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Abstract: The magnitude and rate of the settlement are the key elements subjected to design analysis of emhankments on soft ground. The ohserva-
tional methods based on field measurement have indicated the promising results and become effective methods to predict the final settlement, while
the uncertainties of parameters and theories limit significantly the accuracy of settlement estimation. This paper presents an observational method to
predict the settlement performance of embankments with stage construction on soft ground based on Asaoka method. The case studies show the ac-
cordance of the predicting results with the field measured data. It is also given from the case study that the value of £/ ¢, ratio ranges from 50 to
100 for Jiangsu Marine clay and its actual coefficient of consolidation is almost one order of magnitude larger than the laboratory data.
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0 Introduction®

Settlement and stability are two primary considerations
systematically related to the design of an embankment on
soft ground. The tools available for the stability evaluation
seem to be satisfactory. The key element of long term be-
havior of the embankment routinely subjected to design
analysis is the settlement' V. In other words, the settlement
analysis is the most appropriate approach to the embank-
ment analysis.

The settlements of embankments on soft clays result
from the consolidation and the lateral flow under the em-
bankments. Many researches have been made on perfor
mance of embankments on soft ground' '™ ¥

Although many experiences have shown the practical
value of the theory for estimating settlements and settle-
ments rates, they also illustrated some of the problems in-
volved in making accurate prediction of the settlement.
Duncan( 1993) and Olson( 1998) analyzed the uncertainties
causing the shortcomings in the current state of the art for
settlement prediction respectively!®®'. These uncertainties
sometimes make it difficulty or impossible to estimate the
magnitude and rate of settlement for embankments. Al
though the numerical analysis may be possible to improve
the accuracy, the soil models may involve many parameters
that can not be determined economically. However, the
evolution of numerical methods with computer may result
in simpler models and complete codes that are increasingly
becoming available.

It is desirable therefore to develop observational meth-
ods based upon which the settlement can be estimated once
sufficient data has been recorded. Many researchers devel-

oped the settlement prediction methods on field measure-
ment observation, which have indicated promising results
and become an accepted method to estimate final settle-
ments and rates of settlements' ' '°!

Stage construction is a typical procedure for embank-
ments on the soft ground. With a certain period of consolida-
tion at every stage construction, the safety factor of the em-
bankment can be generally raised and the post construction
settlement may be reduced. The settlement— time curve dur
ing stage construction may be more complicated than it is
with instantaneous loading. The period for primary consoli-
dation at a definite final load with stage construction may be
increased significantly, in spite of the fact that the post con
1711 Tn order to speed
up the rate of settlement and minimize the post construction
secondary settlement of soft clays, surcharge is often used in
practice, which can be taken as a type of stage construction
with temporary loading and unloading stages.

Problems related to the settlement analysis of stage
construction for embankments on soft clays are of the fol-
lowing types:

(1) Prediction of the deformation behavior of stage

struction settlement can be reduced

construction from the results of borings and tests.

(2) Prediction of the final settlement at permanent
load from the behavior of the first stage construction.

(3) Prediction of the post construction settlement at
the permanent load and corresponding time of surcharge re-
moved from the behavior of the surcharge.

The first of these problems is heavily dependent on the
theory, which is necessary in design. The other two pre-
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dictions require empirical rather than theoretical methods
because they are based on observational data. In any case,
the fact that the second and third predictions are derived
from field observations makes them more reliable than the
theoretical predictions.

Leroueil et al revealed the effective stress path and an-
alyzed the relationship between vertical settlement and lat-
eral displacement during stage construction' > *” . Stam-
atopoulos and Kotzias developed a method to determine the
final settlement at permanent load from the behavior of sur-

U251 Byt it is based on the elastic theory and diffi-

charge
cult to calculate the rate of the settlement. The hyperbolic
method is based on the total load— settlement relationship
to predict the final settlement, which is not sensitive to the
nature of the initial loading condition! "' .

This paper presented a method for the prediction of
the final settlement at permanent load from the behavior of
the first stage construction based on the Asaoka method.

