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hybrid back-analysis method

Ming Xu* and Dehai Jin?
Department of Civil Engineering, Tsinghua University, Beijing 100084, China
(Received March 9, 2023, Revised December 1, 2023, Accepted December 5, 2023)

Abstract. It is important to make reasonable prediction about the long-term deformation of high rockfill geostructures.
However, the deformation is usually underestimated using the rockfill parameters obtained from laboratory tests due to different
size effects, which make it necessary to identify parameters from in-situ monitoring data. This paper proposes a novel hybrid
back-analysis method with a modified objective function defined for the time-dependent back-analysis problem. The method
consists of two stages. In the first stage, an improved weighted average method is proposed to quickly narrow the search region;
while in the second stage, an adaptive response surface method is proposed to iteratively search for the satisfactory solution,
with a technique that can adaptively consider the translation, contraction or expansion of the exploration region. The accuracy
and computational efficiency of the proposed hybrid back-analysis method is demonstrated by back-analyzing the long-term
deformation of two high embankments constructed for airport runways, with the rockfills being modeled by a rheological model
considering the influence of stress states on the creep behavior.
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1. Introduction

Rockfills have been widely used in the construction of
high embankments in mountain areas for transportation
infrastructures, e.g., airports, high-speed railways, and
highways (Soriano and Sanchez 1999, Nagahara et al. 2004,
Xu et al. 2009, 2017, Canizal et al. 2015, Yao et al. 2018,
2020). Rockfills have also been used in the construction of
concrete face rockfill dams (Zhou et al. 2016, Kermani et
al. 2017, Qin et al. 2020) and clay-core rockfill dam (Nasiri
et al. 2020). Because these high rockfill geostructures are
sensitive to deformation in the service life, it is important to
make reasonable predictions regarding the long-term
deformation.

Rockfills exhibit many complex mechanical properties,
including nonlinear stress—strain behavior, stress-dependent
behavior, and time-dependent behavior, as demonstrated in
previous laboratory investigations utilizing large-scale
testing equipments (Anhdan et al. 2006, Charles 2008, Xu
et al. 2009, 2012, Alonso et al. 2016). The finite element
method (FEM) and finite difference method (FDM) have
been adopted to predict the deformation of high-fill
geostructures, with parameters derived from laboratory
testing. However, it is well recognized that the predicted
long-term deformation using the parameters of rockfill
measured in the laboratory is wusually seriously
underestimated compared with that measured in the field
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(Frossard et al. 2012, Zhou et al. 2019, Sukkarak et al.
2018). Furthermore, the predicted long-term settlement
becomes approximately stable much quicker than the field
observation (Xu et al. 2019).

The possible reason for such divergence can be
attributed to the size effect. There are at least four different
size effects:

1) Grain size effect. Because the dimension of the
testing apparatus is always limited, the maximum grain size
of rockfill adopted in the laboratory has to be much smaller
than that in the field. However, larger rockfill particles
contain more and larger microcracks, resulting in lower
particle strengths (Lee 1992, Mcdowel and Bolton 1998,
Alonso et al. 2012). As a sequence, specimens with larger
particles were found to exhibit a lower friction angle and
larger volumetric compression (Hu et al. 2011, Tapias et al.
2015), as well as more significant creep (Rahmania and
Panah 2020).

2) Size effect of particle size distribution. In the
laboratory, the density of rockfill is usually specified as the
same as that in the field. However, the particle size
distribution has to be scaled down from that in the field,
resulting in different relative density, which might bring
very different mechanical behavior.

3) Time size effect. The creep parameters of rockfill are
usually derived from large triaxial creep test or large
oedometer creep test in the laboratory, in which the loading
period before the creep stage is much shorter than the
construction period in the field. Hong and Xu (2021)
reveals that this difference in loading period would
contribute to the wunderestimation of the long-term
settlement of high rockfill geostructures.

4) Structure size effect. Song et al. (2018) carried out
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finite element analysis on the deformation of embankments
with different heights. They found that variability of the
mechanical properties of rockfills, particularly variation in
parameters related to plastic deformation, could also lead to
underestimation of the deformation of high embankment.

An underestimation of the long-term settlement would
lead to unsafe design and operation of high rockfill
geostructures, while it seems impossible at the current stage
to avoid these different size effects in the laboratory using
the available testing apparatus and techniques. Therefore, it
becomes necessary to perform back-analysis to identify
parameters based on the field monitoring data.

