8-d r]

J: dz[zw—l~ r nj He 11 g rjl

Then terms in the equation are calculated.

£ eﬂf t
r ﬂj Ke V¥9d r=y g Ke " |-— =7 K
7 nj e ¢ ¢
4
=7e“'7’J’ nHe”d
8 [ 1

=rK ’
d 2 2L TSI G =4
sk '(l LG R VT e
. { Py
A GADOTED
A2+
= 24 Qo+ (A" +9)
Ao +244+7
A ot A0 2,42 ')t§
Ay +/1 +-7 elhe e (6.2)
8 1
ST RS [
X {lezl(xx-}‘v) Q + et ),
= 22 QA7) (A ) et 22"y
— 2,2 A+ 7y (A -+ ) elletde’t

e(lz+ 208

+

Hy= vKZ’

Applying the binomial theorem to the term of ™
in the equation (3.3)

.v+r pro 5 + ......
Ty
-where, C,= Ey , M="0
VI o

Now investigation is made with the case where
‘the creep coefficient 7 is very small compared with
‘the coefficient of permeability and creep continues

-very long. Namely,

N2
7 Ch(_’l@_)
Ty
Then

Ay =g

by 2= Gy 2

In the same way,

2
”<<C(2H>
Then
e i
AW==7 C(?lfr)z
N2H

Applying these results to coefficients in the equa-
tion (6.3),
mi \2
-c,,( L ¥

@.v 2'
- 3 e 2E)
X e "\ ZH
w5 1 )
Then as to coefficients in the equation (6.2),

T?]j e~ ¢ 2= y Kem ot

Then the amount of settlement S in this case is
calculated according to the equation (6.1).

m; \2
e-C;,( 7o ) ¢

) —2 HK et

i s m)? © cv(
And the final amount of settlement Se. due to
consolidation is calculated by making ¢ — .
Se=2 HK(v+7)
Degree of consolidation in this case is

S v - -c
U_Sw~v+r(1 xlmz h( )

5 8 -cfdn )2')+

X €
n=%;,5 (7’[ 75)2

r
(1~
+7’( €

where,

v < 4 ¢ (_"_‘;)2 ¢
1 =Lk
T -+7r ( ;é; m;® o
©o 8 ( nt )Z ‘)
X TH
n=1,3,5(7 e ¢
means the primary consolidation rate, and

(1 —e27%)

U,=—"
v+r
means the secondary compression rate.

Next, investigation is made with the case where
the creep coefficient is very large compared with the
coefficient of permeability and creep is finished in a
very short time.

Namely,

\Z
7% C( 24
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Then
v \2
2, = Ch(&)
v+Tr 7
Zz_.___r_“(,v%—r -
v

In the same way,

7;>>C(2H>
v nx \?
A
v v+rC”(2H>
+
A

Applying these results to coefficients in the equa-
tion (6.3),

oo

wv=vK 3 ——

m; \2
—— v+rcl‘( I ) d
i=1

oo 8 v nr \2
X X ——z—e'v”:rc”<2H)t
n=izs ()

Then as to coefficients in the equation (6.2),

mi \?
r/J de 1 d ¢ = K 2 ) ¢
0

—C,
e v+r "( 7y

E%H,()

n=13,5 (1 7)*?
Then the amount of settlement S is,
to the equation (6.1),

S=2HK@+7)—2 HK(v+

oo 8 nw \2

. Lo Ye

Py —eTTE <2H>
S ICION

Degree of consolidation U in this case is

according

v mi \2
e Cpf —= ) 2
e vty A 70 )

® 4 v m; \2
U=l— 3 —e¢ o)
i=1 M
oo 8 7 nr \2
x X e"mc”(ﬂ{)’

n=t35(nn)?

This equation means that the delay of creep is
negligible in the case where 7 is so large that the
permanent deformation occurs in a moment, and so
it becomes the same equation of degree of consolida-
tion as in the case where only the primary consolida-
tion is taken into consideration.

VII. DETERMINATION OF THE CON-
SOLIDATION CONSTANTS

In the previous section the equation to calculate
the degree of consolidation, with the secondary
compression and creep taken into consideration, was
obtained.