1 Stage observational method

Asaoka proposed an © observational procedure’ to esti-
mate the final settlement and in-situ coefficient of consoli-
dation from the field observational data ( Fig. 1) U1 This
method is becoming increasing popular because of its sim-
plicity and effectivity.
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Fig.1 The Asaoka method

The method is based on the fact that one dimensional
consolidation settlements So, Sy, S2, -+, S; at times 0, At,
2At, .-y J At can be expressed as a first order approxima-
tion by

Sj = Eh+ B1Sj_ 1» (1)
which represents a straight line in a S; vs S;_  plot (Fig. 1),
where By is the intercept and B is the slope of the line.
When the ultimate settlement has been reached: S; = S;_
= St ., therefore, the ultimate settlement St can be given by

B

S¢= ) (2)
and
6C, At
InB = - o2 I(bmh top and bottom drainage), (3)
2C, A .
InB, = - P : (top drainage). (4)

The constant By has been suggested by Magnan and

Deroy to be related to the coefficient of consolidation C, as

follows' *': for horizontal radial drainage only

- DIF InB
€= —oeb . s (5)
for vertical drainage only
€= 12 At ’ (6)

where D, H are the drainage path length respectively.

Asaoka method also stated that the straight line in S; -
S;-1 space would moved up in the case of multistaged
loading ( Fig. 1), moreover, the shifted lines become al-
most parallel to the initial when the settlement is relatively
small compared to the thickness of clay layer. However, it
is not discussed and provided how to determine the shift
distance from the line of first stage to the line of the next
stage.

In the expression (1), whenj = 0 that is: ¢ = 0 and
S¢i=0) = So,where t can be taken as 0 from any time af-
ter loading works. If 7 is set as O at the exact time once the
load is exerted, then, S;_| becomes 0, therefore,

So= By= immediate settlement S.. (7)

This means that Asaoka method can be extended to
obtain the construction settlement, which equals to the in-
tercept By of the liner line in the space S;, Sj- 1, where ¢ =
0 is set just after loading. Moreover, this immediate settle-
ment contributes the shift distance of the parallel lines dur
ing stage construction.

In fact, from the derivation of the Asaoka method,
the settlement of soil layers can be expressed as

1
S = J:}E(.S,z}dz (8)
and
1,z 1, Z
€z,t)= T+ 2!"(C\.T)+ 4f(C%T)+ et JF 4+

3 4
SOCF)+ 55050+ (9)
where T and F are two unknown function of time.
With the vertical drainage boundary conditions and at
the ground swface, €t,z)= T= &, .-¢.1ft=0, &t,
z)= &20.-0 = &= initial elastic strain. Therefore, S(t
= 0) = Sogives the immediate settlement S.. which can al-
so be estimated from the elastic method by the equation:

So= S.= “‘—;)-‘ﬂ (10)

It is clearly shown that the Asaoka method has been
extended to predict the settlement of embankments with
stage construction. In other words, the behavior of next
stage construction can be predicted with the B, B from the
last stage construction. The more the previous stages with
settlement measurement, the higher the accuracy of next
stage prediction. The stage observational method includes
following steps:

(1) Sketch observed time settlement curve .

(2) Choose a time interval At , which usually ranges
from 10 to 100 days, read the settlements S; from the curve
at times t;(= Atj,j = 1,23, ...

(3) Plot the settlements S;, S;- | in a coordinate system
with axis S;, S;- | originated from 0.



230 = + I 8 % 2003 4E
Water content /% Void ratio Unit weight /(KN +m?)
40 60 80 100 1.5 2.0 2.5 15.0 155 16.0 165 17.0
0 T T 1 0 T 1 0 T T T 1
[+] o [+]
] %o 2r % o o 2r 08 ° 3
o %0 ° o %% ° %% o o
4+ ° 4+ S 4t o .8
E [ @m E g% %o E o Og °
£ 6f o8 £ 6f g &o £ 6 ® o897
= 000 = @ = ooo
[ 7 8 Q L] ] ) [+] 7] 083
a @ A ol ®® 4 ol o
8+ g%’ o 8 8 oBo” o o
o o ° o o © o
10F Oo 10 00y o 10 + ) [+ [+]
12- 12- 12 -
(a) Water content (b) Void ratio (c) Unit weight
w /% ¢ /KPa Es /MPa
40 50 60 70 N 0 10 20 30 40 0.5 1.0 1.5 2.0
0 1 I 1 l-— '_ I I I 1 0 I I 1
[+]
2t '30000%00 10+ 2F 2F 600 4%
©o 4080 — 00 c o°
c 4r o % ® o < 8F = 4r 5?00 = 4 %
~ o & <& ~ % 0e® ~ 0
= 6 @ o ©° £ 6 S 6 oo © S 6 g8 o
g‘ o % ° < § o5 © g 2.9
gt o‘gﬁ S 4+ a gt ® o© st o8°%%
o o 0 o0
10} 0B 2 10F o © 10+ 00 ©
12t 0 - — 2t 12k
250 500
P/kPa
(d) wy (e} P () cu () E

