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Abstract [ ] Analyses, in which load was regarded as instant load and gradual step load,
respectively, were performed with data measured on a gradually loaded field, and the results
were inspected to find the effect of load conditions, and the final settlements which were
predicted by Hyperbolic, Tan’s, Asaoka’s, and Monden’s methods were compared with each
other.

Settlement curves in which load was regarded as instant load and gradual step load begin
to coincide at twice the time of duration of embankment.

On the ground installed vertical drain, from the results of Hyperbolic, Tan’s, Asaoka’s,

Monden’s, Curve fitting I, and Curve fitting II (simple, carrillo) methods it was concluded
that Asacka, Curve fitting I, and Curve fitting II methods are reliable for prediction final

settlement with back analysis.

Keywords [} Asaoka, consolidation, Curve fitting, embankment, final settlement, Hyperbolic,

Monden, prefabricated vertical drain

I. Introduction

Recently, there is an expansion of required
industrial and residential areas as well as a
plan of social overhead capital in Korea. And
coastal land is needed much more than the
past because well conditioned lands are being
exhausted.

Soils in these area are characteristic of low
shear strength and subside so that it may
cause future problems which have to be stud-
ied.
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Since Terzaghi’s consolidation theory(1943),
many theses for verification of the theory were
presented and applied to field. But uncertainty
is raised from the poor representation of
properties in the target soil in analysis or
distribution and the stress change of the
specimens during the sampling, carrying and
experimental processes, and thus the analysis
results are not in agreement with the real
behavior of the ground. Especially the pre-
which
caused by gradual step load does not be estab-

diction method of final settlement
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lished yet. Miyakawa(1961) presented a settle-
ment curve shape as a hyperbolic curve.
Hoshino(1962) modified the hyperbolic method
with the proposal that settlement including
shear strain is proportional to the square root
of time. Monden(1963) used the fact that the
relation curve Tv to In(1-U) is a straight line.
Asaoka(1978) proved that the relationship of Sj
and Sj+1, based on Mikasa’s consolidation
theory, is a straight line. Tan(1993) established
the theoretical system on which final settlement
is determined with hyperbolic function ex-
panded from Sridharan’s proposal.

The purpose of this paper is a proposal of
the best believable method to predict the final
settlement from the measured settlement data.
To do so the results predicted with Hyperbolic,
Tan’s, Asaoka’s, Monden’s, and Curve fitting

methods were compared and analyzed.

II. Analysis methods and ground
properties

1. Final settlement prediction methods

1) Hyperbolic method is developed based on
the consideration that the settlement curve
shape is hyperbolic, and the equation is the

following.
S=S+t(at+ 8- D
2) Tan adopted Sridharan’s Cv determination

method for the of the final
settlement. This method is based on the as-

prediction

sumption that relation curves Tv to Tv/U and

time to (measured settlement)/time have the
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same shape.
Sr=Sit+-§

3) Asaoka divided measured settlement into
the same time interval A4t and plotted Sj on
a horizontal axis versus Sj+1 on a vertical
axis. The final settlement is predicted with this

line.

By

S,= I_Bl

4) Monden’s method : In this method, the
degree of consolidation U is changed until
the relative curve Tv to In(1-U) becomes a
straight line.

_ 8T, _ —8:Cy ¢
(1= U=—p " =~ o 2

where

a, 8. intercept and slope of the regression
line on y axis when time ¢ is put on x axis
and the time over the settlement #/S is put on
y axis, respectively.

a : slope of the straight line segment on
x-y plane when the time factor T is put on x
axis and the time factor over the degree of
consolidation T/U is put on y axis.

By, By : intercept and slope of the regression
line on y axis when §j is put on x axis and
Sj+1 is put on y axis, respectively.

C, : coefficient of radial consolidation.

de : diameter of effective circle.

F(n) : function to drain spacing ratio.

Sy :the initial settlement at time started.
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S;: final settlement.

S; : slope of the straight line segment on
x-y plane when the time ¢ is put on x axis
and the time over the settlement #S is put on
y axis.

S. : the settlement at any time ¢ .

T, : time factor on radial consolidation.

U : degree of consolidation.