As the equation shows, both the primary consoli-
dation part, namely the elastic deformation part due
to consolidation, and the secondary compression
part, namely the plastic deformation part due to
permanent deformation movement of soil particles,
occur at the beginning of consolidation, constituting
the amount of consolidation. However, at the early

stage of consolidation the amount of consolidation

is mainly attributed to the primary consolidation.
Therefore, in the U-logt curve obtained by the
consolidation test, the primary consolidation rate U,
is considered to mainly form the curve at the early
stage of consolidation, and at the stage near the
finish of the primary consolidation, the secondary
compression largely appears in the curve.

Thus determination of the consolidation constants,.
such as elastic deformation rate v plastic deformation
rate 7, consolidation coefficients C, and C;, and creep.
coefficient 7, etc. is possible by analyzing the U-log t:
curve.

The primary consolidation rate is

U”='vv (1_.2 42e—mg2aTv

. (nrt)Tv)

x 3

n=1,35(" ft)z

where Thz%-t and TL,————FC?’;—U‘, which are the
0
time factor for the horizontal flow and for the verti--
cal flow, respectively and a—z@=££—<£ 2.
T, Cy\ 7

In this way the primary consolidation rate by the:
synthetic flow is expressed by a function only of 7T7.

Furthermore, as to the secondary compression:
rate,
U= 1—e T
T v+ ¢ )
where, T"=27¢, which is the time factor with respect:
to creep.  Therefore the secondary compression

rate can be expressed by a function only of T
Now the U,-log T, curve and the U,-log T" curve..
drawn under the conditions,

2 =0.025, 0.050, 0.075,-----1.0
v+

n=1, 3, 5ereees
T,=0.001, 0.002, 0.003,-+---- 5.0
a=0

and

=0.025, 0.050, 0.075,----+ 1.0
v+r

T7=0.001, 0.002, 0.003,---10
are shown as follows.

. . v 7
(1) Determination of vty and 517

v .. .
and L—, coefficient values in the U -logs
v+r vIT

T, and U,-log T" curves, can be determined on the-
basis of the U,-log T, and U,-log 7" curves at a=0.

Now explanation is made with the method of using:
these figures.

First, in order to determine the con-
stants of consolidation by three-dimensional dehydra-
tion, the U-log ¢ curve for dehydration only by the-
vertical flow using the manufactured three-dimensio--
nal dehydration consolidometer is obtained.
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Y — g 0 deformation rate of soil. Further-
— more, using the above procedure, v

and 7 are obtained as follows.

In the Fig. 4, to let d;, d, and
o, 0.5 = ;0.5 dy., be the amount of settlement
1 = ] at the moment of loading, the
amount of settlement until the finish
== of the primary consolidation, and
1.0 His=:s =510 the amount of settlement until the

0.001 0.01 0.1 1.0 10 ) )
Ty finish of the total consolidation,

Fig. 2 The U,-log T, ruled curve for determination of the primary

Vol respectively, then the amount of
consolidation constants.

( ) strain due to the primary consoli-
; T
In Expression, U,=—r— 'u+7 (1 ,,=1 35 (n 7*)2 € v) dation part ¢, and the amount of

strain due to the secondary compre-

0 N - == 0 ssion part ¢, are
' =t dy—d,
= Co=T T
U \i o dosymdy
705 Q: 0.5 7 z
S Since ¢,=v.dp and ¢,=r4p, one
S obtains
NS _ dy—d;
Losear 0.01 0.1 1.0 | : =4p
T . dv+7'—dv
Fig. 3 The U,-log T’ ruled curve for determination of the secondary #T
compression constants. where z is the thickness of the layer
In Expression, UT_TU—W (1—e-T) immediately after loading, and 4p
is increase of load.
As the U-log¢ curve comprises the U, and U, Next, in order to determine the value of «, the
parts, the curve must be analyzed into the U, and figure of the U,-log T, curve are drawn.
U, parts, by using the figures. The conditions are
The U-log ¢ curve is drawn on a sheet of tracing v 1
paper according to the same scale as in the figure vET
of the U,-log T, (¢=0) curve (semi-log scale), n=1, 3, 5o
which sheet is put on the figure of U,-log T, (z=0) =2.405, 5.520, 8.654, 11.792, 14.931---
curve., (where m; is the value satisfying the equation

J,(m;) =0 obtained by the boundary condi-
tion (2) in the section I, which is the
zero point of the Bessel function of first

The sheet of tracing paper is moved right and
left with such care that the #-axis of the sheet is in
accordance with the 7T,-axis of the figure of the
U,-log T, (@=0) curve until the U,-log T, (g=0) kind of order )

curve that fits the curve on the sheet well is found =Y o 4
T,=0.001, 0.002, 6.003:---- 5.0

(2) Determination of C, and C,

C, and C;, can be determined by making use of
the ratio of the elastic deformation rate to the total ;| figure of the U,-log T, curve (¢=0, 1, 2

in the figure. Then the value of :)_r correspon-
ding to the very U,-log T, (¢=0) curve gives the

e 5).

