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Abstract

In	the	process	of	embankment	construction,	the	most	significant	point	is	the	construction	quality	control,	especially	the	settlement	

control.	In	order	to	predict	the	embankment	settlement	in	the	construction	process	quickly	and	conveniently,	the	automated	modeling	

method is studied in this paper. A parametric model replicating the embankment building process was created using ABAQUS's built-in 

secondary	development	functionality.	The	model	can	consider	multiple	influencing	factors	to	explore	their	effects	on	embankment	

settlement	fully.	The	sensitivities	demonstrated	by	each	parameter	were	then	evaluated	to	assess	their	effect	on	the	total	settlement.	

Based	on	these	results,	the	SASLEF	V1.0	program	was	created	and	granted	software	copyright	certification.	The	developed	software	

enables	rapid	analysis	of	the	embankment	layered	filling	process.	The	effectiveness	of	the	software	was	verified	by	engineering	cases.	

The study can provide a meaningful reference for embankment construction.
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1 Introduction
With the rapid development of the global economy, road 
construction, particularly the construction of highways, 
is advancing at an accelerated pace. Two significant chal-
lenges faced in highway construction are soft soil embank-
ments and high fill embankments [1, 2]. Economically 
developed regions, especially coastal and riverbank areas, 
generally possess abundant soft soil resources. The level of 
infrastructure development in these areas is relatively high, 
particularly in the construction of highway networks [3]. 
However, the characteristics of soft soil, including high 
moisture content, low permeability, low natural strength, 
and high compressibility, can lead to excessive settlement 
of embankments when constructing roads on soft soil 
foundations [4, 5]. Furthermore, high fill embankments 
are widely used in the construction of mountainous roads, 
but their design and construction processes are relatively 
complex and often accompany significant settlement issues 
during the construction [6]. Therefore, in-depth research 
and solutions to these problems are crucial for enhancing 
the safety and durability of road construction [7–9].

Excessive settlement can lead to pavement cracks, road 
waterlogging, bridge head bumping, and other issues that 
can have a negative impact on highway safety and ser-
viceability. Therefore, it is crucial to control embankment 
settlement during highway design and construction [10]. 
Embankment settlement occurs throughout the road's 
life cycle [11]. The percentage of settlement during the 
stages of pavement building, embankment construction, 
and highway operation is around 15%, 25%, and 60%, 
respectively [12]. The stage of embankment construction 
is when settlement is most great. Therefore, regulating 
embankment settlement during construction is essential 
to guaranteeing the quality of road building.

As a significant geotechnical issue, embankment settle-
ment has attracted a lot of attention [13–19]. Methods com-
monly used to calculate embankment settlement include 
the layer-wise summation method (LSM), the empirical 
formulation method (EFM), and the finite element method 
(FEM). Among these methods, the FEM has been demon-
strated to be an effective numerical tool for solving complex 
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two- or three-dimensional settlement problems [20–22]. 
There have been several studies on embankment settle-
ment on soft soil. Zhuang and Wang [18] investigated the 
deformation in highway pile-soil embankments subjected 
to moving vehicle loads based on FEM. Their findings 
revealed that the impact of pile spacing on settlement is 
more sensitive than the height of the embankment. They 
also found that the moving load increases the settlement 
of the embankment. Jia et al. [23] studied a technique for 
predicting embankment settlement that is impacted by the 
relationship between soil consolidation and traffic load. 
A soft soil embankment roadway under soil consolidation 
was modeled using finite elements to forecast the long-
term settlement caused by the interaction of soil consoli-
dation and traffic loads. According to the findings, natural 
soft soil consolidation is the primary cause of the settle-
ment. Pham and Dias [24] conducted a parametric study on 
the performance of geosynthetic-reinforced and pile-sup-
ported (GRPS) embankments using a three-dimensional 
numerical analysis method. The effects of fill embankment 
height, geosynthetic stiffness, modified area ratio, sub-
soil stiffness, friction angle, and fill cohesion were inves-
tigated. Numerical analyses of cohesive and non-cohesive 
embankment soils were conducted to emphasize the effect 
of fill cohesion on the load transfer mechanism of GRPS 
embankments. The numerical results show that the GRPS 
system exhibits better performance in reducing embank-
ment settlement. Current research on the prediction of 
embankment settlement mainly focuses on post-construc-
tion settlement, while little research has been done on the 
prediction of settlement during embankment construction.