Fig. 2 Soil properties of the Jiangsu Marine clay

(4) Fit the plotted points by a straight line, of which
corresponding slope is read as By. The intercept at the S; axis
gives By, while the point of intersection with the 45° line,
gives the final consolidation settlement of the first stage.

(5) From the B of the first stage construction to deter-
mine the undrained modulus £, by inverse analysis ( 10).

(6) Determine the next stage construction settlement
with the above known £, ( 10), thus resulting in the shift
distance of line.

(7) Assume the C, remains constant during stage con-
struction and settlement is small compared with the thick-
ness of soft soils, this makes the line of next stage con-
struction parallel to the first stage with the slope B .

(8) Predicting the final settlement of next stage con-
struction from the intersection of the shifted line with the
45° line.

(9) Estimate the Cy, and C, from the value of B with
the equation (5) or (6).

2 Case study
2.1 Site and project description

Section A of Lianxu highway is a 31 km long high
standard expressway connecting the port city Lianyugang to
the national highway system of China. It was began to
construction from Dec. 1999. There are 104 bridges or cul-
verts or passways in this 31 km long section designed to
connect embankments. The bottom width of the embank-
ment is 40 m, while the height of embankment changes
from 3 to 7 m.

Based on the design code, the differential settlements

between embankments and structures have to be controlled
less than 10 em. Post construction settlements of embank-
ments have to be less than 30 em during the post construc-
tion period of 15 years. It is clear that the magnitude and rates
of the embankment settlements are the extremely important
problem to make the project reliable and economical.
2.2 Subsurface conditions

The section A of Lianxu highway passes over the ma-
rine deposit plain. The typical subsoil profile consists of 0
to 3m think uover crust of stiff clav underlain bv a 5. 6 to
13m thick soft clay, which is named Jiangsu Marine clay.
Blow this soft clay, lies alternating layers of stiff clay and
dense sand extending to badrock with the varied thickness
of 10 to 20m. The soil properties with depth are shown in
Fig. 2.
2.3 Soil improvement and embankment construction

Dry Jet Mixing and stage construction with sand blan-
ket have been designed to reduce the total settlement and
post construction settlement. The embankment filled with
residual clay from Dec. 1999. After the first stage construc-
tion of 2. 5~ 3.5 m high, about 6 months were left along
for soil consolidation. The settlements are observed regular
ly by settlement plates. During the period of the first stage
consolidation, some observational settlements are found to
be larger than the corresponding designed total settlement. It
is necessary to re-predict the behavior of the embankments
based on the settlement observational results of the first
stage construction, in order to modify the original design
and make the reliable decision for next stage construction.