0 i Now the method of using the figure and deter-

l]j \1 U—log & Curve mining the values is explained. The U-log ¢ curve
d

is obtained for dehydration only by the vertical flow

ot
i
T T T T T

+7 U,~log T, (a=0) Curvi . . . . .
1/ - o8 11 (e=0) Curve using the three-dimensional dehydration consolido-
}U —log T’ Curve/” meter, which curve is put on the figure of the U,-
1.0
—log ¢ log Ty curve (%=1) and fitted it the curve at
vTT

Fig. 4 Analytical sketch for U-log# curve ¢=0. Then the ratio of any value of ¢ on the
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0 logt curve for three-dimensional

dehydration by using the three-di-

mensional dehydration consolido-

meter is drawn on a sheet of tracing

0.5 paper as previously described acco-

riding to the same scale as in the

figure of the U,-logT, curve

< ki =l>, which sheet is put on.
1.0 vtrr

0 .
R B o ceet S8
———| \
T~ T~ -
N7
U,
0.5 N
-
RN
N
A
3 I~
1'&9.001 0.01 0.1 1.0
Ty

Fig. 5 The U,-log T, Curve for determination of «
(=) 00 2
U,,=-—-2~—<1_ by 42 e-mizaTy. Y _g_e-(fz—") Tv>

v+r 51 my; i=T3,5 (n 0)?

sheet of tracing paper to the value of 7T, under it

v =1> is
vHT
always constant.
Namely, letting #,, and ¢, be the values of ¢ on
the sheet of tracing paper which fit to the values
of T,, and T, in the figure of the U,-log T, curve

in the figure of the U,-log T, curve (

Y _ 1), respectively, one obtains
'Z]“{"T s p y?

log Ty, —log T,,=log t,—log ¢,

Therefore,
Ty, - Ty, =_T_”.
I t, t

From this value of (—%), the coefficient of ver-

tical consolidation C, is obtained.
Cy=-Lo pye
¢
(H is a half of the thickness of the sample
forthe three-dimensional dehydration conso-
lidometer)
Furthermore in case of using the consolidometer
generally used at present (the thickness of the sam-
ple (2.5=2cm)) to determine C,,

T\ o To
Cv’(?) St=7 H

() )
t \ ¢ H
So the value of T,/t when the thickness of the

sample is 2 H must previously be obtained.
Then the primary consolidation part of the U-

—
Uy

U,~log t Curve (L’,,——Pa'm) \<Q)§ (

—log ¢t ' \fﬁ:‘
[V

L ppelog T, Chart(;{—;,:l)

—log T,

A figure explaining how to analyze
the constant a.

Fig. &

1o the figure of the U,-log T, curve.
Then ¢-axis on the sheet of tra-
cing paper is adjusted to T,-axis
in the figure ofthe U,-log T, curve
so that the values of ¢z and T, corresponding to each
other may have the same ratio as the (77/f) value
obtained by the method previously described. And
the curve just fitting to the U-log ¢
the sheet of tracing paper is found on the figure of

curve on,

’

the U,-log T, curve <—z»= ) Then the value
v+T

of @ of the very curve relates the coefficient of
vertical consolidation C, to the coefficient of hori-

zontal consolidation Cj as follows.

H\? C,

“"( ma ) C,
Therefore,

Q=4gfq

Ch =d< thv )7‘02

Thus the coefficient of horizontal consolidation of

or

soil is obtained.
On the other hand, the secondary compression
part is expressed

e d (1 pont 2_7’___ _ T
Uy °u+r(1 e v+r(1 e

‘U:-T is the proportion of the amount of secon-
dary compression to the amount of total deforma-
tion, and remains constant if the sample and load are

fixed. With the U,-log T" curve, r

point where the curve intersects the vertical axis,

shows the:

and determines the position with respect to the hori-
zontal axis, and the shape of the curves in the figure
are substantially the same.

Next, the method of determination of 7 using the
figure of the U,~log 7" curve is described.