In this study, a parametric model for simulating defor-
mation during embankment construction is developed. 
The Duncan-Chang model was used to capture the com-
plexities of soil behavior. Subsequently, a parametric model 
is generated employing the built-in secondary development 
tool of ABAQUS finite element software [25] to replicate 
the embankment construction process. The model can com-
pletely study the impact of several influencing factors on 
embankment settlement. The sensitivity of each influenc-
ing factor is then analyzed, revealing their different roles 
in the overall framework. In addition, one of the results of 
this research is the implementation of SASLEF V1.0 soft-
ware [26], an innovative embankment settlement analysis 
software. SASLEF V1.0 software [26] has received due 
recognition through software copyright certification, prov-
ing its pioneering nature. In order to verify its effectiveness, 
the software is validated against real engineering cases to 
confirm its reliability and applicability in real scenarios.

2 Parameterization of embankment models
2.1 Description of the problem
The embankment settlement consists of two parts, one is 
the underlying foundation settlement, and the other is 
the embankment fill itself. The geometry of the numer-
ical models is shown in Fig. 1. According to the speci-
fications [27], the filling height of the embankment will 
not exceed 20 m, usually. The geometric form of the 
embankments will vary with the height of the embank-
ment. When the filling height is less than 12 m, the geo-
metric model of the embankment is Model A, as shown in 
Fig. 1 (a). When the height of the fill exceeds 12 m but does 
not exceed 20 m, the stepped embankment must be used. 
The embankment form is Model B, as shown in Fig. 1 (c). 
The embankment settlement problem is a plane strain 
problem. In the analysis, only one of the cross-sections 
needs to be analyzed. Thus, the three-dimensional model 
is converted into a two-dimensional model, as shown in 
Fig. 1 (b) and Fig. 1 (d). This was a reasonable assumption 
for the present study.

2.2 Parameterization for the model
Although the model has been simplified, it is still cumber-
some to model when the fill height, fill slope, grade-by-grade 
fill thickness, and material parameters change. Therefore, 
the models are parameterized, as shown in Fig. 2.

In Fig. 2 (a), AA'B'B represents the underlying founda-
tion and CC'D'D is the embankment. In Fig. 2 (b), AA'B'B 
represents the underlying foundation, CC'D'D and EE'F'F 
are the embankment, and DE and D'E' are berm roads.

Fig. 1 The geometry of the numerical models; (a) Model A; (b) plane 
strain model of Model A; (c) Model B; (d) plane strain model of Model B
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Taking the symmetry axis of the model as the y-axis 
and the top surface of underlying foundation as the x-axis 
to establish a Cartesian coordinate system, then points 
ABCDEF and A'B'C'D'E'F' are symmetric about the y-axis, 
and the coordinates can be obtained as shown in Table 1.

In Table 1 L0 is the width of the underlying foundation, 
H is the depth of the underlying foundation, L is the crest 
width, h1 is the filling height of the first embankment step, 
1 :  i1 (V:H) is the slope of the first embankment step, h2 is 
the filling height of the second step, 1 :  i2 is the slope of the 
second embankment step, l1 is the width of the berm road.

3 Finite element simulation of embankments
3.1 Duncan-Chang EB constitutive model
There are several constitutive models that can be used to 
capture the stress-strain behavior of soils. The choice of one 
constitutive model over another is determined by a variety 
of criteria, including the issue to be solved, the parameters 
needed, and the kind of soil being represented. The non-lin-
ear elastic behavior of soil can be reflected by the Duncan-
Chang EB constitutive model [28].

In 1963, Kondner [29] proposed the following stress-
strain equation based on the hyperbolic stress-strain rela-
tionship curves of triaxial tests on a large number of soils, 
as follows in Eq. (1):
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where a and b are model constants. Later, Duncan and 
Chang [28] proposed the Duncan-Chang constitutive model, 
which is now widely used and based on this hyperbola.

The Duncan-Chang EB constitutive model is a tangen-
tial model. In order to reflect the nonlinearity of soil defor-
mation, the tangential Young's modulus Et and the tan-
gential bulk modulus Bt are used in this model, and their 
expressions are as follows:
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where K and Kb are modulus numbers, n and m are modu-
lus exponents, which can be obtained experimentally; pa is 
the atmospheric pressure; σ1 and σ3 are the maximum and 
minimum principal stresses; Rf is the damage ratio, which 
is defined as the ratio of the ultimate partial stress to the 
strength of the soil; c and φ are the cohesion and the inter-
nal friction angle of the soil, respectively.

