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Abstract. Analysis of time dependent behavior of clayey soils in vertical con-
solidation is carried out by plotting the experimental settlement, d, with its dif-
ferential (with respect to experimental time, t) dd/dt. This is called the settle-
ment versus rate of settlement (SRS) approach. A fastest rapid loading method
is suggested that gives the coefficient of consolidation, cv values very close to
true cv and also shows how near the calculated and true cv values are by fuzzy
logic. The merits and demerits are compared with popular methods. The SRS
methods work even when the settlement-time-pressure data at the beginning of
load increment is not known. The simple procedure for quantitative isolation of
secondary consolidation and creep (from primary consolidation) is suggested.
Six phases of consolidation are quantitatively identified instead of three (initial,
primary and secondary). Terzaghi’s one dimensional consolidation equation is
resolved in 3 parts; (1) parabolic 0-40%U, (2) transition 40-60%U and (3) ex-
ponential 60-100%U, where, U is the degree of consolidation. It is shown that
the SRS plot is a very powerful and useful tool for consolidation analysis.

Keywords: Clay, Consolidation, Rate of Settlement, Coefficient of Consolida-
tion, Fuzzy Logic, Creep.

1 Introduction

Some simple and very short concepts are sometimes path breaking in the development
of research in some subjects. One such concept was given by Terzaghi [1] as:

c=0+1U (8]

where, o is total pressure, o' is effective pressure and u is pore-water pressure. This
was to pave the way for the development of modern soil mechanics, particularly in
clays. Similarly, since the days of Newton, differential equations have been used for
solving problems mostly as below

y=1x); ¥ =dyde =fi(x);y'= diyldx? =fo(x) O]
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That means differential equation was used as a function of x. little practice was there
to use it as a function of y. This particularly, created the problems when x is not
known. Similar happened in consolidation where all researchers were using -t or J-o
plots. The solution failed when t or ¢ is not known at the time of load increment and
that was the usual case in the field. Terzaghi [2] gave the average time of loading
concept in case of continuous uniform loading that, however, was rough/untrue as-
sumption (Fig. 1).

Load, p

t= (to+t,)/2

to t1
Time, t

Fig. 1. Uniform ramp loading [2]

Tewatia [3-19] suggested the y-f(y) and y-f(y") plots. In consolidation, it is called the
settlement versus rate of settlement, SRS approach. They use characteristics of degree
of consolidation, U versus theoretical velocity, dU/dT and U versus dT/dU plots in
linear and semi-log formats. Where, U is the degree of consolidation and T is the time
factor in Terzaghi’s one dimensional consolidation equation

Uu=1-

8%y 1 [_(ZN +1) 1 TJ ©))
7t KN +1) 4

Earlier, Eg. 3 was resolved in two parts; (1) parabolic 0-60% U by Fox [20] as
T
T="U’ Q)
4 U
and (2) exponential 60-100%U as

v=1-2Exp(-ZT) ©)

Beginning of the secondary consolidation in the range of the primary consolidation
was a hypothesis but the SRS approach separated it quantitatively since its beginning.
Creep and secondary consolidation (considered to be same) were defined separately
due to high resolution power of the SRS approach [14, 15]. Terzaghi’s equation was
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resolved in two parts parabolic Eq. 4 and exponential Eq. 5. Nothing was known of
the part where it changes its nature from parabolic to exponential. Only three types of
consolidation settlements were known; initial, primary and secondary but there may
exist 6 phases. The ¢, was calculated using a substantial data and portion of the J-t
plot and it was unnecessarily time consuming in the laboratory and field. All the
methods failed when time, settlement and pressure at the instant of load increment
were not known. All the methods provided c, in the laboratory that was affected by
secondary consolidation. To compare the calculated c, with true cy (i.e. ¢, that is not
affected by secondary consolidation) one had to compare the calculated values of
hydraulic conductivity with the measured values of hydraulic conductivity. All such
problems are solved by the SRS approach very easily and quickly.

In spite of all such outstanding clear merits and its publications in various most re-
puted journals for about 24 years, the approach could not get momentum. Instead, the
reputed professors of reputed universities started stealing this approach from ASTM
Geotechnical Testing Journal [3], Springer Journal of Geotechnical and Geological
Engineering [15] and ASCE International Journal of Geomechanics [17] and pub-
lished in most reputed geotechnical journals like ASTM Geotechnical Testing Journal
[21], Applied Clay Science [22] and Géotechnique [23] etc. There was a parliament
question also in India in 1997 on research espionage of this technique. This paper is
an attempt to find the merits and demerits of the SRS approach in consolidation with
further possible improvements like application of fuzzy logic and parabolic fitting
[24] for finding the do/dt etc. The fuzzy logic is an approach to computing, based on
“degree of truth” in which the truth values of variables may be any real number be-
tween 0 and 1 both inclusive. It is used to represent the concept of partial truth, where
the truth value may range between completely true and completely false.