To solve the parameter identification (PI) problem, an
objective function and convergence tolerance ( F, ) is

usually desired. The objective function is used to describe
the difference between the in-situ monitoring data and the

corresponding numerical results. F, is used to judge

whether the result of the PI is satisfactory. The objective
function is usually defined (Pichler et al. 2003) as

Hm=iiﬁﬁtiJ 1)

Ny =

where u_ and u(p) are the field data and the

corresponding calculated results, respectively. Here,

p:[pl, [T pk]T is a (kx1) vector, which collects the

unknown model parameters. To find a satisfactory solution
(ie., F(p)<F,), various techniques have been proposed in

the literature. These techniques can be generally divided
into two categories: gradient-free PI methods and gradient-
based PI methods.

The gradient-free PI method searches for the satisfactory
solution within the entire parameter space by employing
approaches such as genetic algorithms, stochastic search
techniques, etc. (e.g., Wang et al. 2007, Behnia et al. 2013,
Zhou et al. 2022). Hence, this method is highly powerful in
solving nonlinear optimization problems. However, a large
number of numerical samples are usually required in the
gradient-free PI method, leading to computational
inefficiency, especially when the problem is simple or
mathematically well behaved. The gradient-based PI
method iteratively searches the minimum value of the
objective function by employing the gradient of F(p) (e.g.,
Ledesma et al. 1996, Calvello and Finno 2004, Finno and
Calvello 2005, Park and Park 2015). This method can
improve calculation efficiency to reduce computing time.
However, the gradient-based PI method searches for the
satisfactory solution in a local parameter space and might
become trapped at a local optimal solution.

The response surface method (RSM) is an effective
gradient-based PI method, which has been widely used in
the field of chemistry and chemical industry (Sarabia and
Ortiz 2020). In the back-analysis procedure, mathematical
expressions between the considered responses (e.g., the
displacements of the key monitoring locations) and the
unknown model parameters are established first. Then, the
objective function (i.e., the difference between the
calculated responses and those observed in-situ) is

expressed as a function of these parameters. The
satisfactory solution can be obtained using different
optimization algorithms. In recent years, RSM began to be
employed to solve back-analysis problems in geotechnical
engineering (e.g., Park and Park 2015, Zhao et al. 2015).

However, further improvement is desired to use the
response surface method in the prediction of the long-term
deformation of high rockfill geostructures. The objective
function in Eq. (1) cannot consider the weight of monitoring
time. The first exploration region of parameters for
constructing the response surface is usually subjectively
determined by the designers. If the exploration region is far
away from the optimal region, the fitted responses might be
very different from the real responses, resulting in a slow
convergence rate. Furthermore, the size of exploration
region is usually kept unchanged in subsequent iterations,
which also leads to low efficiency.

This paper proposes a hybrid back-analysis method for
prediction about the long-term deformation of high rockfill
geostructures. A modified objective function is defined for
the time-dependent back-analysis problem. In the first
stage, an improved weighted average method is proposed to
quickly narrow the search region. In the second stage, an
adaptive response surface method is proposed to iteratively
search for the satisfactory solution, with a technique that
can adaptively consider the translation, contraction or
expansion of the exploration region. The accuracy and
computational efficiency of the proposed hybrid back-
analysis method is demonstrated by back-analyzing the
long-term deformation of two high rockfill embankments.

2. Hybrid back-analysis method for long-term
deformation prediction

A new objective function is proposed to consider the
weight of monitoring time in Section 2.1. Then the hybrid
back-analysis method is described in Section 2.2, including
two stages, i.e., the improved weighted average method
(Stage 1) and the adaptive response surface method (Stage
2).

2.1 Objective function for the time-dependent back-
analysis problem

An objective function is formulated for the time-
dependent back-analysis problem as

r=1 s=1

F@:iz%{——%ﬁiﬂl @
where p:[pl,pz,...,pk]T is a (kxl) vector of the

unknown parameters; U, (ts) is the measured deformation

of location r at time s; and Uy, (p,t,) is the corresponding
calculated deformation when the vector p is input into the

numerical analysis. m and [/ are the numbers of the
monitoring locations and time points for the back analysis,
respectively.
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w,, is the weighting coefficient of the monitoring

location 7 at time s, and is defined as

Wi :ts /(mlztsj (3)
s=1

where t is the actual value at time 5. According to Eq. (3),

a greater value of t, leads to a greater value of w,, which

means the importance of the in-situ monitoring data
increases with the monitoring time.