Table 1 Coordinates of each point at the parameterized model
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Fig. 2 Parametric model; (a) Model A; (b) Model B
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In unloading-reloading, the Duncan-Chang model uses 
the unloading-reloading modulus to describe the elastic 
theory, and its equation is shown in Eq. (4):

E K p
pur ur a
a

n

� �

�
�

�

�
�

�
3 ,  (4)

where Kur is modulus number for unloading, which can be 
obtained experimentally; the parameter n can be equal to 
n in Eq. (2).

3.2 Load and boundary conditions
When calculating embankment deformation, it is usually 
assumed that the embankment is constructed once to the 
top and the soil load is applied at once, in this case, each 
part of the load is borne by the whole structure. In fact, the 
embankment is filled layer by layer. When the construc-
tion reaches a certain height, only the filled soil below that 
height will bear this part of the load. There is no effect on 
the upper layer of soil that has not yet been filled, and the 
upper layer is not affected by the lower layer of soil [30]. 
The difference in the deformation mechanism between 
layer-by-layer loading and one-time loading makes the 
deformation calculation results different. The calcula-
tion method using one-time loading cannot truly sim-
ulate the condition of embankment under layer-by-layer 
filling. Therefore, the self-weight of the embankment fill 
is applied layer by layer. To ensure sufficient compaction, 
the thickness d of each layer is generally no more than 
0.3 m. In this paper, 0.25 m was considered.

The pre-consolidation pressure always has an import-
ant influence on the embankment settlement [31]. In the 
modeling process, it was considered that the underlying 
foundation had already achieved settlement equilibrium 
by self-weight long before the embankment construc-
tion. Thus, the settlement of the underlying foundation 
was only affected by the gravity of the embankment fill. 
For the newly filled embankment, the compaction stress 
of each layer is the pre-consolidation pressure. For the 
underlying foundation, the pre-consolidation pressure is 
related to the geological history conditions which can be 
measured by the Casagrande method [32].

There are two types of boundary conditions tradition-
ally required for embankment settlement, displacement 
and pore pressure [33]. When displacement boundaries are 
applied, there must be sufficient distance to eliminate the 
effect of boundary conditions on the finite element analy-
sis results. Therefore, a sensitivity analysis was developed 
to determine the appropriate underlying foundation width 
L0 to maintain the finite element results accurately as well 

as minimize the time of calculation. Through the calcu-
lation for Models A and B, when the underlying foun-
dation width L0 was taken as 150 m and 200 m respec-
tively, the influence of the underlying foundation width 
on the calculation results was negligible. Taking Model A 
as an example, it is analyzed as shown in Fig. 3. As the 
model width increases, the settlement of the embankment 
is stabilizing, which is mainly due to the weakening of the 
influence of the boundary, and is basically stable when the 
model width is 150 m. Therefore, this value is chosen as 
the modeling width, the underlying foundation width of 
Model A was taken as 150 m and 200 m for Model B.

Three boundary conditions were considered in this 
paper, as shown in Eq. (5). Along the left and right bound-
aries of the underlying foundation, it was assumed that the 
soil moves only in the vertical direction. The movement of 
the bottom surface at the underlying foundation was lim-
ited both horizontally and vertically since a basement rock 
layer was assumed to be present here:
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3.3 Element type and size
The soil is a porous structure, and its voids can be occu-
pied by air and water. The element type used to divide 
the model was a plane-strained, four-node quadrilateral 
element with bi-directional displacement (ABAQUS ele-
ment code: CPE4). Since the models cannot be calculated 
properly with the hourglass phenomenon when using the 
CPE4R element [33].

Fig. 3 Relationship between model width and maximum settlement values
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A sensitivity analysis was developed to determine the 
appropriate suitable element sizes to maintain the FEM 
results accurate as well as minimize the time of calcu-
lation. This was realized by observing the differential 
embankment settlement while the element sizes varied. 
A uniform element size was applied throughout the model. 
Eventually, it was discovered that the differential embank-
ment settlement was nearly steady when the element size 
was 0.50 m × 0.50 m or less, and hence, this element size 
was applied in this research. It can be seen from Fig. 4 that 
as the cell size increases, the change in the settlement cal-
culation value increases and stabilizes when the cell size 
is less than 0.5 m. This is because the smaller the cell size, 
the more accurate the calculation. Therefore, the cell size 
can be taken as 0.5 × 0.5 m.