1.1  Settlement versus Rate of Settlement (SRS) approach

By definition
_ _6-46
U= oos, ©)
T=2% @)

In Eq. 3, U is differentiated with respect to T. The plots of U-T and U-dU/dT in vari-
ous formats are given in the Figs 2(a) and 2(b) [3]. In Fig 2(b), the symmetrical S
curve is divided into 3 parts: 1. Parabolic 0-40%U, 2. Exponential 60-100%U and 3.
Transition zone U = 40-60%. From the Fig. 3(a)

_ 5
6, =06 — 73076 (8)
and in Fig. 4(b)
5
6 = 6 + 33055 ©)
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where, s is the slope of experimental d-logio(t) S curve. The slope at the point of in-
flection,

S50 = 1.009 (d100- do) = (d100 - do) = amount of primary consolidation (10)

The Fig. 3(a) shows the theoretical U versus dU/dT plot for finding do. The Fig. 3(b)
shows the experimental ¢ versus dd/dt plot for finding d100. The Fig. 4 shows the quan-
titative isolation of secondary consolidation from experimental plot of SB dam soil [3,
4, 15].

Yar= Yso + (Yso - Ya) and |nga1 = |OgX5o + (|OgX5o - |nga)
Hence, Ya=2Ys0- Yo, and X, = XZ,/X, (12)
T, dU/dT
00 05 1.0 1.5 2.0 2.510° 10? 10* 10° 10"
O 1 1 1 PEEPEPETTN PEPECETTIT PRI M EETIT
(@) | | | (b) M, /
= y

o [ MP =1.224 MT_ | AN /

oy

el N/
) AN\
N R4 mme
ol / \
Sl \
- \ T versus U plot \

du/dT versus U plot

wl Y/ |
wl /N I\

100

Fig. 2. Theoretical U versus (T, dU/dT ) plots in (a) linear and (b) semi-log formats
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Fig. 3. S curve (a) Theoretical plot for finding doand (b) experimental plot for finding J100.

2 Determination of c,, do and d100 Using d-(do/dt) Plot

Tewatia [3] derived

_4H2% do 12)

5= =2y +
2 Cv(dt) 0100

Where, H is the drainage path. The Eq. 12 is the equation of straight line in the form: y =
m x + ¢, where m is slope and c is intercept on y-axis. The d-(dd/dt) plot is a straight line
having a slope, m = (4H?)/(z%c,) and intercept on J axis, ¢ = di0. Thus, ¢, can be
evaluated as:
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442 (13)

As per Terzaghi's assumptions if c¢,/H? is constant, then 6-(dd/dt) curve should be a
straight line. As secondary consolidation starts and runs superposed over primary consol-
idation, therefore c,/H? is not constant. Eq. 12, therefore, gives a curve, considerable
portion of which is straight line (Fig. 5). When this line is extrapolated to cut ¢ axis it
gives d100 (Fig. 5) and do can be determined as from the Fig. 2(a) [4]

8y = B100 — (@ (14)

n.7n

2.1  Determining true cy and fuzzy logic for cv

The first step is to plot J-(do/df) on semi-log scale as shown in the Fig. 4. Draw tangent in
the middle straight-line portion and find its slope sso Over one log cycle as in the Fig. 2(b)
and Fig 6 [3, 4, 15]. The dois found using Eq 8 and 100 is determined using Eq 10 as

859 = 0.5(8y + 8199) = 6y + 0.5(8399 — ) = Gy + 559 (15)
_ 0.9033:%;.50}{2
v S50
(16)
(0. 1(Ssn) (17)

where, [ is a fuzzy logic, that measures the trueness of ¢, [3, 4, 15]. Its value varies be-
tween 0 and 1. Closer is W to 1, closer is ¢y to the true cy. The true cy is the one that is
devoid of the effect of secondary consolidation. The p and c, values determined by vari-
ous methods for various soils are given in the Table 1.