The U-log ¢ curve (on the sheet of tracing paper)
previously drawn for determination of the values of
consolidation constants concerning the U, part is.
put on the figure of the U,-log T’ curve, and the
sheet is moved right and left with such care that
the line dividing the U-log ¢ curve into the U, part
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Tracing Paper
U~log ¢ Curve (U,~Part)

RO \ .
Divisition Line between U, “
and U,

3
U~log ¢ Curve (U/,—Part)

IT,U,—log T’ Curve Chart

Fig. 17 A figure explaining how to analyze
the constant 7.

and the U, part is in accordance with the T"-axis
of the figure of the U,-log 7" curve, until the U,-
log 7" curve just fitting the U-log¢ curve (the U,
part) is found in the figure.

Then from the value of 77 of any point in the
figure of the U,-log T" curve and the value of ¢ of
the point on the U-log¢ curve corresponding to the
above-described point, 7 is calculated as follows.

-
2¢

By the method above described, the consolidation
constants can be determined, in the case of three-
demensional dehydration of soil, with creep taken
into consideration.

VIII. AN APPLICATION EXAMPLE
On the analysis of the constants by
the consolidation test of three-dimensio-
nal dehydration.

In this paragraph the analytical example of the
consolidation constants of the soil is explained,
which was by the method of the analysis of the
consolidation due to three-dimensional dehydration.

1) The synopsis of the testing method

The weak so0il, collected from central zone of the
reclamation land of the Lake Hachiro H-1 spot
0.8~1.59m in depth, was used as a sample. At
the experiment the fixed ring type consolidometer
(a sample, 2 H=2cm thick, 27,=6cm in diameter),
which is generally used to determine the values of
v, 7, Cp and 7 of the soil, was used to make the
consolidation test due to dehydration of only the
verticl direction.

The sample was put to the consolidation test on
the four stages of loading, ie 0.1, 0.2,0.4,0.8 kg/cm?
after it was fully saturated with water.

Next, in order to determine Cj, by the consolida-
tion test due to three-dimensional dehydration, the
sample, fully saturated with water, was tested on
the three stages of loading, ie 0.1, 0.2 and 0.4 kg/cm?,
using the consolidometer due to three-dimensional

dehydration which was produced by way of the
experiment as its apparatus. '

Furthermore, the author examined the applicability
of the consolidation coefficients due to three-dimen-
sional dehydration, including the creep coefficient in
this case.

(2) The analysis of the consolidation test

result

i) The value of v and 7

At first we suppose the amount of final settlement
including the secondary compression to be 1.0, by
the consolidation data of the case due to dehydration
of only the vertical direction.

And we write U-log¢ curve on a tracing paper
graduated on the same scale as the graph of U,-
log T, ruled curve. (Fig. 2 cf)

We devide it into two parts of the primary con-
solidation and the secondary compression by over-

lapping U-log ¢ curve on U,-log T, ruled curve.

v
have been

Thus the values of and ——
v+
determined.

Using these values and the next equation, we can
obtain the values of v and 7 on this stage of loading.
(Fig. 4 <f)

_ dy—ds d,,,LT—ds( v >
T ApCHY ApEHY\v+r
r= du+7_dv — dv-l»y_ds ( 7 )
dp(2H) 4pCH)\v+r
In Fig. 8 is illustrated U-log¢ curve obtained

v

from the result of the consolidation test on this

sample.
The calculation of v and r is given in Table 1.
The changes of v, , v and r towards
vtr vt

 [Eiplanatons ]
p=0.1 ke/er]
e =02kg/m
lp=0.4kg/cm’
AN =0.8kg /e
1 RN
e e e e
1.0t—l I A
i 0.1 10 100 1000 (win)
[
Fig. 8 U-logt curves for one-dimensional dehydration
1.0 T
N T
. S— v*i-l:r
v T
0.5 ]
P v+r
T m—
0 01 02 04 08 {kg/o®)