3.4 Parameters for the model
A comprehensive literature review was conducted to select 
the material properties and geometry for the numerical 
model. The geometry parameters of the numerical models 
are shown in Table 2. Model A is a 6 m height symmet-
ric embankment, with a 30 m road width and 1:1.45 (V:H) 
inclined slopes. The foundation is a 10 m thick satu-
rated clay layer lying on a bedrock layer. The Model B is 
a stepped embankment, with a 30 m road width. The first 
step is 6 m high, with a 1:1.45 inclined slope, and the sec-
ond step is also 6 m high, with a 1:1.25 inclined slope. 
The foundation is a 10 m thick saturated clay layer lying 
on a bedrock layer. In particular, the choice of model depth 
for the absence of bedrock is an issue worth investigating, 
and it is generally accepted that the model depth can be 
taken at depth where the stress increment decreases below 
20% of overburden effective stress [34–36].

The properties of the embankment fill and the under-
lying foundation play an essential role in the embank-
ment settlement study. In this study, soil properties from 
the test results reported by other researchers were used. 
Two different soil zones were considered in this study; 
the embankment fill and the underlying foundation soil. 
For this purpose, the embankment fill was selected to be 
limestone clay, and the underlying foundation soil was 
considered to be clay. The constitutive relations of both 
the embankment fill and underlying foundation soil were 
simulated by the Duncan-Chang EB model [37, 38] with 
the parameters indicated in Table 3. Table 3 also shows the 
pre-consolidation pressure pc.

In the models, the acceleration of gravity g is 9.8 N/kg, 
the density of the embankment fill is 1.996 g/cm3, and the 
density of the underlying foundation soil is 2.177 g/cm3.

3.5 Automated modeling of finite element models
Due to the nonlinearity of the geotechnical constitutive 
and the complexity of loading and boundary conditions, 
it is very difficult to solve the geotechnical engineering 
problems by analytical methods. Therefore, numerical cal-
culations are usually required. The nonlinear constitutive 
of the material in the calculation could be truly reflected 
and the analysis of complex boundary conditions could be 
realized by FEM. ABAQUS is a powerful general-purpose 
finite element software [25], especially in solving nonlin-
ear problems with good applicability. With the change in 
the filling height and slope of the embankment, it will be 
very tedious to recreate the model. To make the FEM more 
widely used in road engineering, it is necessary to realize 
automated modeling. Therefore, the secondary develop-
ment function of ABAQUS software [25] was used.

The ABAQUS provides many library functions to the 
developer through Python. These library functions are 
called through the Python language to enhance ABAQUS 
interactive operations. This allows users to bypass the 
ABAQUS interface and directly manipulate the ABAQUS 
kernel for modeling, meshing, specifying material proper-
ties, submitting jobs, post-processing analysis results, etc. 
It avoids the completely manual operation in the pre-pro-
cessing process using ABAQUS, saving a lot of time and 
effort and improving work efficiency. In this paper, the 
pre-processing and post-processing of the model were com-
pleted in Python language. Meanwhile, the Duncan-Chang 
constitutive model was extended through the user-define 
material subroutine (UMAT) in ABAQUS/Standard [25] 
to address the behavior of soil. The UMAT subroutine was Fig. 4 Relationship between element size and maximum settlement values
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written in Fortran language and could be called by Python 
files [39, 40]. These Python script files can be read directly 
by the ABAQUS command and then generate an input  
file (.inp), which is submitted and run in ABAQUS to obtain 
a result file (.dat). And the required data results can be read 
from the result files. The whole automated modeling pro-
cess is shown in Fig. 5. The modeling process is similar to 
that of modeling with ABAQUS.

Two two-dimensional FEM models were established, 
using commercial software-ABAQUS [25]. A series of 
geometry and material parameters can be modified in the 
Python program to establish the model, resulting in enabling 
the prediction of construction conditions. Considering the 
actual construction process of layer-by-layer compaction, 

the embankment model was divided according to the 
actual thickness of each layer d. Through the birth-death 
element function provided by ABAQUS, each layer of fill 
was advanced deactivated, and then reactivated step by 
step, thus activating all material parameters and geometric 
models of that layer into the analysis step. In this way, the 
ABAQUS model is used to establish and simulate the layer-
by-layer filling process of embankment. A partial enlarge-
ment of the model is shown in Fig. 6.

4 Results and sensitivity analysis
4.1 FEM Results
Fig. 7 shows the deformed contour of the Model A set-
tlement during construction. The embankment settlement 
distribution can be seen as the construction height changes. 
Embankment settlement increases with increasing con-
struction height. The maximum embankment settlement 
value is 0.1412 m at the upper of the underlying founda-
tion. Model B results can be seen in Fig. 8. For Model B, 
the first construction step is similar to Model A, there-
fore only the second step is shown. The maximum settle-
ment always occurs near the upper of the underlying foun-
dation. During construction, there are important upward 
vertical movements near the foot. This is consistent with 
what other researchers have found [41].

