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To study the deformation behavior of the high rockfill (HRF) embankment during
construction and operation, based on more than a 50-m high rockfill embankment of
the second-class road reconstruction project from Xunyang to Ankang of the national road
316 in Shaanxi, China, the centrifuge model test was performed to study the deformation
laws of HRF embankment. The test results showed the following: (i) the HRF embankment
was stable during construction and operation; (ii) during construction, the settlement
occurred at the embankment top, and uplift occurred at the slope foot. Moreover, the
deformation at the top was greater than that at the slope foot, and the deformations at both
the top and the slope toe reached the maximum value at the end of construction; (iii) during
operation, the settlement at the embankment top continued, and it changed rapidly at the
start of operation. And then, the rate of the settlement slowed down and reached a steady
state finally. The deformation of the slope foot was very small. This study can provide basis
and reference for the design and construction of a similar project in mountain areas.

Keywords: road engineering, high rockfill embankment, centrifuge tests, settlement, long term deformation

HIGHLIGHTS

A model of the HRF embankment was established based on the actual project.
A centrifuge test was performed to simulate the construction and operation of the HRF
embankment.
The deformation laws of the HRF embankment during construction and operation were obtained.

INTRODUCTION

When building a road inmountainous areas, due to lack of adequate soil fillers, rock ballast generated
by excavation of road cutting and tunnels becomes the main roadbed fillings [1]. High rockfill (HRF)
embankment that makes full use of the excellent properties of wasted slag, reduces the damage of
slags to the ecological environment, and resists the geological disasters to ensure the travel security
has become a more common form of the roadbed for high-grade highways in mountainous areas.
However, the uneven settlement of the rockfill embankment, in particular the HRF embankment, has
been one of the subjects that road builders need to pay attention to.

Therefore, scholars at home and abroad have done a lot of research on the subgrade settlement.
Some scholars have shown considerable interest in the laws of roadbed settlement and deformation
by means of experiments. The deformation characteristics of high embankment were studied
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through centrifuge tests with an airport in Southwest China as the
engineering background [2]. The centrifuge test was used to study
the settlement laws of loess high-filled under different boundary
conditions (flexibility and rigidity) [3]. Jing et al. [4] took the 69-m
high loess embankment of the Lanzhou–Haishiwan expressway in
109 National Highway as the background of the study, and used
centrifuge tests to study the distribution laws of settlement along
the height, the longitudinal, and the transverse of the high
embankment. A set of centrifugal model tests were used to
verify the suitability of the embankment with red-bed soft rock
(the general name of Jurassic, Cretaceous purple-red, brown-red
sandstone, mudstone, and shale interbedded strata with strength
within the soft rock range). Meanwhile, a series of centrifuge tests
were carried out on the soil-rock–filled roadbed with different
water contents, different degrees of compaction, and different
particle compositions to study the settlement and deformation
behaviors of the soil-rock–filled roadbed [5]. The settlement
deformation characteristics of the high fill embankment were
developed under different designed dry densities and water
contents through centrifuge tests [6,7]. Kohgo et al. [8] studied
the influences of water level variation on the stability of rockfill
embankment in reservoir areas by using a centrifugal model. But
the results are affected by the rockfill parameters. A series of
dynamic centrifugal model tests were conducted to explore the
influences of water level, embankment height, slope height,
compaction degree, and rockfill on the anti-seismic properties
of embankment [9].

At the same time, the subgrade settlement laws had been
predicted by some scholars using prediction models. Based on
the combined prediction idea, a method of variable weight
combination forecasting was proposed for various common
prediction models, which can be used to predict the
development of subgrade settlement with the limited
settlement data [10]. Jing et al. [11] took advantage of the
settlement data of the loess high embankment of the
Lanzhou–Haishiwan expressway as the study sample, and
adopted the GM(1,1) (gray theoretical prediction model)
with modified nonuniform filling and unequal step
settlement observation time to carry out the settlement
prediction of the loess high embankment. Based on the gray
theory, an equal-length gray differential equation was
established for the settlement and used the optimization
theory to predict the settlement of the HRF embankment
[12]. With considerations to characteristics of soft soil and
various geometric parameters of the embankment, a method
was proposed to predict settlement deformation of embankment
under loads by using the artificial neutral network system. This
approach is highly applicable to soft soil foundation [13].
Miščević et al. [14] developed a calculation model to predict
the additional settlement of the embankment caused by
alteration of rock-fill and expanded the knowledge range on
settlement deformation of the embankment for solving the
additional settlement of the embankment caused by the
worsening of soft rock-fill. Based on the hardening soil
model, the elastic-plastic model of double-yield surfaces was
improved and the settlement of the HRF embankment during
the construction period was simulated [15].