2.2 Hybrid back-analysis method

2.2.1 Stage 1: Improved weighted average method

The weighted average method was originally proposed
by Guan et al. (2008), which can quickly identify an initial
optimal solution at the initial region. However, this
approach is not able to conduct further search for the better
solution if the initial optimal solution is not satisfactory.
Thus, the method is improved to quickly narrow the search
region and determine the first exploration region for the
next stage. The improved weighted average method
includes the following four steps.

Step 1: Creating the calculation samples

The parameters that need to be identified are collected in

the (kx1) vector p=[p;, p,,.-., Py ]T. The initial region is
usually determined based on engineering experience and
I:pio) _ Ap(o), pf:O) +Ap(0):|

p(co):[pl(?,u-, pl(fc)]T is the center of this region, and

expressed  as Here,

Ap("):[Apl@),..., Apf’)]T is a (kx1) vector collecting the

range of each parameter. The subscript ¢ denotes the center
of the exploration region and the superscript (0) denotes the
initial condition. Therefore, the calculation samples contain
the following locations:

1) the wvertex of the
[P +Ap{”, -, pi2) +Ap{*]

2) the surface center of the initial region (2k):
[P Pl £Ap(® -, ]

3) the center of the initial region
(D):

Overall,
N=2-2k+1.

Step 2: Calculating the weight U, of each calculation

initial region  (2k):

0 0 0
Pl =[p®; -, p®

the number of calculation samples is

sample

The numerical results of the above N calculation
samples can be obtained by adopting the corresponding
model parameters of each sample in numerical analysis.
With the results and in-situ monitoring data, the F(p) value
of each calculation sample is obtained according to Eq. (2),
which reflects the difference between the input parameters
and the satisfactory solution. Guan et al. (2008) defined the
weight U, of each sample as
b=FR)

i SUF(p,) @)

where p; is the ith parameter vector among the N

calculation samples. As shown in Eq. (4), a greater weight

u; indicates a smaller difference between the input

parameters and the satisfactory solution.
Step 3: Calculating pg?))t

The optimal solution of the weighted average method is
obtained via

N
PO =>up, i=1-N (5)
i=1

The subscript opt denotes the optimal solution. (pgﬂ) is

obtained according to Eq. (2). The value of the convergence
tolerance F, is specified based on the scattering extent of

the field monitoring data. If F(p(o)) <F,, p) can be

opt
regarded as the satisfactory solution. However, it is rare to
obtain the satisfactory solution at this step in practice. Thus,
Step 4 is performed.
Step 4: Determining the first exploration region

Although pf)(;z is not the satisfactory solution, it is much
closer to that. Thus, pg?t is used as the center of the first

exploration region (i.e., p{’=p{’)) for the next stage. The

superscript (1) denotes the first iteration. Here, the range of

each parameter is formulated as

F(p!
Ap® = Ap”) Fee) (0)) (6)
F(p)

where Ap(l) and Ap(o) are (k x1) vectors of the range of

each parameter in the first iteration and the initial condition,
respectively. F(pg)) and F(pgo)) are the values of the

objective function at the center of the exploration region in
the first iteration and the initial condition, respectively.
Therefore, the improved weighted averaged method can
provide the first exploration region for the next stage as

[p(cl) —Ap(l), p(cl) +Ap(l)] , the dimension of which becomes

much smaller than the initial region.

2.2.2 Stage 2: adaptive response surface method

The classical RSM is usually implemented by the first-
order analysis, the steepest descent analysis and the second-
order analysis. The first two steps continue until the
exploration region move to the vicinity of optimal region.
However, the searching size of the two steps is subjectively
determined by the designers, which may result in searching
inefficiency. Furthermore, the size of exploration region is
usually kept unchanged in subsequent iterations, which also
cause low efficiency.

To produce a faster convergence rate, an adaptive RSM
is proposed in this subsection. The relation between the
objective function and the unknown model parameters is
directly estimated using a second-order polynomial as

k k
F(p)=A"+> A" p + > A"+ > A" pp;  (7)
1 1 i j
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where p=[p,, p,.,..., pk]T is a (kx1) vector. p, and p, are
the ith and jth parameters in vector p, respectively. ﬂém),
ﬂi(m)i ﬂnm aIld ﬂ

P, pi and p,p; in the mth iteration, respectively. The size

) are the coefficients of constant term,

of exploration region can be automatically adjusted
according to the F(p) values at the center of the exploration
region in the current and previous iterations. The adaptive
RSM method consists of the following four steps.