P
v T
and
vty vty
by load strength per unit area

Fig. 9 The varialion-curves of
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Table 1. The calculation table for v and 7.
? 4p 2H dy+y ds v _r v ,
(kg/em?) (kg/cm?) (cm) (1/100 mm) (1/100 mm) v+T v+r (em?/kg) (cm¥kg)
0.1 0.1 2.000 141.0 13.0 0.800 0.200 5.12x10-! 1.28x10°!
0.2 0.1 1.859 125.0 1.7 0.775 0.225 5.14x10°! 1.49x10°1
0.4 0.2 1.734 187.0 1.5 0.725 0.275 3.88x 10! 1.47x107!
0.8 0.4 1.547 226.0 2.4 0.700 0.300 2.53x10~* 1.08%x10"!
Table 2. The calculation table for C,
2H 77
? Thickness ofa sample H=Hy+Hpu g Ty (Umin) Cy
just after loading t .
(kg/cm?) (cm) (em) (em?/min)
0.1 2.000 0.965 0.931 0.0350 3.26x10-2
0.2 1.859 0.898 0.806 0.0180 1.45%x10-2
0.4 1.73¢ 0.820 0.672 0.0128 8.60x10-3
0.8 1.547 0.717 0.514 0.0128 6.58x10-%
<kg0/~‘g“z) compression, by using the ruled scale of the con-
p—— solidation and divide it into two parts of primary
" consolidation and secondary compression by the me-
¥ 0.4 : . . .
< thod mentioned in the paragraph i).
y In Fig. 11 is illustrated the curve.
0.2 ¥ We write U,-log ¢ curve about this primary con-
solidation part divided and we can obtain the value
0 - T ) of C; from the next equation when we obtained the
0.1 02 0. .8 (kg/em? . . . . .
» &/en value of ¢ in Fig.-¢ (Fig. 5) from the time-diffe-

Fig. 10 The variation.curves of v and 7 by load
strength per unit area

Joad strength per unit area p are illustrated in Fig.
9 and Fig. 10.

i) The determination of the value of C,

We overlap the primary consolidation part of U-
log ¢t curve due to dehydration of only the vertical
direction on U,-log T, ruled curve, and we find
out the value of T, on U,-log T, ruled curve which
is located under spontaneous ¢ of U-logz curve.
We can obtain the value of C, from the next equa-
tion, using the values of ¢ and T,.

e,
where H is a half of the average height of the

(H>»*

material corresponding to each stage of load strength
per unit area of consolidation.

Table 2 presents a calculation table.

iii) The determination of the value of Cj

Now we write U-log ¢ curve including secondary

rence between this curve and U,-log ¢ curve due to
dehydration of only the vertical direction.

)

where, H is a half of the average height of the sample
corresponding to each stage of load strength per
unit area of consolidation and 7, is a half of a diameter
of the sample with r,=3 cm.

Next, the author explains the method of obtaining
the value of « in the equation.

At first, as the consolidation sample due to de-
hydration of only the vertical direction is 2 H=2cm
thick, U,-logt¢ curve has to be compared with the
one corrected to 2 H'=6 cm thick which is the same
as the consolidation sample due to three-dimensio-
nal dehydration.

Now, the value of (7;”) in U,-logt curve in

the case of 2 H'=6cm is,
in the case of p=0.1kg/cm?

° (%) -(3)E)
— = =1 1 * ;Explanations ¢ ¢ 2H
\\\ Poa i~ ':*lpjo-lkg/ﬁ 2.0\? .
yoa ~C - _o_o_l}’::o:“g/m, =0'O350X<§.—(—).> =0.0039 1/min.
N W N similarly,
===
0 B S - in the case of p=0.2kg/cm?
L 0.1 10 100 1000 10000 (min) T, \’ 2.0\
g ) . ( ”) =0.0180><(——> =0.0020 1/min.
Fig 11 U-logt curves for three-dimensional dehydration t 6.0
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Table 3 The calculation table for C,
2 H,
? Co Thickness of a sample H=Hy+Hyn o e\ p Ca
just after loading H H
(kg/fcm?) (cm?/min) (cm) (cm) (em?/min)
0.1 3.26x10-2 6.00 2.895 1,036 1.073 4.5 1.57x10-!
0.2 1.45x10-2 5.58 2.695 1,113 1.239 2.0 3.59x10-2
0.4 8.60x10-3 5.20 2.460 1.219 1.486 1.0 1.28x10-2
0.8 6.58x10-% 4.64 — — — - —_
in the case of p=0.4kg/cm? Table 4 The calculation table for 3
T\’ 2.0\ . (the case of one-dimensional dehydration)
(—”) =0.0128><(—> =0.0014 1/min. ]
t 6.0 b t T 7
Thus we can obtain U,-log¢ curve due to de- (kg/em?) Gmin) (1/min)
hydration of only the vertical direction in the case 0.1 100 0.56 5.6x10-
.y . . . . 0.2 300 0.87 2.9%10-2
V= S - -
of 21—{ 6 cm, sliding off in time-dimension U,i log ¢ 0.4 500 0.85 L 7x10-
curve in the%case of 2H=2cm so as to obtain the 0.8 500 0.75 1.5%10-3
7
walue of ( t”) above mentioned. @H=2cm)
Next we write this curve and U,-log¢ curve due Table 5 The calculation table for »
to three-dimensional dehydration in the same figure. (the case of three-dimensional dehydration)
it is illustrated in Fig. 12. b ¢ T 7
(kgfem?) (min) (1/min)
0 . —— -
%@‘%&P - Exlanasions 1 0.1 100 1.00 5.0x10-
ool p=0.Tke ) -
7 . f—“.zts g__ 0.2 200 0.84 2.1x10-3
705 |_T Explanations_] =0 kg/om? 0.4 500 1.25 1.3x10-2
" Three-dimen. dehygr. N
o [ p=0 kg e =
e @H=6cm)
oo | p=0dkg/on’ )
102 T N N 1/ 7 . .
001 1 1000, (min) 1=\ ) The result is shown in Table 5.