Table 2 Geometric parameter values of the model

Parameters L0/m d/m H/m L/m h1/m i1 h2/m i2 l1/m

Model A 150 0.25 10 30 6 1.45 – – –

Model B 200 0.25 10 30 6 1.45 6 1.25 2

Table 3 Duncan-Chang constitutive model parameters

Parameters K pa/kPa n Rf c/kPa φ/(°) Kur KB m pc

Embankment 300 101.3 0.4 0.6 84.3 27.3 690 200.0 0.5 338.8

Underlying foundation 400 101.3 0.3 0.75 35.4 17.2 400 100.0 0.5 100.0

Fig. 5 Automated modeling process
Fig. 6 ABAQUS automatic modeling; (a) Model A; (b) Model B

(a)

(b)
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For the end of construction, Fig. 9 shows the settle-
ments at the embankment base and the horizontal dis-
placements at slop feet. As expected, horizontal dis-
placements are outwards. From Fig. 9, with the increase 
of embankment construction height layer by layer, the 
horizontal displacement at the embankment foot and the 
maximum embankment settlements are increasing with 
a very similar linear growth trend. These are consistent 
with the previous research [42]. The maximum embank-
ment settlement always occurs near the top of the under-
lying foundation. The horizontal position of the maximum 
embankment settlement is constantly changing. The dis-
tance from the symmetry line decreases with the increase 
of the embankment construction height and is constantly 
approaching the symmetry line. In Model B, when the fill 
height reaches 11 m, the maximum settlement position 
reaches the symmetry line of the embankment, after that, 
the position remains the same, but the value of settlement 

keeps increasing. This is probably because the width of the 
upper layer fill decreases as the construction progresses.

4.2 Sensitivity analysis
The most difficult problem in geotechnical analysis and 
calculation is how to determine the geotechnical model 
parameters reasonably. There are many parameters in 
Model A and Model B, which affect the embankment set-
tlement in varying degrees. The purpose of the parame-
ter sensitivity study is to identify sensitive parameters 
and identify critical parameters that significantly impact 
embankment settlement.

In the parametric study, some of the design consider-
ations and potential problems that can be expected during 
and after the construction of the embankment are dis-
cussed. The Morris screening method (MSM) is a widely 
used sensitivity analysis method in various fields, cur-
rently. MSM varies one of the model parameters xi at a time 
within the range of variable values, the other parameter 
values are fixed. Then, MSM runs the model to obtain the 

Fig. 7 Embankment settlement of Model A during construction (a) 1 m; 
(b) 2 m; (c) 3 m; (d) 4 m; (e) 5 m; (f) 6 m height embankment

Fig. 8 Embankment settlement of Model B during construction (a) 7 m; 
(b) 8 m; (c) 9 m; (d) 10 m; (e) 11 m; (f) 12 m height embankment

Fig. 9 Deformation of embankment with different embankment 
construction heights (a) Model A; (b) Model B

(a)

(b)



8|Liu et al.
Period. Polytech. Civ. Eng.

result of the objective function y(x) = y(x1, x2, x3, …, xn ), 
and uses the influence value ei to determine the degree of 
influence of parameter changes on the output values [43], 
as shown in Eq. (6):

e y y
i

i

�
�*
,

�
 (6)

where y* is the output value after parameter change; y is 
the output value before parameter change; Δi is the param-
eter change amplitude.

It is shown that relatively high computational accuracy 
is obtained when each parameter is varied in a fixed step 
over a range of variation. Hence, the modified MSM [44] 
first selects an initial value in the parameters range, and 
then selects multiple input data with fixed steps of varia-
tion, and the sensitivity discriminant S takes the averages 
of multiple MSM values. Its equation is shown in Eq. (7):
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where S is the sensitivity discriminant; Yi is the output 
value of the th change of the parameter; Yi+1 is the output 
value of the (i + 1)th change of the parameter; Y0 is the ini-
tial value of the selected parameter; Pi is the change rate 
of the ith value of the parameter under study about the 
initial value; Pi+1 is the change rate of the (i + 1)th value of 
the parameter under study about the initial value; n is the 
times of parameter changes.

For Model A and Model B, the sensitivity analysis 
results of the maximum settlement during construction 
were quantified by using the modified MSM. The value of 
a model parameter was changed in a fixed step size of 5% 
by taking from −20% to 20% respectively, while the other 
relevant parameter values were kept constant. Among the 
model parameters, all of them were investigated except 
for L0 , g and pa.