Step 1: Determining the exploration region in the mth
iteration

The optimal solution in the (m-1)th iteration is regarded
as the center of the exploration region in the mth iteration

(i.e., p(C —popl ). The range of each parameter in the mth

iteration is formulated as
F(p!"
Ap(m) = Ap(m-l)[ ( (ml)))] ®)

where Ap(m) and Ap(m'l)
each parameter in the mth and (m-1)th iterations,
respectively. F(pm) and F( (m- 1>) are the values of the

are (k x1) vectors of the range of

objective function at the center of the exploration region in
the mth and (m-1)th iterations, respectively. In the first
iteration (m=1), Eq. (8) is equal to Eq. (6), i.e., the
improved weighted average method determines the first
exploration region for the adaptive RSM.

In Eq. 8), if F(p(")<F(p("™), ap™ <ap™

Otherwise, Ap™ > Ap™¥
region can be contracted or expanded according to the F(p)
values at the center of the exploration region in the current
and the previous iterations. This is the reason why we call
this method an adaptive RSM.

In general, Ap™ <Ap™
exploration region is too small, the convergence rate will be

slow. Thus, the empirical lower and upper bounds are
specified as

. Therefore, the exploration

. However, if the size of the

0.14p"* < Ap™ <0.7Ap® ©9)

The exploration the mth iteration is

[Pt = ap™, p[M+ap™ |

Step 2: Creating the calculation samples

The central composite design (Oyejola and Nwanya
2015) is adopted to create the calculation samples, which
contain the following locations:

region in

1) the vertex of  the region 25:
[P £ Ap™, - pY £ap"]
2) the surface center of the region (2k):

(m), P! ?) +\/_Ap(m), . pé";)]
3) the center of the region (1): [p{, -+, p{"]

Overall, there are N=242k+1 calculation samples. The
numerical results of the above N calculation samples are

obtained with those model parameters. Then F(p) of each
calculation sample is obtained according to Eq. (2).

Step 3. Constructing the response surface in the current
iteration

Based on the F(p) values, the coefficients in Eq. (7) can
be obtained via the least squares regression. Before solving
for the optimal solution, the precision of the fitted response
surface needs to be investigated. A fitting tolerance (Ry) is
defined. If R?* of Eq. (7) is greater than Ry Step 4 is
executed. Otherwise, the exploration region is contracted to
two-thirds of the current range and Step 2 is executed.

Step 4: Identifying the optimal solution in the current
iteration

Eq. (7) is re-written in matrix notation as

F™ (p)=A" +p™0™ +pB™p (10)

P, "
p= P, + pm= i |, and

k
A B2 e pI2
B = e A2
sym. A

b™ is a (k x1) vector of the linear regression

coefficients, and B™ is a (kxk) symmetric matrix. The
diagonal elements of B™ are the pure quadratic coefficients
( ﬂi(im)) and the off-diagonal elements of B™ are one-half
, 1#]). If the

solution that optimizes the fitted response exits, it will be
formulated as

the mixed quadratic coefficients ( ﬁigm)

1 1
b =—5[B™ ] b (11)

where p(Rn;)M is a (k ><1) vector. Then, the value of
F(p(R'g)M) can be obtained. By comparing F(p(Rrg)M) with
F(p) of other calculation samples, the optimal solution in
the mth iteration of the adaptive RSM (i.e., poIDt ) can be
identified as the sample with the minimum F(p) value. If

F (p$3)< F.. pg’;‘t) is the satisfactory solution. Otherwise,
pg';‘t) is selected as the center of the exploration region in the

(m+1)th iteration (i.e., p(cm+1 —pop)) and a new iteration is

executed.

In summary, the adaptive RSM can reduce the number
of fitting response surface by directly estimating the relation
between the objection function and the unknown model
parameters, and have a faster convergence rate by
adaptively considering the translation, contraction or
expansion of the exploration region. The flowchart of this
method is summarized in Fig. 1.
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3. Constitutive modelling of rockfills

Rockfills have been extensively used for the
construction of the high rockfill embankments and dams,
which exhibit complex time-dependent behavior (Charles
2008, Xu et al. 2009). Xu et al. (2018) proposed a
rheological model in order to reproduce the influence of
stress states (i.e., the deviator stress level and confining
pressure) on the creep behavior of rockfills. The model was

developed based on the classic Burgers model, as shown in
Fig. 2. The total strain consists of three parts

& =giNE +giN’M +giK’M (12)
& =((1+v)o, —voy ) E (13)
g™ =qt/2n" (14)
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Fig. 2 The rheological model for rockfills proposed by
Xu et al. (2018): (a) the strain-time curve; and (b) the
schematic view of the model

, g G"
&M :ZG_K[l_eXp(_n_Kt)J (15)

N

NE M K.M . .
where &, & and & ' are the strains of the nonlinear

elastic unit, the modified Newton unit and the modified
Kelvin unit, respectively (i=1,2,3). o; is the principal
stress; o, =o,+0,+0, - 0; 18 the deviator stress and
calculated as g,=c; — oy, /3. Poisson’s ratio Vis set to 0.3.