This method
searches C, and C, directly with a trial and

5) Curve fitting method

error method in settlement equation at each
time. This equation is classified into two
types. One regards the embankment load as
instant and the other regards as a gradual step
load.

B C. P+ 4P;
Se= 21{ Tte H*le—p
x[1—exp(~8xaxt) 1} "

The settlement at any time is calculated by
Terzaghi’s settlement equation. And the degree
of consolidation on which Barron's, Hansbo’s,
Yoshikuni’s, and Onoue’s equations are put
together with A for the purpose of ignoring
smear effect and well resistance and then each
settlement is added to the total settlement at
any time as shown in Fig. 1, where = is the
embankment step. The value of C. and A
may be changed until that the sum of the
differences between the S, calculated by
equation (1) and the measured settlement at
time ¢ is the smallest. But these simple differ-
ence calculations cause errors because the

measured time interval during embankment
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construction is smaller than that in the latter
part of consolidation. Therefore the value of
C. and A were changed until that the sum of
the difference areas formed by the measured
and the estimated curves and the time interval
lines is the smallest. This concept is shown on
Fig. 2.
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Fig. 1. Settlement caused by gradual step load
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Fig. 2. Difference area between measured and
estimated settlement

This procedure is implemented by a

computer program developed by authors.
2. Ground Properties

The analyzed data was measured on housing
land preparation project in YangSan. Spacing
of vertical drains, depths of clay and heights

of embankment on each method are shown on
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following Table 1.

A method(Menard drain) is that vertical
plastic board drain was reformed to the
perforated circular cross sectional ductile gof-
fered thin plastic pipe encircled by nonwoven
geotextile.

B method(Pack drain)
which sand was packed in synthetic fiber bag

is sand pile on

to protect the sand pile from sheared necking,
C method(Plastic board drain) is that perfo-
rated plastic board was used instead of sand
pile.
The mechanical properties on the ground, as
tested in laboratory are shown on Table 2.~

Table 4. The properties inputted in analysis are

Table 1. Spacing of drain and height of embankment

Method Spacing of drain Remark

A Method ALBL : 1.0X1.0m

(Menard dram) A2,BZ 1 1.2X1.2m 1. Depth of

B Method A3,B3 » 1.4X1.4m drain : 25.5m

(Pack drain) A4,B4 : 1.6X1.6m
Cl:10X10m | 2 Height of
C2 : 1.0X1.0m embankment : 5.0m

C Method Sj L lgi{gm'“ 3. Different companies’

(Plastic board lsx1 products were used in

drain) €3¢ L3%13m C1,C5, C2,C6, C3,C7
C6 : 1.5X1.5m Py Sy, L9y
C7: 15X 1.5m and C4,C8, respectively.
C8 : 15X15m

Table 2. Mechanical properties of ground at A
method site

Depth(m) | e | Cc | Ve | Cyem¥s) | Poftfim?

0~3 1.137 | 042 | 0460 | 1.50x10° | 1.185

3~11 |1.79| 080 |0.891|347x10*| 4.77

11 ~ 20 11.520| 062 [ 0.778 | 3.41x10* | 10.185

20 ~ 30 |1.265| 046 [0.695| 1.43x10°% | 16.90

Weighted

1.470 1 0.595 |1 0.749 | 568 x10* | 10.305
mean value
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the mean values weighted to each layer thick-
ness. The unit weights, as used on a Curve
fitting method are shown on Table 5. where e
is the initial void ratio, Cc is the compres-
sion index, Vcc is the virgin compression
index, Cv is the consolidation coefficient, and

Po is the in situ effective overburden pressure.