Table 1. pand cy values determined by various methods for various soils.

cv (x 10° cm?/sec)

SB damsoil BCsoil Bentonite-sand mix Bentonite

Method
wL=61% w.=69% w = 100% wi = 495%
wp=29% wp=33% wp = 30% wp = 49%
Casagrande [25] 2.58 12.3 3.92 -
Taylor [26] 3.31 16.3 4.07 1.44
SRS [3, 15] 4.82 24.5 5.57 2.81
Fuzzy value, u 1 0.97 0.94 0.92
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2.2 Isolation of secondary consolidation

On semi-log plot in Fig. 2(b), unlike U-T S-curve, U-(dU/dT) S-curve is symmetrical
about the mid-point, Uso. This property is used to isolate the secondary consolidation
from the primary consolidation in Fig. 4. Up to 50%U, there is no (or insignificant) sec-
ondary consolidation in most of the inorganic soils. It is primary consolidation only.
Usually after 50%U and definitely after 60%U, the secondary consolidation essentially
starts and runs superposed over primary consolidation [3,10,15]. Therefore, the experi-
mental curve deviates from theory after mid-point [usually 50-60%U]. So, the upper
portion is retraced after 50%U (i.e. dso) that gives the theoretical experimental curve up to
100%U. The vertical difference between these two curves is the secondary consolidation
in Figs 4 and 6. The secondary consolidation is defined as any other experimental com-
pression that is not initial and primary compression [3, 4, 15, 27].

2.3 Six phases of consolidation settlement

Literature shows 3 phases of consolidation only. They are (i) initial compression, (ii)
primary compression and (iii) secondary compression. The other phases could not be
visualized because of the limitations of all available methods before the SRS approach.
The SRS approach shows 6 phases of consolidation due to its high-resolution power.
They are initial compression, first primary compression, transition from first primary
compression to second primary compression, second primary compression, and transition
from second primary compression to creep and lastly creep (Figs 4 to 7).

da/dt
0.003 0.01 0.1 1 10 20 30
0 T T
—&— Experimental curve A(X Y )
50 H Left half of theoretical S curve -—-@¢
B(X),\;igl/'
100
P Yeo)
R e & -PA-22,154) —=====1
“ciraroy T[T
200
(2]
250
300
Y =2Y_-Y
350 ° H
Xy = XSDZIXb P Y =2Yg 0 Y,
400

Fig. 4. ¢ versus do/dt semi-log plot for Sawan Bhado (SB) dam soil for isolation of secondary
consolidation [3, 4, 15].
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Fig. 5. 6 versus dd/dt linear plot for SB dam soil for finding cv and d100
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Fig. 6. Six phases of consolidation for SB dam soil.

Theme 1 449



Proceedings of Indian Geotechnical Conference 2020
December 17-19, 2020, Andhra University, Visakhapatnam

ds/dt
1E-3 0.01 0.1 1
300 e — .
R
310 Creep starts —
2nd primary compression JSR - 310
320 i
/73 8 =3235

330 .

Creep v
340 Pure creep begins S

8. =340

350
(2] /
360
/Vo
370 /
380

T

390

400

Fig. 7. 0 versus do/dt semi-log plot for SB dam soil.

2.4 lsolation of creep

To isolate creep (Fig. 7), we draw a vertical line from R where creep starts. Extrapo-
late the straight line of later portion of the S curve. The point where vertical line cuts
the extrapolated line is the point below which we get creep from the combination of
2nd primary compression and creep [15].

3 Limitations of SRS Approach

The plot of SRS has a weakness that it requires J-t data to be recorded very precisely [28].
Unlike IS, ASTM or BS codes the settlement is recorded first at different intervals of
time and later time in seconds is recorded when dial gauge needle coincides with the
exact mark on the dial gauge [3, 4, 15]. The SB dam soil data were recorded like this,
while other soils data were recorded as usual. Though this method works well in usual
data recording system, but still the parabolic fitting of slope (do/df) can be used for better
accuracy [28]. In this method, only three consecutive J-t data points are fitted by a para-
bolic curve and the slope at 2nd point is taken as the do/dr. However, now very precise
instruments for measuring even less than a micron settlement are available, so the precise
data recording is no longer a problem.
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4 Discussion and Conclusions

The J-(do/dt) method can determine c,, do, d100 and (hence, using Eqgs 3, 6 and 7) entire
unknown -t data, when the time and settlement at the instant of load increment are not
known, by observing data just for a few minutes (theoretically zero time or a point) as ¢-
(do/dt) plot (Fig. 5). It is not capable of giving some quantitative estimate to show how
far the c, is from the true c, but a fuzzy logic. The method is capable of isolating not only
creep but the whole secondary consolidation that runs superposed over the primary con-
solidation. The d-log(dd/dt) plot can give true ¢, as well as all the six phases of consolida-
tion. No other method is available in literature that determines c, at less than 70%U. The
o-log(do/dt) or S curve plot requires data upto 50%U to determine the value of c..
Thus, the S curve plot is the fastest rapid loading method for vertical consolidation that
takes 1/4™ time of Taylor method as Tso =~ (Teo)/4.
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