In order to reproduce the nonlinear stress-strain
behavior, Eq. (16) is adopted to calculate E , which is
similar to that adopted in the Duncan-Chang model
(Duncan and Chang 1970).

2 n
1-sing o,
E=|1-R, ————(0, -0 Kp,| — 16

( f2035ingo( ! 3)] pa(pa] (16)
where K, n, and R, are the tangent modulus number,

tangent modulus exponent and failure ratio, respectively.
p, is the atmospheric pressure. ¢ is the friction angle,

which is calculated by Eq. (17)

? =0, —Asolog(%J (17)

a

where ¢, is the value of ¢ for o, =p, and A is the
reduction in ¢ for a 10-fold increase in o, .

Xu et al. (2018) reveals that the confining pressure ( o, )
and deviator stress level (D =(o,-0,)/(0,~0;), ) has a

substantial influence on the values of G¥, 7" and 7" of
rockfills, and proposed Egs. (18)-(20)

G" =10 pa(%)nl (1-aD) (18)

a

7 =10% (p, ty )(%)"2 (19)

" =10 (p, -ty )(% " 20)

where t,. is defined as the referenced time, which is equal

to one hour. Here, K, , ni1, a, K>, ny, Kz and n3 are the new
model parameters.

The values of E, G*, r]K and 77N are continuously

updated according to the stress state during numerical
simulation. Details about the rheological model can be
found in Xu et al. (2018).

This paper concerns the long-term deformation of
geostructures caused by the creep of rockfills. The
earthquake-induced deformation of geostructures is also of
interest to researchers (e.g., Javdanian and Pradhan 2019,
Javdanian et al. 2020, 2023, Shakarami ef al. 2019).

4. Validation of the proposed back-analysis method
4.1 Numerical problem

In this section, a cross section of Jiuzhai-Huanglong
Airport embankment is analyzed to investigate the accuracy
and computational efficiency of the proposed method. The
airport was constructed on the mountainous area of Sichuan
Province in southwestern China, with a runway of 3400 m
long. Dynamic compaction was the main construction

method, and the total volume of rockfill is 2.76x10" m?>.
The embankment was constructed on a slope, and the
maximum height of the embankment is 90 m. Thus the
long-term deformation and stability is of great concern.

The numerical simulation is performed with the finite
difference program FLAC2D (Itasca 2005). The numerical
mesh is shown in Fig. 3(a). The bedrock is modeled as a
linear elastic material with a Young’s modulus of 30 GPa
and a Poisson’s ratio of 0.3. The limestone rockfill is
simulated using the rheological model described in Section
3. The construction process is simulated in six steps, and the
timeline is displayed in Fig. 3(b). Steps 1-5 simulates the
construction of the high rockfill embankment, and Step 6
simulates the preloading applied on the runway area.

4.2 Accuracy and computational efficiency of the
proposed method

To make a quantitative evaluation of the accuracy of the
proposed method, field monitoring data are not used here,
since the exact solution of the model parameters is
unknown. Instead, specified parameters (i.e., the exact
solution) are pre-given, and the corresponding calculation
results are taken as the “in-situ” monitoring data. By
comparing the satisfactory solution obtained from back-
analysis with the exact solution, the accuracy of the
proposed method can be clearly assessed.

Two parameters are chosen for back analysis, so that the
convergence process of the back-analysis can be graphically
demonstrated, which would help the readers to understand
the proposed method. Here K, and K, are selected as the
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Fig. 3 The cross section of Jiuzhai-Huanglong Airport embankment: (a) numerical mesh; and (b) timeline for the back-

analysis procedure

Table 1 Parameters of the rheological model for Example A
and Example B

K n R ¢ Ap n o n K; n

800 0.50 090 440 820 075 08 0.75 7.80 0.75

illustrative parameters since they have significant effects on
the long-term deformation of the high embankments. Thus,

p=[p. P, ]T , in which p; = K; and p> = K>. Two examples

(i.e., Example A and Example B) with different exact
solutions are used to investigate the robustness of the
proposed method. The other nine model parameters are
listed in Table 1. The convergence tolerance (F) and the
fitting tolerance (R;) are set to be 2% and 90%,
respectively.