To evaluate the sensitivity of the model parameters bet-
ter, the sensitivity was divided into four levels as shown in 
Table 4 [45], where Si is the sensitivity of the i th parameter.

Due to a large number of models to be analysis during 
the investigation, Python script files were used. The results 
of sensitivity analysis are given in Table 5 and Fig. 10.

The positive reaction means that as the value of the 
parameter increases, the target value becomes larger; 
the negative reaction means that as the value of the param-
eter increases, the target value decreases.

From Table 5 and Fig. 10, it can be seen that for both 
Model A and Model B, the index of d is 0.01 with class I, 
and the influence of the layer-by-layer filling thickness d 

on embankment settlement is negligible with guaranteed 
compaction. The sensitivity for the crest width L is nega-
tive, indicating that the embankment settlement decreases 
as L increases. However, the reactions of the underlying 
foundation and the new filling embankment on settlement 
are different. Here, Lj is used to evaluate the settlement 
sensitivity of different embankment parts, and its formula 
is shown in Eq. (8):

L Sj
i

n

ji�
�
�
1

,  (8)

where Sji is the i th part sensitivity of embankment. The re- 
sults are shown in Table 6.

Table 4 Sensitivity class

Class Index Sensitivity

Ⅰ Small to negligible

Ⅱ Medium

Ⅲ High

Ⅳ Very high

0 0 05� �Si .

0 05 0 2. .� �Si
0 2 1. � �Si
Si ≥1

Table 5 Results of sensitivity analysis on parameters

Parameters
Model A Model B

Index Class Index Class

d 0.01 Ⅰ 0.01 Ⅰ

L −0.19 Ⅱ −0.16 Ⅱ

H 1.22 Ⅳ 1.23 Ⅳ

K −0.51 Ⅲ −0.43 Ⅲ

n 0.24 Ⅲ 0.21 Ⅲ

Rf 0.97 Ⅲ 0.91 Ⅲ

Kb −0.50 Ⅲ −0.57 Ⅲ

pc −0.40 Ⅲ −0.41 Ⅲ

h1 0.93 Ⅲ 0.45 Ⅲ

i1 −0.07 Ⅱ −0.02 Ⅰ

l1 – Ⅰ −0.01 Ⅰ

ρ1 1.00 Ⅳ 0.44 Ⅲ

K1 −0.04 Ⅱ −0.06 Ⅱ

n1 −0.02 Ⅰ −0.03 Ⅰ

Rf1 0.10 Ⅱ 0.15 Ⅱ

Kb1 0.00 Ⅰ 0.01 Ⅰ

pc1 −0.01 Ⅰ −0.02 Ⅰ

h2 – – 0.48 Ⅲ

i2 – – −0.07 Ⅱ

ρ2 – – 0.56 Ⅲ

K2 – – 0.01 Ⅰ

Rf2 – – −0.03 Ⅰ
Notes: reaction of the model:
         Positive
         Negative
Ⅰ: Small to negligible, Ⅱ: medium, Ⅲ: high, Ⅳ: very high
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In Table 6, the settlement sensitivity of underlying 
foundation in Model A and Model B is much greater than 
embankment. It means that the underlying foundation has 
a greater influence on embankment settlement.

In Table 6, the settlement sensitivity of underlying 
foundation in Model A and Model B is much greater than 
embankment. It means that the underlying foundation has 
a greater influence on embankment settlement.

Among the underlying foundation parameters, it can be 
seen that for both Model A and Model B, the depth H of the 
underlying foundation has the greatest influence, with sen-
sitivity values of 1.22 and 1.23, respectively. As expected, 
H has a positive reaction on the settlement; modulus num-
ber K and Kb , modulus exponent n, failure ratio Rf and the 
pre-consolidation pressure pc, all have a large reaction on 
Model A and Model B settlement, where n and Rf are posi-
tive and K, Kb and pc are negative. The contribution of cohe-
sion c and internal friction angle φ of both Model A and 
Model B settlement is negligible in all soil layers. When the 
soil strength is small, the significant development of plas-
tic deformation will lead to an increase in settlement [46]. 
The c and φ are the most important factors affecting the 
plastic deformation. The sensitivity parameters of density ρ, 

modulus exponent m and modulus number for unloading 
Kur of the underlying foundation are zero, which is due to 
the fact that the embankment construction is a loading pro-
cess independent of the unloading factor.