Table 3. Mechanical properties of ground at B
method site

Depth(m) | e | Cc | Ve | C, (em¥s) Po(tf/m’)

0~3 [1137(042]0.500|217x10° 1.187

3~8 |1.739]0.53 |0.630} 353x10* 3.948

8 ~20 |1.893]0.79 |0852| 200%10% | 9.153

20 ~ 31 |1.430]|0.32 |0.646(C1.19x 10| 18.027

Weighted
mean value

1.631]0.545]0.709| 425x10* | 15.268

Table 4. Mechanical properties of ground at C
method site

Depth(m) | e | C. | Vec | Cyem¥s) | Po(tm?)
0~3 [1.196]| 043 |0515| 105x10° | 1.155
3~ 13 |1.892/ 083 [0967| 312x10° | 5210
13 ~ 21 |1.549| 0.63 |0.776| 3.43x10* | 10.71

21 ~ 30 [1.353] 046 [0.592| 1.58x107 | 16.415
Weighted

mean value

1.5690.6260.758| 5.19 x 10™* 9.760

Table 5. Unit weight of sand mat and embankment

Classification| ~ Unit weight 7 (tf/m’)
Method Sand mat | Embankment
A 1.997 1.914
B 1.876 1.938
C 1.957 1.961

The height of embankment and settlements

used on analysis on each method are shown
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on Fig. 3 ~ Fig. 6. In Fig. 3, A method was
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Fig. 3. Distribution of time vs setlement at A
method site
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Fig. 5. Distribution of time vs settlement at C
method site (spacing : 1.0X1.0m)
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Fig. 6. Distribution of time vs settlement at C
method site (spacing : 1.5%1.5m).

used. The period of embankment construction
is 62days and then the site was left alone for
332 days. On Al, A2, A3 and A4, the spacing
of drains is 1.0X1.0m, 1.2X1.2m, 1.4X1.4m
and 1.6X1.6m, respectively. As shown in Fig.
3, the measured settlements at A method
during 394 days range from 3.246 to 2.467m
and the settlement enlarged with the tighter
spacing of drains. The settlement rate at any
time is high during embankment construction
and then becomes low as time passes.
Settlements using the B method during 394
days range from 2.776 to 3.02lm and it is
shown that spacing of drains has no relation
on settlement. Fig. 5 and 6 presents the
settlements using C method with the spacing
of drains as 1.0X1.0m and 1.5X1.5m, respec-
tively.

The settlements during 394 days range from
2.630 to 3.04lm as shown in Fig. 5. and the
settlements are different with the kinds of
drains. In Fig. 6, the settlements during 394
days are almost same values as from 2.630 to
2.695m irrespective of the kinds of drains.
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II. Results and discussion

1. Settlement curve variation according
to load condition

Fig. 7 shows a part of the settlement curves
which one is estimated on the condition of the
instant load and the other gradual step load as
derived by a computer program with the whole
data from the beginning of embankment con-
struction to the end of measured data.

As shown in the figure, the line a indicates
an imaginary instant embankment, and point b
is the beginning time of construction and point
¢ is the time of embankment construction end,

and point d is two times the embankment
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Fig. 7. Relationship instant and gradual step loads
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construction period and also it is the
beginningpoint at which two settlement curves
coincide, and lastly point e is the end of
measurement.

The kink line in Fig. 7(a), (b) are the
measured settlement curves. In front part of
the settlement curves, the difference between
the measured and the estimated curves is
larger on A method than that on B method.

The estimated curves, one as calculated as
an instant load and the other as a gradual step
load, are the almost same value after the point
d even though the front parts are very
different from each other. Fig. 8 and Fig. 9
show the

processes that hyperbolic and

Asaoka’s methods are done, respectively. In
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Fig. 8. Hyperbolic method
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these figures, the analyzed data is the same as

in Fig. 7. The points b, ¢, d and e in Fig. 8
and 9 are the same meanings in Fig. 7. As
expected, the lines are straight after the point
d. In Fig. 8, it makes no sense searching
straight tendency before the point d and in
Fig. 9, the errors before the point d are small
comparatively, but despite these small var-
iations, the estimated final settlement changes
may be relatively large because of the char-
acteristics of Asaoka’s method itself.

Therefore, it is concluded that the effect of
gradual step load is eliminated when the time
from the starting time(the point b) of embank-
ment construction becomes twice(the point d)
the period(the point ¢) of embankment con-
struction. This is shown by the settlement
curve agreement between a gradual step load
and an instant load.