Fig. 12 U,-logt curves (the case of 2H=6cm)
Notes : The above U,—logt curves (dotted lines) show

converted values of 2 H=2cm to 2 H=6cm, and
the U,~log¢ curves (full lines)are experimental
curves in 2 H=6cm.

Now we put the figure on Fig.-& and overlap
U,~log ¢ curve due to the primary consolidation on
the curve of ¢=0 in Fig.-@ and find out the value
of @ on the curve in Fig.-« on which U,~-log ¢ curve
due to three-dimensional dehydration overlaps in
the figure.

We can obtain the value of Cj, using the value
of & as is shown in Table 3.

iv) The determination of the value of 7.

At first, overlapping the secondary compression part
of U-log¢ curve, obtained from the consolidation
test due to dehydration of only the vertical direction,
-on U,-log 7" ruled curve, we find out the value of 77
-on U,-log T” ruled curve located under spontaneous

& on U-log¢ curve. By using these values, we can

(4
-obtain the value of » from the equation 77=7.

The values of 7 in each stage of load strength
per unit area are given in Table 4.

By applying the same way to the secondary comp-
ression part of U-log ¢ curve obtained from the con-
solidation test due to three-dimensional dehydration,
the value of 7 can be obtained from the equation

The value of 7, obtained from the consolidation
test due to three-dimensional dehydration, was a little
smaller than that of the test due to dehydration of
only the vertical direction.

This seems to arise from an experimental error
but the two values are fairly coincident with each
other.

In this report the author has explained the result
of the consolidation test due to the one-dimensional
and three-dimensional dehydration on the weak soil
of central zone of the reclamation land of the Lake
Hachiro and presented a simple way to get these
consolidation constants and has shown these values.

The values of C; and 7, obtained from the result
of the consolidation test due to three-dimensional
dehydration, are fairly coincident with the values
of the usual supposition.

Thus the author has presented a way to gain the
precise consolidation constants by trying not only
the consolidation test due to the one-dimensional
dehydration which is usually adapted but also that
due to three-dimensional dehydration.

IX. CONCLUSION

Here are reported analysis of consolidation in
three-dimensional dehydration with the secondary
compression taken into consideration, the method of
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determination of consolidation constants with this
case, and further its simplified graphic solutions and
their applications on the actual subjects.

In determination of the horizontal consolidation-
permeability coefficient, which has long been a pro-
blem in many cases, the author treated the flow as
a radial synthetic flow of a vertical and a horizontal
one, well grounded on the actual state, making use
of a newly manufactured three-dimensional dehydra-
tion consolidometer designed by one’s idea.

Furthermore the author described the mechanism
of consolidation with the secondary compression
comprised, the influence of which is remarkable
generally in the weak ground.

Now the author heartily expresses his gratitude
to Dr. Takeo Mogami, Dr. Yasumaru Ishii and Dr.
Masami Fukuoka, who gave the author many sugges-
tions through their excellent achievements in the
study.

The author also presents sincere thanks to Dr.
Katsumi Deguchi, Director of Land Reclamation
Bereau of the Lake Hachiro and also to the persons
concerned of this organization who bestowed on the
author many valuable suggestions and materials on
this research.

The author also gives thanks to Mr. Takashi Su-
zuki, an assistant of our university, for his great
help in making culculation and experiment.
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