Nevertheless, based on the existing theoretical and constitutive
models, the subgrade settlement methods and laws have been
studied more widely. Based on the stratified summation method,
the settlement calculation of the subgrade and HRF embankment
were analyzed separately [16], and with the help of the settlement
observation data of the project, they proposed a calculation
method for post-construction settlement of HRF embankment.
The settlement laws, lateral displacement, and stability of HRF
embankment during construction of the Mazhu Expressway were
studied by numerical simulation [17]. A three-parameter
constitutive model was proposed to describe the creep
properties of rock-fills by regarding the fillers as a viscoelastic
medium. On this basis, the genetic algorithm and finite element
analysis was introduced, and an optimized inversion method was
established to determine the parameters of the three-parameter
constitutive model. The post-construction settlement analysis
was carried out with an engineering example [18]. Based on
the monitoring results of post-construction settlement of Lüliang
Airport high fill foundation, Zhu et al. [19] analyzed the post-
construction settlement components of the original foundation
and building body and the causes of the uneven settlement and
proposed a method of recursive analysis of the post-construction
settlement based on the strain rate.

The settlement mechanism of the HRF embankment was
developed based on the deformation characteristics of fillings
[20]. A modified Duncan–Chang model was proposed that can
consider both shear deformation and compression deformation
to calculate subgrade settlement [21]. Zhang et al. [22] proposed a
practical method to predict the subgrade settlement with long-
term traffic loadings, based on the theory of the equivalent
viscoelastic-plastic model.

As a result, it is clear that the current research findings of the
subgrade settlement primarily focused on soil embankments
using theoretical derivation, numerical simulation, and
settlement prediction models. In order to analyze the stability
of the HRF embankment during the construction and the long-
term operation, and broaden the knowledge range of the HRF
embankment, this study based on the section from K21 + 350 to
K21 + 541.751 of the HRF embankment of the second-class road
reconstruction project from Xunyang to Ankang of the national
road 316 in Shaanxi, China, the centrifugal model test was carried
out to explore the deformation behavior of the HRF embankment
during the construction and operation. This study would provide
reference for the construction and stability analysis of HRF
embankment in the Qinba mountain district.

RESEARCH BACKGROUND

Engineering Background
There were two initial spoil grounds designed in the second-class
highway reconstruction project from Xunyang to Ankang of
national highway 316 in Hanbin District. The initial design
capacity of waste slag was about 28.6 km3, of which
91.837 km3 was spoil and 188.728 km3 was abandoned stone,
which resulted in the need of ground of 47.69 acres to stack up the
dregs temporarily. There are many house-intensive villages along
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the engineering. Meanwhile, there are mountains on the right and
the Han Jiang River and the Xiangyu Railway on the left of the
engineering, respectively.

However, the original construction drawings of spoil ground
were narrow and steep, and the annual runoff and land occupied
were large in the region. Therefore, the construction units
proposed to turn the Zhoujiahe Bridge at K21 + 443 into the
HRF embankment with lots of waste slags, which could make well
use of the terrain to reduce the damage caused by slags. And
including the following advantages (i) save land effectively, which
reduce the difficulty of land acquisition, (ii) protect water quality
of the Han River to ensure the safety of residents, and (iii) the
potential risks in the railway operation to speed up progress of the
project. It is worth noted that the roadbed width of the project
from K21 + 350 to K21 + 541.751 designed HRF embankment is
only 8.5 m in the original design. Given that the subgrade will be
widened in the future, so the width of roadbed was being built up

to 12 m by wide each side of the road about 1.75 m. Consequently,
related parameters of the project from K21 + 350 to K21 +
541.751 are listed as the following: the maximum filling height of
the subgrade center was 37.2 m, and the maximum height of the
slope was 50.6 m. Three slopes were built with the slope rate 1:1.5,
1:1.75, and 1:2, respectively, at the height of 8, 12, and 20 m,
respectively, and the width of all platforms was 3 m. The slope
rate of the fourth slope was 1:2. Simultaneously, the lithologic
nature of the foundation base from upper to lower is silty clay,
strong weathered quartz schist, and middle weathered quartz
schist, respectively, according to the geological survey. Based on
the engineering background, settlement of the HRF embankment
will be further studied in the following section.