Example A

The exact solution of Example A is assumed to be
K,=1.6 and K,=6.0. By performing numerical simulation

with these two parameters, the settlement- time curves at
Point A and Point B are obtained and assumed as the “in-
situ” monitoring data. Point A and Point B are located at the
mid of the runway and the top of the slope, respectively, as
shown in Fig. 3(a). The detailed back-analysis procedure is
presented as follows.

Stage 1: Improved weighted average method

Figure 4a shows the results of Stage 1, i.e., the improved
weighted average method, which are obtained through the
following four steps.

Step 1: Creating the calculation samples

Based on engineering experience, the initial region of
K, and K, is assumed as [l.1, 1.8] and [5.2, 6.3],

respectively. Thus, pO =[K(°) Kg’c)T =[1.45, 5.75]T and

1,.c?

ap” =[AK®, AKP ] =[0.35,0.55]" . As mentioned in

Section 2.2.1, nine calculation samples are created to
construct the initial exploration region, which are
represented as orange circles in Fig. 4(a).

Step 2: Calculating \; for each calculation sample

The values of F(p) of the nine calculation samples are
calculated, and the corresponding weight u; are derived
according to Eq. (4), as shown in Table 2.

Step 3: Calculating pg?,)t

According to Eq. (5), the optimal solution of the
improved weighted average method is obtained as
py) =[1470,6.003] and F(p{y) = 20.05%, which is
greater than F, (2%). Thus, Step 4 is performed.

Step 4: Determining the first exploration region

pgg is the center of the first exploration region

(pY=p{)). According to Eq. (6), the ranges of the two

F(pl F(p!’
FEpﬁwﬂ’ AKél):AKéO)(FEp?);] @h
Ap® =[AK®, AK® ] =[0.099,0.156]" . Therefore, the

first exploration region (RegionV) for the next stage (i.e.,
adaptive RSM) is [1.371, 1.569] and [5.847, 6.159] for K,

and K, , respectively.

parameters are

AK® = AK® [

Stage 2: Adaptive response surface method

Two iterations are preformed at Stage 2 using the
adaptive RSM before the satisfactory solution of Example A
is obtained, as displayed in Fig. 4(b).

First iteration

Step 1: Determining the exploration region

In the first iteration (i.e., m=1), the exploration region
provided by the improved weighted average method is
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Fig. 4 Procedure of the hybrid back-analysis for Example
A: (a) Stagel, the improved weighted average method;
and (b) Stage 2, the adaptive RSM

Table 2. Calculation samples constructing the exploration
region of the improved weighted average method for
Example A

No. Ki K> F(p) (%) U; (%)
1 1.100 5.200 378.686 1.382
2 1.100 6300 20911 25.029
3 1.800 5.200 58.211 8.991
4 1.800 6300 52.281 10.011
5 1.450 5.750 70.801 7.392
6 1.100 5.750 156.122 3352
7 1.450 5.200 174212 3.004
8 1.800 5.750 31.726 16.497
9 1.450 6300 21.501 24342

pl) 1.4701 6.0030 20.050

[1.371, 1.569] for K, and [5.847, 6.159] for K, . Thus,
p{" =[1.470, 6.003]" and Ap" =[0.099, 0.156]" .

Step 2: Creating the calculation samples
Nine calculation samples are created and the
corresponding F(p) are derived, as shown in Table 3.

Table 3 Calculation samples constructing the exploration
region in the first iteration of the adaptive RSM for
Example A

Natural Variables Coded Variables

K K> X1 X2 Fo) ()
1.3710 5.8473 -1.000 -1.000 70.710
1.3710 6.1588 -1.000 1.000 17.151
1.5692 5.8473 1.000 -1.000 25.318
1.5692 6.1588 1.000 1.000 12.736
1.4701 6.0030 0.000 0.000 20.050
1.3299 6.0030 -1.414 0.000 44.888
1.6102 6.0030 1.414 0.000 2.193
1.4701 5.7828 0.000 -1.414 59.663
1.4701 6.2233 0.000 1.414 11.590

Step 3: Constructing the response surface in the current
iteration
The natural variables are coded to the usual [-1, 1]
interval, i.e.
K, -1.470

K, —6.003
=—1 7" " an
1569-1371

%2 = 51595847 (22)

The coded variables of the nine calculation samples are
listed in Table 3. Therefore, the response surface is obtained

F® (x)=0.2-0.138x, —0.168x, +0.022x?

. (23)
+0.102x, X, +0.083x;

Because R?=921% of Eq. (23) is greater than the
fitting tolerance (R=90%), the adaptive RSM is continued.

