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Abstract: The Teven Road trial embankment is located adjacent to the existing Pacific Highway which is in the south of the
National Field Testing Facility (NFTF) at Ballina, New South Wales, Australia. The construction of the trial embankment
took over 7 years (2826 days). A sharp increase of the monitored ground settlement behavior was observed from 1940 to
2160 days, which makes it difficult to predict the settlement at early stages. To investigate how back analysis methods can be
used to predict future settlement for Teven Road trial embankment, this study applied Asaoka method, Hyperbolic method
and Bayesian back analysis method to predict settlement based on the monitored settlements. The results show that the
prediction obtained by Asaoka and Hyperbolic methods are similar. The prediction made by Asaoka method is not stable due
to the limited available records after the final loading. The predictions made by Bayesian back analysis agree with the
measurements using 2400 days monitored data and the predictions can be further improved by incorporating creep.
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1 Introduction

In coastal areas, embankments for supporting transportation infrastructures are inevitable to be constructed over
soft soils, marine clays. Settlement prediction allows for more accurate predictions of the long-term embankment
response, which is critical for developing rational strategies for accelerating consolidation in projects.

Considering the available monitored settlement in situ during and after the construction ages, back analysis
may be a good choice to make settlement predictions. The data-based back analysis methods, Asaoka and
Hyperbolic methods, were widely applied as the two methods are easy to be applied. Asaoka method was
proposed by Asaoka (1978), and is a useful tool for interpreting and extrapolating field settlement observations
(Jamiolkowski 1985; Mesri and Huvaj-Sarihan 2009). The Hyperbolic method originates from the rectangular
hyperbola fitting method established and refined by (Sridharan and Rao 1981; Sridharan, Murthy, and Prakash
1987; Tan 1993). Tan (1994) extended this work to cover the case of finite strain consolidation with
nonhomogeneous initial conditions and nonlinear compression property and permeability in clay sand mixes.
The limits of Asaoka and Hyperbolic methods are that the two methods lack of solid mechanic background,
which means that the accuracy of these two methods significantly rely on the quality of the measurements.
However, due to the nature of the site investigation, soil sampling, and soil tests, inaccuracies exist inevitably in
the monitored data. Model-based prediction methods use the mathematics of the physical model to simulate and
usually require the recording of multivariate data. The accuracy of the prediction depends on the validity of the
physical assumptions soil variables. Bayesian back analysis provides an effective tool to improve the
understanding on the uncertain soil properties by combining prior knowledge with sparse site specific
information in a consistent way (Straub and Papaioannou 2015; Papaioannou and Straub 2017; Zhang et al.
2017). It has been proved to be a rational and robust means of updating the input parameters and accurately
predicting the long term behavior based on reliable observations (Kelly and Huang 2015; Hsein Juang et al.
2013; Zhang, Tang, and Zhang 2010; Miranda, Correia, and e Sousa 2009; Honjo, Wen-Tsung, and Guha 1994;
Huang et al. 2021).

In this study, the settlement prediction of the Teven Road trial embankment is performed by the data-based
Asaoka and Hyperbolic methods, and the model-based Bayesian back analysis methods based on a period of
more than 3 years field monitored data and results from laboratory tests. This work aims at providing a complete
case study by comparing the settlement predicted by Asaoka and Hyperbolic methods, and Bayesian back
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analysis method with field data from the instrumented embankment. The results can provide a reference for the
geotechnical design, and improve the confidence for the engineers to make decisions in time.

2 Bayesian back analysis

Considering the uncertainties existing in some of the soil parameters, those uncertain parameters are thus
modelled as random variables x. A measurement error e is defined as the difference between the actual
performance d and the model prediction F(x). We then have

d=F(x)+e (1)

Based on the Bayesian theorem, the posterior information is inferred by updating prior probability
distribution with monitored data. This process can be expressed with

P(x|d) = cL(x|d) P(x) (2)

where ¢ is a normalized constant and L(x|d) is the likelihood function; P(x) is the prior distribution reflecting

the knowledge about x before obtaining the field-monitored data and P(x|d) represents the posterior

information.
The prior information is usually obtained from site investigation, engineering judgement and experience.

The posterior information P(x|d) is obtained by updating x which incorporates both the prior information and

the field monitored behaviors. In this study, a multi-chain MCMC program, DREAM(ZS), proposed by (Vrugt et
al. 2009) is used to obtain the posterior probability distribution function (PDF) of the model parameters x.