Model Design
The actual profile of K21 + 460 as the objective in this study was
shown in Figure 1. In view of the actual K24 + 460 profile is too

FIGURE 1 | Practical K21 + 460 sectional view (mm).

FIGURE 2 | Experimental model (mm).

Frontiers in Physics | www.frontiersin.org August 2021 | Volume 9 | Article 5479913

Jing et al. Settlement of High Rockfill Embankment

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


complex for experimental research, some simplification was listed
as the following: i) the small steps on the surface of the basement
under the embankment were merged, ii) the boundary on the
right of the model was extended to the shoulder of the old road,
and iii) the footwall on the left of the embankment was removed.
Figure 2 shows the final experimental model.

According to “specification for geotechnical centrifuge model
test techniques [23],” the geometric similarity scale of the model
was determined to be 1/200 because the interface span is too large.
Meanwhile, the NHRI-400 gt centrifuge centrifugal acceleration
was determined to be the maximum centrifugal acceleration of
200 g. Table 1 shows the similarity rates of other physical
quantities.

MATERIALS AND METHODS

Raw Materials
The fillings of the HRF embankment consisted of sericite quartz
schist and loess, which are introduced as follows. Figure 3 shows
the raw materials of rockfill embankment fillers.

Sericite Quartz Schist
The engineering was built along the natural slope of 15–60° on the
left bank of theHan Jiang River, and the physiognomy belongs to the
first terrace of the Han Jiang River. The overburden mainly consists
of Quaternary alluvial deposits and residual slope deposits. And the
underlying bedrock is sericite quartz schist, limestone, and siliceous
slate of the Silurian Meiziya Formation. Therefore, the fillers of the
project from K21 + 350 to K21 + 541.751 are sericite quartz schist
with quality grade class of III and not easily softened. The space
between the rocks was filled with loess. According to the report of
engineering geological exploration, uniaxial saturation compressive
strength of the rock meets the requirements of subgrade filling [24].
As a result, the rock can be used as roadbed fillings on the premise of
crushing and rolling.Table 2 presented detailedmaterial mechanical
parameters. Based on the sizes of the model box, the maximum size
of the stone was 40 mm.

TABLE 1 | Physical quantity similarity ratio of the centrifuge model.

Physical quantity Dimension Similarity ratio

Length L 1:200
Area L2 1:2002

Volume L3 1:2003

Water content — 1:1
Density ML−3 1:1
Unit weight ML−2T−2 200:1
Angle of internal friction 1:1
Deformation coefficient ML−1T−2 1:1
Permeability coefficient LT−1 200:1
Quality M 1:2003

Displacement L 1:200
Consolidation time T 1:2002

FIGURE 3 | Raw materials of rockfill embankment fillers.

TABLE 2 | Material mechanical parameters of sericite quartz schist.

Index Parameters

Density (g/cm3) 2.65
Mean value of uniaxial compressive strength (MPa) 23.8
Mean value uniaxial saturation compressive strength (MPa) 17.0
Softening coefficient 0.71

FIGURE 4 | Paving and compaction of the fillers.
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Loess
The loess was taken from the construction site and was disposed
by paving, drying, rolling, and sifting.

Water
Tap water was used as the mixing water.

Fillers Preparation
The raw materials of the embankment fillers were
homogeneously mixed using a mixer (Figure 3). Based on the
main purpose, contents of stone were identified as accounting for
30% of the total mass. Based on experience, the moisture content
of 13.2% is the optimum moisture content for this soil, when
water was added to the clay for mixing. Simultaneously, at this
moisture content, the soil is most compacted. Finally, the filler
was sealed for about 24 h.