For embankment fill, the height h and the density ρ of 
the fill have a large reaction on Model A and Model B set-
tlement with a sensitivity of III and positive reaction. Thus, 
avoiding high-fill embankments and using lightweight 
materials can effectively reduce construction settlement. 
The embankment slope rate 1: i has a negative reaction 
on both Model A and Model B embankment settlements. 
This is because the steeper the slope of the embankment, 
the less fill is required on both sides of the embankment. 
Modulus number K and failure ratio Rf have positive and 
negative effects on embankment settlement, respectively. 
Rf is numerically larger and more sensitive than that of K, 
therefore it is important to accurately determine the Rf for 
the prediction of settlement. However, in Model B, Rf of 
the second layer of fill shows a minimal negative reaction.

In addition, the embankment settlement is almost not 
affected by the compaction stress pc, when the fill is guar-
anteed to be compacted. The reaction of ramp width on 
embankment settlement is also negligible.

Table 6 The settlement sensitivity of each embankment part

Degree of influence Underlying foundation The first step The second step

Model A 3.85 2.17 –

Model B 3.77 1.18 1.16

Fig. 10 Sensitivity parameter distribution; (a) Model A; (b) Model B

(a) (b)



10|Liu et al.
Period. Polytech. Civ. Eng.

5 Establishment of analysis software
A graphical user interface (GUI) was carefully designed 
using the advanced functions that are included into 
ABAQUS, utilizing the theoretical foundations previously 
explained. A custom software package is the result of 
this effort, as shown graphically in Fig. 11. The software, 
also known as SASLEF V1.0 software [26], makes it eas-
ier to perform a thorough visual modeling study. A user-
friendly interface provided by SASLEF V1.0 software [26] 
enables straightforward interaction with the complexities 
of modeling. Notably, this novel program has successfully 
applied for and obtained a software copyright certificate 
in China, demonstrating its originality and intellectual 
integrity. The development of the software will contrib-
ute to the rapid analysis of settlement during embankment 
design and construction.

As shown in Fig. 11, the interface consists of three 
parts: an embankment schematic diagram, a parameters 
input box, and a Duncan-Chang EB model input box, each 
with default values set for the parameter boxes:

1. Embankment schematic diagram: users can fill in 
relevant parameters based on this diagram.

2. Parameters input box: responsible for inputting the 
embankment model number, geometric parameters, 
layering fill thickness, etc.

3. Duncan-Chang EB model input box: responsible for 
inputting the Duncan-Chang EB model for the origi-
nal foundation and the newly filled embankment.

SASLEF V1.0 software usage flowchart is shown in 
Fig. 12. When calculating embankment settlement, sequen-
tially enter the parameters in the main interface as shown 
in Fig. 11, and after completing, click 'OK'. The software 
will automatically execute calculations, and you will need 
to wait a few minutes to obtain the final calculation results.

6 Software verification
6.1 Embankment above soft soil
In order to verify the effectiveness of the developed soft-
ware, two real cases were used for verification.

1. Case 1:
In order to verify the effectiveness of the developed 
software, the Dalian Jinpu Line project is used as 
an example [47, 48]. Because of the complexity of this 
project, it needs to be simplified. For analytical pur-
poses, the simplified embankment is divided into two 
different layers. The underlying foundation, which 
was 15 m deep, was a compacted clay layer, while the 
embankment, which was 2 m high, was a lime-stabi-
lized soil composition. Three settlement observation 
points were set up, with C-1 being the left foot of the 
slope, C-2 being the center point, and C-3 being the 
right foot of the slope. The observation of settlement 
was done by means of settlement boards.

Fig. 12 SASLEF V1.0 software usage flowchartFig. 11 SASLEF V1.0 software
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As seen in Fig. 13, the embankment's geometric 
characteristics showed up as a structure that was 
12.4 m wide at the top and 18.4 m wide at the bottom, 
with a slope of 1:1.5. In order to provide a thorough 
examination, Table 7 lists the precise parameters 
that define all layers in the embankment. The appli-
cation and accuracy of the established model in the 
face of complicated engineering situations are con-
firmed by this thorough analysis of the Dalian Jinpu 
Line Project, which acts as a useful evaluation.
Rapid analysis was performed using the developed 
SASLEF V1.0 software [26] and result was shown in 
Fig. 14. The model monitoring points were arranged 
at the left and right feet of the embankment and at 
the center. In comparison with the measured data, 
the results are shown in Fig. 14. The numerical calcu-
lation results of the settlement are slightly larger than 
the measured results, and the maximum difference is 
not more than 21%. The comparison results are more 
consistent with the measured results, which proves 
the effectiveness of SASLEF V1.0 software [26].