3 Case study

3.1 Model description

The Teven Road as a proportion of the Ballina Bypass, is constructed by the Roads and Traffic Authority (RTA)
of New South Wales. The soil deposit of the Teven Road embankment is overlain by 1.1 m crust clay, followed
by 11.4 m estuarine soft clay and 8.6 m transition clayey sand layer with increasing sand content with depth.
Permeable boundary conditions are imposed on both the top and the bottom the soil model. To increase the
accuracy of the consolidation analysis, the estuarine clay layer is further divided into two sublayers. Therefore,
there are 4 layers in total. The scheme diagram the soil profile and the drainage condition of the Teven Road trial
embankment is shown in Figure 1. The vertical loading history and the monitored settlement are presented in
Figure 2.

Layer Depth (m)

Permeable
Crust layer 1 11
. 2
Estuarine clay 5.1
3 125
Transition layer 4

21.1

Permeable

Figure 1. The schematic diagram of the Teven Road trial embankment.
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Figure 2. The vertical loading history and the monitored surface settlement of the Teven Road embankment.

3.2 Results and discussions

3.2.1 Settlement prediction based on Asaoka method

In this section, Asaoka and Hypobolic methods are applied to make settlement predictions of the Teven Road
trial embankment. The obtained results based on all of the monitored settlements with A7=10 days are shown in
Figure 3 where the round points are measurements and the straight line is the linear fitting of the measurements.

As shown in Figure 3, the slope of the linear trend line, £, is 1.0042 and the intercept fo is 0.0019. A
negative ultimate settlement, Jt, is then obtained. To obtain a reasonable final settlement, the monitored data is
divided into two parts. The first part includes the monitored data from 0 to 2000 days, and the second part
includes the monitored data from 2000 days to the end. The monitored data for the two parts and the
corresponding linear fitting straight lines when A7=100 and 200 days are all presented in Figure 4.

As shown in Figure 4(a), A=100 days, the ultimate settlement can be obtained by the second part
monitoring data, which is 0.5947 / (1-0.3774) = 0.95519 m. However, if less than 2000 days monitoring data is
applied, the ultimate settlement cannot be used to make the prediction as the slope of linear fitting line is larger
than 1.0, which would lead to a negative ultimate settlement. In Figure 4 (b), when Ar=200 days, the ultimate can
be obtained from the two parts of the monitored data. For the first part, the ultimate settlement is 0.043 / (1-
0.9216) = 0.544 m. For the second part, the ultimate settlement is 0.6372 / (1-0.3544) = 0.987 m which is closer
to the settlement monitored at 2700™ day (0.97 m). It can be concluded that the reasonable prediction of ultimate
settlement can only be obtained if the monitoring data after 2100 days (the start of the last loading stage) is used.

0.8

0.6 4

d, (m)

100424, 4+ 0.0019
04 4

0 0.2 04 0.6 0.8 1
Oy.1(m)

Figure 3. Predictions obtained using Asaoka method with Ar=10 days
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Figure 4. Predictions obtained using Asaoka method with A7=100 and 200 days

3.2.2  Settlement prediction based on Hyperbolic method

In this section, the Hyperbolic method is applied to make the prediction based on the monitored settlement of the
Teven Road trial embankment. Any settlement data before loading was completed cannot be used in Hyperbolic
method. Therefore, according to the loading history shown in Figure 2, the last loading ends at 2160 days and the
settlement was 0.695m. The hyperbolic plot based on the monitored data after 2160 days is shown in Figure 5.

It can be seen from Figure 5 that the slope for the linear segment of the hyperbolic plot Si = (620/0.288-
280/0.201)/(620-280) = 2.2345. The slope for the 60% consolidation line Seo = Si/0.6/ai = 2.2345/0.6/0.821 =
4.5362, where a; is slope of the linear segment for the theoretic Hyperbolic plot based on Terzaghi’s
consolidation theory and is 0.821 (Tan and Chew 1996). The slope for the 90% consolidation line can be
obtained by the same way, which is Seo = Si/0.9/ai = 2.2345/0.9/0.821= 3.0241. The settlement at 60%
consolidation point, deo, can be determined by 0.6x(ai/Si) = 0.6x0.821/2.2345 = 0.22m, based on deo, f60 can be
roughly determined as 340 days, the ultimate settlement can also be obtained by 0.22/0.6+0.695=1.062m, where
0.695 is the settlement at /=2160 days. As there is no sufficient monitoring records, as shown in Figure 5, the
maximum value for the time from 2160 days is 620 days and #/6 at the maximum time point is 2145.33 day/m
which is larger than the one for the 90% consolidation line which is Soox#=3.0241x620=1874.97. Therefore, t90
cannot be employed to make the prediction. The estimation of the final settlement based on Hyperbolic method
is 1.062 which is quite close to the measurement at 2700 day (0.97 m).
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Figure 5. Results of the Hyperbolic method based on the monitored data after 2160 days.