According to the mass and volume of the model, the
compaction density of the mixture was determined at
about 2.32 g/cm3. The moisture content was about 9.74%
obtained by conversion of the proportion of soil to stone.
The dry density was obtained by conversion of the
compaction density and moisture content, which was
about 2.11 g/cm3.

Experimental Process
(1) The fillings were spread evenly in the model box and
compacted in layers; the layer between layers was treated with
napping, and the thickness of the paving layer was not more than
50 mm (Figure 4).

(2) The model was hoisted into the centrifuge hanging basket
platform, and the designed gravity acceleration of 200 g was
applied to it for about 0.5 h to recover the self-weight stress
field of the soil.

(3) According to the design data, the model was cut to form a
model of the HRF embankment, and the deformation meshes
were drawn in the model section (Figures 5, 6). Figure 5 shows,
according to the design data, that the model was cut to form a
model of the HRF embankment before the test. In order to
prevent the surface of the soil from cracking due to water loss
during a long-term test, a layer of silicone oil was brushed on the
surface of the soil. Then, an organic glass and a laser displacement
sensor were installed.

(4) After the silicone oil was completely dried, the model was
weighed and hoisted into the centrifuge hanging basket platform;
the laser displacement sensor was connected to the data
acquisition system, and the centrifuge counterweight was
adjusted.

(5) The centrifuge was turned on, and the centrifugal
acceleration reached to 200 g in 396 s and continued to
operate for about 3 h and 20 min. During the test, the laser
displacement sensor was used to record the deformation of
slope foot and pavement of the HRF embankment.

(6) The centrifuge was stopped and the coordinates of the
deformed grid nodes were measured (Figure 7), and the test
ended. The data acquisition system was working until the end of
the test. The construction period of 6 months and the operation
period of 15 years were simulated in this experiment.

Test Setup
As illustrated in Figure 8, a 400 gt geotechnical centrifuge of the
Nanjing Hydraulic Research Institute (NHRI) was used to
perform the centrifuge test. Table 3 shows the main technical
indexes of it. However, the geotechnical centrifuge setup also
included a model box, a system of data acquisition, and sensors.

FIGURE 5 | Cutting of the model soil layer.

FIGURE 6 | Model of HRF embankment (before test).

FIGURE 7 | Model of HRF embankment (after test).
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The type of measuring instrument has a great influence on the
results of the laboratory and field test [25]. The sensors that can
be used to measure embankment displacement include strain
gages and LVDTs, which are used in displacement measurement
with high-precision requirements [26,27]. Considering the large
running speed of the centrifuge, the sensor (Figure 9) used in the
centrifuge model test is an ideal noncontact high-precision laser

FIGURE 8 | NHRI-400 gt centrifuge.

TABLE 3 | Main technical indexes of the NHRI-400 gt centrifuge.

Key index Performance

Load capacity 400 g-ton
Radius of the turning arm 5.50 m (from the hanging basket platform to the rotary center)
Maximum centrifugal acceleration 200 g
Internal sizes of the model box 1,100 mm (long) × 200 mm (wide) × 700 mm (high)

FIGURE 9 |High-precision laser displacement sensors used to measure
the top of the embankment deformation.

FIGURE 10 | Deformation curve of the toe and pavement during
construction and operation.
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displacement sensor (Wenglor YP11MGVL80), with a range of
50 mm and an accuracy of 20 μm. Sadeghi and Esmaeili et al.
[28–30] gave a detailed introduction to the specifications of more
test measuring instruments.

RESULTS AND DISCUSSION

Results of Test
During construction and operation, the overall deformation of
the slope foot and pavement of the HRF embankment was
presented in Figure 10. During the operation period, the
deformation of the slope foot and pavement was presented in
Figure 11. Before and after the test, the coordinates of the
deformation grid node in Figures 8, 9 were measured, and the
deformation vector field of the soil was drawn, as shown in
Figure 12.

Analysis of Results
It can be clearly seen from Figure 10 that 1) for the HRF
embankment, the settlement of top was not only considered in
the construction period but also in the operation period; the
deformation of the slope foot was mainly in the construction
period, and the deformation of post-construction was small; 2)
during the construction period, the settlement of the top occurred,
at the same time, uplift of the slope foot occurred, and the settlement
was greater than the uplift. At the end of the construction period,
the deformation both at the top and at the slope foot has reached the
maximum value, and 3) during the operation period, the settlement
at the top continued, while the deformation of slope foot was small,
but the law of deformation was complicated.