2. Case 2: 
On a certain highway in Hangzhou, the road width 
is 26 m, the fill height is 5.2 m, and the slope is 
1:1.5, as shown in Fig. 15. During the filling process, 
the settlement at the center point of the embankment, 
C-1, was monitored. The underlying foundation con-
sists of a clay layer, which is 25 m deep. Table 8 lists 
the parameters that define all layers in the embank-
ment. The observation of settlement was done by 
means of settlement boards. 

Using the SASLEF V1.0 software [26] proposed in 
this article, rapid modeling and analysis were con-
ducted for this case. According to the finite element 
simulation results, the observed settlement of the 
embankment was 13.96 cm, while the predicted result 
was 15.82 cm. The predicted result is 13.3% higher 
than the measured value, showing good agreement 
between the predicted and observed results.

6.2 Embankment above soft soil with vertical drain
On a certain highway in Ningbo, the road width is 30 m, 
the fill height is 2.4 m, and the slope is 1:1.5, as shown in 
Fig. 16. During the filling process, the settlement at the center 
point of the embankment, C-1, was monitored. The under-
lying foundation consists of a clay layer, which is 30 m 
deep, with a permeability coefficient of k = 10 × 10−5 m/d, 
as shown in Fig. 16. Table 9 lists the parameters that define 
all layers in the embankment. The observation of settle-
ment was done by means of settlement boards.

According to the SASLEF V1.0 software [26] simu-
lation results, the observed settlement of the embank-
ment was 6.6 cm, while the predicted result was 7.3 cm. 
The predicted result is 10% higher than the measured 
value, indicating a good agreement between the predicted 
and observed results, which demonstrates the effective-
ness of the prediction method.

The software developed in this research has taken into 
account the influence of factors such as the soil properties 
and the embankment section form. It is able to quickly 
analyze the settlement during the layered construction of 
embankment, which is fast, visualized, and easy to oper-
ate. However, the software still has some shortcomings. 
For example, it is not possible to analyze the effect of com-
plex foundation treatment methods on settlement, includ-
ing geogrids and cement mixing piles. Nevertheless, 
the user can adopt the consideration of the reinforced zone 
as a composite soil foundation [49].

7 Conclusions
The main purpose of this study is to make a reasonable 
prediction of the settlement in the embankment construc-
tion process. The embankment construction process was 

Table 7 Duncan-Chang constitutive model parameters of Jinpu line

Parameters K pa/kPa n Rf c/kPa φ/(°) Kur KB m pc

Lime soil 303.76 101.3 0.3715 0.72 221.46 17 759.39 24.35 0.2156 338.8

Silty clay 280 101.3 0.6817 0.8457 29.72 16 179.5 19.03 0.3543 100.0

Fig. 13 Embankment model of Jinpu Line Project
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parametrically modeled using the secondary develop-
ment function in ABAQUS finite element software [25]. 
By establishing a number of parameters, the model was 
programmed to take into account the impact of different 
factors on settlement. These influencing factors can be 
varied by changing the parameters. The sensitivity of each 
impacting component was then examined in order to offer 
a guide for enhancing embankment building and design 
methods. This research work led to the development of 
the SASLEF V1.0 software [26], which encapsulates the 

parametric model. SASLEF V1.0 software [26] has been 
certified as a software copyright. Finally, 3 real engi-
neering case study was used to validate the software and 
demonstrate its usefulness and reliability. The limitations 
of the software are also discussed in this paper.
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Fig. 14 Comparison of calculated and measured results

Table 8 Duncan-Chang constitutive model parameters of Hangzhou highway

Parameters K pa/kPa n Rf c/kPa φ/(°) Kur KB m pc

Filler 185 101.3 0.43 0.76 31.3 28.3 239 20.5 0.25 338.8

Foundation 106 101.3 0.54 0.86 39.5 16.8 168 17.3 0.38 100.0

Table 9 Duncan-Chang constitutive model parameters of Ningbo highway

Parameters K pa/kPa n Rf c/kPa φ/(°) Kur KB m pc

Filler 170 101.3 0.41 0.83 30.0 28.5 300 22.3 0.25 338.8

Foundation 213 101.3 0.43 0.86 30.5 14.7 364 15.1 0.33 100.0

Fig. 15 Embankment model of Hangzhou highway

Fig. 16 Embankment model of Ningbo highway
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