For that reason if the whole measured data

is used on the analysis with a Curve fitting

Table 6. Predicted fina! settlements of each method (unit : m)

Hyperbolic Tan’s Asaoka’s Monden’s Curve Curve fitting II
method method method fitting I Simple Carillo
Al 4.187 3.481 3.369 3.70 3.502 3.296 3.345
A2 3.883 3.223 3.115 3.70 3.038 3.024 3.148
A3 3.920 3.228 2.956 3.10 2.930 2.829 2.878
A4 3.980 3.206 2.637 2.90 2.752 2.607 2.656
Bl 3.606 3.000 2.920 3.00 2.916 2.854 2.870
B2 4.115 3.341 3.221 3.30 3333 3.155 3.206
B3 4.339 3.485 3.655 3.40 3.382 3.232 3.237
B4 4.505 3.588 3.206 3.30 3.260 3.051 3.101
Cl 3.776 3.125 2.972 3.10 2.923 2.907 2.933
C2 4.354 3.560 3.181 3.40 3.170 3.053 3.079
C3 3.771 3.168 2979 3.10 2.923 2.884 2.884
C4 3.617 3.011 3.372 3.10 2.994 2.884 2.893
C5 3.928 3.236 2.942 3.20 2.853 2.762 2.762
c6 4.008 3.291 3.050 320 2.958 2.835 2.884
C7 4.268 3.484 2.954 3.20 2.923 2.835 2.835
C8 3.881 3.175 2.926 3.10 2.923 2.835 2.834
Remark Irllgga;t Gradual step load

74

Journal of the KSAE



method, it is reasonable to use the data which
is measured after two times the period of

embankment construction.

2. Reliability estimation of final set-
tlement prediction methods

The methods used in final settlement pre-
dictions from measured settlements are Hy-
Asaoka’s,

fitting in which load is considered as instant

perbolic, Tan’s, Monden’s, Curve
and vertical direction consolidation is ignored,
Curve fitting I(simple) in which load is
considered as a gradual step load and vertical
direction consolidation is ignored, and lastly
Curve fitting II(Carrillo) in which load is
considered as a gradual step load and vertical
consolidation is combined with horizontal
consolidation in Carrillo’s method. The results
are shown in Table 6.

Fig. 10 shows the predicted final settlements
according to each method. In the results of A
method, the predicted final settlements were
larger Al > A2 > A3 > A4 in order as
spacing of drains are small. In the results of
B method, the predicted final settlement was
the largest in B3 and was the smallest in Bl
in which spacing of drains are the smallest
irrespective of spacing of drains. In the results
of C method, the variation of predicted
settlements was large in C1~C4 but small in
C5~C6. The predicted final

according to analysis methods were larger as

settlements

follows, Hyperbolic > Tan’s > Monden's )
Asaoka’s > Curve fitting I ) Curve fitting 1
(Carrillo) > Curve fitting II(Simple) in order.
Considering the real field condition in which
embankment is constructed with gradual step, it

Vol. 42, June 2000
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is reasonable that one of Curve fitting II
methods have to be used because predicted
final settlements differed from the values
analyzed in each method. Fig. 11 shows the
ratio of each predicted settlement to the
predicted, which was the smallest, with Curve
fiting II(simple) . The ratio is 26~55% in
Hyperbolic method, 6~20% in Monden’s and
Tan’s methods and nearly the same in range
of 10% in Curve fitting I,II and Asaoka’s
methods. But the shape of the curves in the
figure are irregular in Monden’s, Tan’s and
Hyperbolic methods. Consequently Curve fitting
[, and Asaoka’s methods are reliable in

predicting final settlement with measured data.
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IV. Conclusions

From the results that were predicted with
Curve fitting methods on the conditions of
instant and gradual step loads and that used

Hyperbolic, Tan’s, Asaoka’s, and Monden’s
methods, the following conclusions were
obtained.

1. Settlement curves, that were predicted on

the conditions of instant and gradual step
loads, begin to coincide with each other at
twice the time of duration of embankment.

2. Settlement was predicted 26~55% larger
in Hyperbolic(simple), 6 ~20% larger in Tan’s
and Monden’s methods, and nearly the same
in range of 10% in Curve fittingI,II and
Asaoka’s methods. -

3. Asaoka’s,

fittingll methods are reliable for predicting

Curve fitting I, and Curve

final settlement with back analysis.
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