During the construction period (Figure 10), the settlement of
the top was increasing with the increase in the filling height.
When the progress of filling was completed, the settlement
deformation at the top was about 212 mm, comparatively, the
deformation law of the slope foot was a bit complicated, but it
basically showed the law that increases with the settlement
development of the top; at the end of filling, when the

settlement of the top become the maximum, the uplift of the
slope foot reached the maximum and was about 169 mm. The
uplift at the slope foot of the embankment was less than the
settlement at the top.

During the operation period (Figure 11), the law of the
settlement at the top of the embankment was obvious: 1) in the
initial period of operation, the variation of settlement was large and
about 106 mm that occurred in two years; 2) from the second year
to the fifth year, the settlement changed from about 108 mm to
about 154 mm and increased by about 46mm in 3 years, which
should be seen as the rate of settlement had slowed down
significantly; 3) from the fifth year to the fifteenth year, the rate
of settlement with time was basically stable. The settlement
changed from about 154 mm to about 253 mm and the average
annual settlement was about 9.8 mm; 4) on the whole, after
operation of fifteen years, the settlement at the top of the
embankment was about 253 mm, of which about 42% occurred
in the first two years, and the settlement in the first five years
accounted for about 61% of the total, and in the following 10 years,
the rate of settlement deformation tended to be stable. For the slope
toe, the law of deformation was complicated. And from official
operation to the fifth year and six months, the performance was
settlement deformation and the maximum was about 21 mm;
subsequently, the tendency of deformation showed as repeated
uplift and settlement, but the overall trend was uplift and the
maximum was about 34 mm. The data would indicate that the
HRF embankment was stable during the long-term operation.
Those findings in this study have a good agreement with [2, 4]
in which the total settlement during the operation period increased
with time, but the rate of change gradually decreased.

It should be noted that the simulation of filling progress in
centrifuge tests is different from the construction of actual
engineering. In centrifuge tests, the progress of embankment
filling is simulated by increasing the centrifugal acceleration step
by step, and at the end of construction, the settlement results in
the elevation of the top of embankment lower than the design
value. Therefore, the test results of the settlement of the top of
embankment can be used as a basis to calculate the extra
earthwork in the practical project, and accordingly, the results

FIGURE 11 | Deformation curve of toe and embankment during long-
term operation.

FIGURE 12 | Deformation vector field of the soil profile.
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of uplift of the slope foot can be used as a basis to calculate the
extra excavated volume in practical engineering.

Through the deformation vector field of the model
(Figure 12), we can see intuitively that for the deformation of
the slope foot, the impact of construction and long-term
operation of the HRF embankment, both from the value of
deformation and the scope of deformation, was very limited,
and it would not affect the stability of the slope foot and the
adjacent railway and water area.

CONCLUSION

To analyze the stability of the HRF embankment during the
construction and the long-term operation, and broaden the
knowledge range of the HRF embankment, the centrifuge
model test was carried out based on the actual project to
explore the deformation behavior of the HRF embankment
during the construction and operation. Although there is a
similarity to a certain extent for centrifuge tests, it still plays
an important role in guiding practical engineering. According to
the above result analyses, the following conclusions can be drawn:

(1) For the HRF embankment, the settlement at the top of
embankment had always existed both in the construction period
and long-term operation period. While the deformation of the
slope foot occurred mainly during the construction period, and
the deformation of post-construction was small.

(2) During the construction period, the deformation of
embankment was the settlement and the deformation of slope
foot was uplift, and at the end of the construction, the settlement
at the top of the embankment reached the maximum value, and
the uplift of the slope toe reached the maximum value.

(3) During the long-term operation period, the settlement at
the top of the embankment kept on increasing, and at the initial
stage of operation the settlement changed faster. And then, the
rate of settlement slowed down gradually and tended to stability.
For the slope foot, the law of deformation was complicated, which
showed the trend of settlement-uplift-settlement-uplift-
settlement. However, the deformation of slope foot during
operation was only in the range of about -21 mm
(settlement)∼34 mm (uplift), indicating that the operation of
the engineering has a small impact on the stability of the
slope foot.
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