231

2 LIU Song-yu, et al. Settlement prediction of embankments with stage construction on soft ground
7 7 7
6 6 6
ES ES Es
b 4 = 4 = 4
&3 &b 3 T3
z2 z 2 Z 2
| 1 1
07 120 240 360 480 600 720 0 120 240 360 480 600 720 0 120 240 360 480 600 720
Time /d Time /d Time /d
Time /d Time /d Time /d
0 120 240 360 480 600 72 0 120 240 360 480 600 720 0 120 240 360 480 600 720 84
T T I T I 1 T T T T I 1 T I I T I T 1
£ 100} £ 100} 2 1000
£ = 200
£ 2001 £ 2001 £ 300f
= 300 = 300} = 400 |
2 400 2 400} 2 5001
S znn L D 2 5 600
= 500 = 500+ = 700
2 600 2 600+ 2 800
700- 700- 900 -
(a) K21+80 (b) K21+130 (c) K21+583
Fig.3 Embankment heights and measured settlements with time
700 900
o First stage 600 o First stage . 800 eFirst stage
600~ = - . = . =
oSecond stage - oSecond stage oSecond stage
500 700 -
500 L o
400 600
£ 400 - £ 500l
5 300 < > 400
5 300 > S o
200
2
ol M 45° - 45° 208 7 45°
--- Predicted line _ --- Predicted line 100 p-¢ --- Predicted line
0 200 400 600 0 150 300 450 600 0" 200 400 600 800
S /mm S /mm Siq /mm
(a) K21+80 (b) K21+130 (c) K21+583
Fig. 4 Prediction of the final settlement of second stage from the first stage measurement
Table 1 Prediction results form the observational data
First stage( [ )
Locati mb nt heig Soft clay thickness So! X C,
ocation  Embankment height Soft clay thickness  By( So' ) | E, EJe. O Cy(field)/ €, (lab)
hy/m H /m / mm / kPa /(m~a ")
K21+ 80 3.45 8.2 65 0.80 761 50 76 12
K21+ 130 3.74 8.0 38 0.89 1377 92 38 6
K21+ 583 2.50 9.6 37 0. 90 1135 75 49
Second stage( 1I)
Location Embankment height  Increment of the height Immediate settlement  Predicted final settlement  Predicted final settlement
hal/m Ah /m S / mm by presented method /mm  from measurement/ mm
K21+ 80 5.95 2.50 48 520 540
K21+ 130 6.08 2.34 26 590 550
K21+ 583 5.16 2.66 48 830 890

. . . . - 2 .
¢, is undrained shear strength, taken the approximate average value ( 15kPa): C, is taken as 6. 1 m™/a, coressponding to the average value at 50 kPa.

2.4 Prediction of the final settlement

The typical fill heights with time and measured ground
surface settlements at the center of embankments with sand
blankets are shown in Fig. 3. It can be seen that the settle-
ment curve drops significantly between the first stage and
second stage construction. The final settlements of the sec

ond stage construction are predicted from the first stage ob-
servational data by the stage observational method ( Fig. 4,
Table. 1). It indicates that the predicted settlements are ba-
sically consistent with the measured settlement. Table 1 al-
so shows the bake analyzed values of undrained elastic
modulus £, and coefficient of consolidation C, based on the
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first stage observational data, giving ranges of £,/ ¢, ratio
of 50~ 100 and C,(field)/ C,(lab) ratio of 6~ 12. Tt
seems to be in the lower range of the £/ ¢, ratio for Jiang-
su Marine clay compared with the ratio of 70~ 253 for
Bangkok clay and other clays existing in the different litera-
ture 2!, The actual coefficient of consolidation appears one
order of magnitude larger than the laboratory value, this re-
sulting in the faster rate of measured settlement.

3 Conclusions

On the basis of theoretical derivation of Asaoka
method and case study of Jiangsu Marine clay, this paper
presented a Stage Observational Method for settlement pre-
diction of embankments on soft ground with stage construc-
tion. The following conclusions can be given:

(1) Considering the available observational methods
for ultimate settlement prediction, the Asaoka method may
be successfully extended to make the settlement prediction
for stage construction embankments.

(2) The immediate settlement S, is verified to be e
qual to the intercept By in the Sj and S;_ | space of the Asao-
ka method, therefore, the undrained modulus of soft
ground can be obtained from the first stage construction
measurements, this (tuntrihuting to the more accurate esti-
mation of immediate settlement of the next stage construc
tion.

(3) Assuming the actual coefficient of consolidation
and the thickness of the soft ground remain constant during
stage construction, the shifting distances of the parallel
lines with the slope of B is equaled to the immediate settle-
ments, which can be calculated with the inverse modulus
from the first( last) stage construction.

(4) The distinct advantage of the recommended
method is that the values of undrained modulus and coeffi-
cient of consolidation for next stage construction are in-
versely analvzed from the first (last) stage construction.

(5) From the case study, the value of E./ ¢, ratio
ranges from 50 to 100 for Jiangsu Marine clay, while the
actual coefficient of consolidation is almost one order of
magnitude larger than the laboratory data.
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