Step 4: Identifying the optimal solution in the current
iteration

Eq. (23) is re-written in matrix notation as

FO(x) =" +x"b" + x"BWx (24)
where
-0.138 0.022 0.051
X= 5 s b= and BY=
X, -0.168 0.051 0.083
Then, the solution that has the minimum value of
FY(x) is

o _ lrpoTho-| 184
Yoo = 2[8 ] ° {2.159 25)

Finally, the coded variables are transformed back into
the natural variables, i.e., pl,=[1.287,6.339]" and the

F(p%\ﬂ> value is found to be 60.2%. By comparing
F(p(ngM) with those in Table 3, the optimal solution is

obtained as p(l):[1.610,,6.003]T and F(p(l)) =2.193%,

opt opt
which is still greater than F, =2%. Thus, the second
iteration is required.
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Fig. 5 Contour plot of the response surface in the second iteration of the adaptive RSM for Example A: (a) in a 3D view;

and (b) in K; _ K5 space

Table 4 Calculation samples constructing the exploration
region in the second iteration of the adaptive RSM for
Example A

Natural Variables Coded Variables 0

K K> X1 Fp)(%)
1.5752 5.9480 -1.000 -1.000 11.075%
1.5752 6.0580 -1.000 1.000 3.295%
1.6452 5.9480 1.000 -1.000 5.487%
1.6452 6.0580 1.000 1.000 14.015%
1.6102 6.0030 0.000 0.000 2.193%
1.5607 6.0030 -1.414 0.000 6.913%
1.6597 6.0030 1.414 0.000 11.504%
1.6102 5.9253 0.000 -1.414 6.572%
1.6102 6.0808 0.000 1.414 10.421%
Second iteration

Similar to the first iteration, the second iteration of the
adaptive RSM is conducted in four steps. The detailed
process is not presented here, but the basic information is
presented in Table 4. The corresponding response surface is

F® (x) = 0.022+0.145x, +0.008x, +0.034x?

) (26)
+0.041x,x, +0.031x;

where R? =97.3% of Eq. (26) is greater than R, =90% .
The optimal solution is p2) =[1.602, 6.004]" and F(pf)iz)
=0.92%, which is less than F, =2%. Thus, p{?) is the

satisfactory solution for Example A, i.e., K;=1.602 and
K,=6.004, which is very close to the exact solution (K;=1.6
and K,=6.0).

The response surface of Eq. (26) is shown in Fig. 5(a),
which indicates that K; has more significant effect on the
objective function than K. In addition, the contour plot of
the response surface (Fig. 5(b)) reveals that the satisfactory

solution pfj){ is very close to the pre-given “exact solution”.

Fig. 6 shows the convergence process of the settlement-time
curves for Example A, obtained with parameters at the
center of each exploration region. The numerical results
approach the “in-situ” monitoring data with the translation
of the exploration region.

Example B

For Example B, another set of exact solution is adopted,
ie, K =1.3 and K,=54 . To facilitate comparison, the

initial region is chosen as the same as that in Example A.
Figs. 7(a) and 7(b) schematically shows the convergence
path during Stage 1 (the improved weighted average
method) and Stage 2 (the adaptive RSM), respectively.
Again, the numerical results approach the “in-situ”
monitoring data quickly with the translation of the
exploration region, and the satisfactory solution ( K;=1.303,

K, =5.387) is obtained via two iterations, which is also

very close to the exact solution. Figure 8 displays the
convergence process of the settlement-time curve for
Example B.
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Fig. 7 Procedure of the hybrid back-analysis for Example B: (a) Stagel, the improved weighted average method; and (b)
Stage 2, the adaptive RSM

Figs. 9(a) and 9(b) compare the F(p) values at the center 5. Case study of the Maotai Airport embankment
of the exploration region against the number of translations

of the exploration region for Example A and Example B, Maotai Airport is located in the mountainous area of
respectively. Although the exact solutions of the two Guizhou Province in southwestern China. The total length
examples are very different, satisfactory solutions are of the airport runway is 2600 m. The construction of the
obtained via only three translations. To make comparison, ~ high rockfill embankment began in March 2015 and was

completed at the end of December 2015, which lasted only
nine months. The volume of excavation and filling was
1.65x10" m® and 1.81x10" m?, respectively. The major

we performed back-analysis on the same problem using the
conventional Response Surface Method, which took much
longer computation time (results not shown here).
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construction materials were Dolomite rockfills, and
dynamic compaction was carried out with a compaction
energy level of 3000 kN*m. The maximum heights of the
embankment is 56 m. Fig. 10(a) shows the high
embankment during construction, and Fig. 10(b) shows an
aerial view just after the construction of the runway.