3.2.3  Settlement prediction based on Bayesian back analysis

In this section, Bayesian back analysis approach is used to perform the settlement prediction of the Teven Road
trial embankment. A self-developed Visual Basic program based on the simplified hypothesis B method is used
to do consolidation analysis in the Bayesian updating process. In the section, the recompression index C: and the
permeability kv for each soil layer are considered as random variables. In addition, two more factors, R1 and Rz,
are defined as the ratio of the recompression index to the compression index (Ci/Cc), and the ratio of the creep
factor to the compression index (Co/C:). Therefore, there are 10 random variables for the situation when creep is
considered and 9 random variables when creep is ignored. C: and kv are considered to obey log-normal
distribution to avoid negative values. Ri and R2 are deemed to be uniformly distributed with the range of 5-10
and 0.02-0.05 respectively. The basic information and the prior of soil parameters of the Teven Road trial
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embankment are presented in Table 1. The vertical loading pressure, construction time and the stage duration for
the 5 loading stages are shown in Table 2.

Table 1. Parameters of soils for the Teven Road embankment.

Parameter Layer Crust clay Estuarine clay Silty transition zone
1 2 3 4
Layer thickness H; (m) 1.1 4.0 7.4 8.6
Over-consolidation ratio OCR 10.211 3.114 1.712 0.824
Unit weight of soil layer y (kN/m?) 18.7 14.7 14 16
Initial void ratio €o 0.62 22 2.9 0.5
Recompression index G 0.00989 0.09982 0.09982 0.01978
Factor 1 (C./Cy) R 6 6 6 6
Factor 2 (Co/C.) R 0.04 0.04 0.04 0.04
Reference time ty (day) 1 1 1 1
R?glﬁhgt;l;/lei{t\;f:ilg%?r:}e\zztlgrty k/py (m/day)  3.52E-03 8.82E-06 4.41E-06 8.82E-06
Coefficient COVl[x, 1] 0.3536 0.1258 0.1258 0.3
of variation COVI[k/ yw] 3 3 3 3
Table 2. Construction time, stage time, and vertical pressures of the loading history.
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Time (day) 0 20 60 60 68 70 70 75 75 2091 2091 2140 2800
Pressure (kPa) 0 105 105 105 21 21 21 3738 37.8 578 57.8 87.62 87.62
Construction
duration (day) 20 8 5 2016 49
Stage ending time 60 10 5 2016 709
(day)

In this section, the settlement prediction is performed by using the prior and the monitored data at various
days with creep considered and creep ignored. Bayesian back analysis starts with the monitored data prior to 70
day to update the random variables. The results are presented in Figure 6 with creep ignored and in Figure 7 with
creep considered. In this two figures, the legend ‘measurements’ represents the monitored settlement at surface
and prior prediction which are obtained by exclusively using prior information is denoted by a legend ‘prior’.
The legend “70d” means the prediction is based on the monitored data from 0 to 70 days, and the same meaning
of “70d’ can be extended to the legend “70d’, ‘400d’, ..., 2800d’.

As presented in Figure 6 and Figure 7, the settlement prediction is improved by incorporating more
monitoring data when compared with the settlement prediction based on the prior. It can be seen from Figure 6,
when creep is ignored, the settlement after 1940 day can be well predicted when 2400 days monitored data is
applied, but the predictions still deviate from the monitored settlement before the last loading (before 1940"
day). However, when creep is considered, as shown in Figure 7, the whole monitored settlements agree well with
the predictions by using the monitored settlement prior to 2400™ day.
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Figure 6. Settlement prediction based on various days Figure 7. Settlement prediction based on various days
monitoring data ignoring creep. monitoring data considering creep.

4 Conclusions

In this study, three different back analysis methods are applied to do settlement prediction of the Teven Road
trial embankment. The specific loading history of the Teven Road that the monitored settlement experience a
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dramatic increase after the last loading, makes it difficult to make long-term predictions. Based on the results
obtained, the following conclusions can be drawn:

(1) The predictions obtained by Asaoka and Hyperbolic methods are similar. For Hyperbolic method, to
identify the linear portion of the hyperbolic plot, the monitored data after at least 2500 days should be applied.
There is no sufficient data recorded to identify 90% consolidation point, which means the Hyperbolic method
cannot be employed based on #0. For Asaoka method, unreasonable predictions (negative values) could be
obtained if the monitored data before 2000™ day is applied. The prediction made by Asaoka method vary with
the number of monitored data used as there is no enough monitored data beyond 2000 days.

(2) For Bayesian back analysis, the predictions agree well with the measurements when 2400 days
monitoring data is applied;

(3) The settlement predictions can be improved by incorporating creep in the Bayesian back analysis.
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