A typical cross section of Maotai Airport (Fig. 11(a)) is
modelled to predict the long-term deformation using the
proposed back-analysis method. The bedrock is simulated
with a linear elastic model, with a Young’s modulus of 30
GPa and a Poisson’s ratio of 0.3. The rockfill is simulated

using the rheological model described in Section 3. The
construction process is simplified into 7 steps, and the
timeline is displayed in Fig. 11(b).

Settlement was measured at different locations, and the
in-situ monitoring data of C11 (above the runway) and T10
(at the slope) are used in the back-analysis. K;, K, and K,

are selected as the unknown model parameters to be
identified, as the other parameters have relatively minor
influence on the long-term deformation. Thus,

p=[p, P, ps] »inwhich p, =K, p, =K, and p, =K,.
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(a) During construction of the high rockfill embankment

(b) After the construction of the runway

Fig. 10 Aerial view of the Maotai Airport embankment from unmanned drone
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parameter (Ky, K, and K3)
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Pretreatment of original foundation
and Filling process

l 2017/12/1

2016/9/2
Runway
construction

Fig. 11 The Maotai Airport embankment: (a) numerical mesh; and (b) timeline for the back-analysis procedure

Table 5 Parameters of the rheological model for the Maotai
Airport embankment

K n R¢ (2) Apn a N, n
1120 020 090 49.6 830 0.7 0.8 0.7 0.7

The other nine model parameters are listed in Table 5. The
convergence tolerance ( F,) and fitting tolerance (Ry) are

set to 5% and 90%, respectively.

A summary of the hybrid back-analysis is presented in
Table 6. The values of F(p) at the center of the exploration
regions are plotted against the number of translation of the
exploration region in Fig. 12, which show F(p) decreases
quickly with the translation. Fig. 13 displays the
convergence process of the settlement-time curve for the
Maotai Airport, showing that the numerical results
gradually approach the in-situ monitoring data and the
satisfactory results are finally achieved in Fig. 13(f).

The satisfactory solution is used to make practical
prediction about the settlement of the Maotai Airport during
the long-term operation period, as shown in Fig. 14. The

90
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Fig. 12 Values of the objective function at the center of
each exploration region for the Maotai Airport
embankment

settlement rates of the two monitoring points (C11 and T10)
decrease with time and became insignificant during the
operation period.
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Fig. 13 Convergence process of settlement-time curves for Maotai Airport embankment, obtained with parameters at the
center of each exploration region: (a) PC(O) , (b) Pc(l) , () Pc(z) , (d) PC(S) , (e) Pc(4) and (f) Pc(s) compared with monitoring

data

Table 6 Summary of the exploration regions of the hybrid back-analysis for the Maotai Airport embankment

m Ky Ky K™ AK™ AK™ AK(™ F(p) (%)
s 50 74 0.35 05 0.6 80.27
1.518 5.145 7.403 0.239 0342 0.410 54.91
) 1758 4.803 7814 0.078 0.112 0.134 17.94
3 1721 4.874 7.824 0.035 0.050 0.060 7.350
4 1714 4.888 7.823 0.035 0.050 0.060 5.533
5 1712 4.895 7,822 : i : 4127

m=0 for Stagel, and m=1~5 for Stage 2. When m=5, the satisfactory solution has been found

6. Conclusions

It is important to make reasonable prediction about the
long-term deformation of high rockfill geostructures.
However, the deformation is usually underestimated using

the parameters obtained from laboratory tests due to
different size effects, which make it necessary to identify
parameters from in-situ monitoring data. This paper
proposes a hybrid back-analysis method with a modified
objective function defined for the time-dependent back-
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Maotai Airport embankment

analysis problem. In the first stage, an improved weighted
average method is adopted to quickly narrow the search
region and determine the first exploration region for the
next stage. In the second stage, an adaptive response surface
method is proposed to iteratively search for the satisfactory
solution, with a technique that can adaptively consider the
translation, contraction or expansion of the exploration
region. The accuracy and computational efficiency of the
proposed hybrid back-analysis method is demonstrated by
back-analyzing the long-term deformation of two high
embankments constructed for airport runways, in which the
rockfill is modeled by a rheological model considering the
influence of stress states on the creep behavior.

It should be noted that the number of parameters to be
back-analyzed is chosen as 2 and 3 for those two high
embankments for the ease of demonstration. It is possible to
back-analyze more parameters using the proposed method,
which requires more computational time.
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