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Increased traffic volume has made it necessary to increase highway capacities by widening embankments and pavements.
Differential settlement of foundation consolidation and rational utilization of existing embankments are the main problems
encountered in road reconstruction. In this paper, the finite difference method is used to simulate the construction process of
using the existing embankments directly in the reconstruction project of expressway, and the fluid-solid coupling model of
foundation settlement is established to calculate the differential settlement between foundation and subgrade. The influence of
road widening mode and embankment height on differential settlement is analyzed. The mechanical response of subgrade under
differential settlement is simulated and the law of uneven settlement of main reconstruction forms is investigated. The dynamic
response of existing embankments soil under the action of rammer is systematically evaluated. The results show that, with the
increase of consolidation time, the differential settlement is gradually obvious at the junction of the new and existing em-
bankments, and there is a possibility of landslide along the junction of new embankments, which should be dealt with in
engineering. The smaller the height difference between the existing foundation and the new foundation is, the more the position of
the maximum settlement point of the foundation moves towards the new foundation. The greater the height of the new subgrade
is, the greater the uneven settlement is. The criterion based on the single rammed energy and compaction stopping standard is
proposed to determine the reinforcement depth of existing embankment.

1. Introduction

Widening of embankments has been increasingly adopted in
practice to increase highway capacities due to demand for
higher traffic volume than previously designed. The 1989
Government’s White Paper “Roads for Prosperity” [1] in-
dicated that “about 60% of the motorway network in En-
gland as well as some truck roads will need to be widened by
the provision of additional lanes.” Adding a new embank-
ment adjacent to the existing embankment induces not only
additional stresses and deformations under the widened
portion but also those under the existing embankment.
Differential settlement may develop between and within the
new and existing embankments. This often causes pavement
distress, such as longitudinal cracks or drop-off of pavement
sections [2, 3]. Therefore, it is necessary to do research on

utilization of existing embankments and differential
settlement control in widening of expressway [4-6].

Up to now, a lot of research programs have been
fruitfully developed on this subject. By employing a large
centrifugal tester and finite element program, Allersrma
et al. [7] and Vos et al. [8] analyzed the stress distribution
and deformation law of roadbed widening during con-
struction by means of model test, numerical simulation, and
field test. Zhou and Zhang [9] and Qian and Ling [10] used
finite element calculation method to analyze the law of
differential settlement of existing and new embankments in
reconstruction and expansion project, studied the influence
of different widening ways and widths on differential set-
tlement, and explored the significant influence of differential
settlement on the structural performance and service per-
formance of existing roadbed and road surface. Similarly, Li
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et al. [11] used PLAXIS and a small centrifugal tester to
analyze the destabilization of widened subgrade and to
evaluate two different methods of embankment filling.
Huang et al. [12] conducted their laboratory tests on a
widened subgrade. In the tests, a layer of soluble chemical
fertilizer at the bottom of embankment fill was employed. It
was to be resolved by water. By doing so, the differential
settlement was simulated. Weng and Wang [13] designed
large-scale model test to investigate the influence of dif-
ferential settlement on pavement structure of widened roads.

Even though widening of embankments has been in-
creasingly adopted in practice, so far very limited guidance
for design has been available for widening projects. Chen
etal. [14] and Zhang et al. [15-17] used numerical simulation
method to monitor the changes of stress in roadbed and
proposed corresponding control methods. Yang [18] and
Nie et al. [19] discussed design thinking and construction
control of soft soil foundation in reconstruction and ex-
tension construction of the Shen-Da Expressway. A
boundary condition is imposed to the finite element model
of pavement structure in order to simulate differential
settlement on the pavement structure. Cheng et al. [20] and
Zhao et al. [21] proposed a differential settlement control
standard considering flexural strength of pavement mate-
rials and fatigue damage performance of pavement
structure.

From the above analysis, it should be pointed out that the
problem of uneven settlement control of existing and new
embankments has not been well solved. It is mainly based on
the two following reasons: (a) after years of consolidation,
the compactness of the existing natural foundation is much
higher than that of the new natural foundation, and the
stiffness and strength are mainly increased mechanically. (b)
The load of the newly filled embankment becomes eccentric
load, as shown in Figure 1. In the embankment recon-
struction, this part is the main load that causes the settlement
of the foundation.

In this paper, based on the Wei-Ru expressway recon-
struction project, the differential settlement caused by
consolidation is calculated by using the finite difference
software FLAC, and the law of differential settlement is
analyzed. Not only the uneven settlement caused by the
general road widening but also the settlement caused by the
roadbed elevation is considered. The fluid-solid coupling
model of foundation settlement is established to calculate the
differential settlement between foundation and subgrade.
Based on the study of dynamic compaction parameters of
existing embankments, the determination of single click
compaction energy and the standard of stop compaction are
proposed as the standards for determining the reinforce-
ment depth of existing embankments. At present, people’s
research on this is relatively simple, so this paper will explore
it.

2. Project Overview

Subgrade settlement includes two aspects: one is the final
settlement, and the other is the settlement with time change
law, that is, the consolidation of soil. For the final settlement,
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FiGure 1: Schematic diagram of the new and existing
embankments.

the current theory is more perfect, but the law of settlement
with time is still the key and difficult problem in the en-
gineering field. The traditional calculation method of the
final settlement mainly divides the settlement into three
parts: instantaneous settlement, consolidated settlement,
and secondary consolidated settlement; namely,
§=84+S.+Ss. The secondary consolidation settlement is
generally small, so it is not considered.

The renovation project upgraded the original grade one
road to a highway. The foundation surface of the test section
was more than 2~3 m of clay soil containing sand and gravel,
and the paleochannel sand deposits existed generally below
2~3m. As a banded structure, the deformation of em-
bankment mainly occurs on the cross section, which can be
regarded as a plane strain problem. In order to analyze the
influence of widening mode and embankment height on
differential settlement of foundation, three working con-
ditions are mainly calculated (see Figure 2). In working
conditions 1 and 2, the width of existing embankment is
18 m and the height is 3 m. The new embankment is 28 m
wide and 6 m high. The slope is 1:1.5. Working condition 1
is unilateral widening; working condition 2 is bilateral
broadening; working condition 3 also widens both sides, but
the height of the existing embankment is 6 m.

The mechanical parameters of the existing embankment
and the new and existing foundation soil were obtained
through field core samples and laboratory tests (see Table 1),
from which it can be seen that the compaction degree of the
existing embankment is far lower than the current standard
of compaction degree of the expressway embankment.

3. Establishment of Fluid-Solid Coupling Model

3.1. Governing Equations of Fluid-Solid Coupling in Porous
Media. The following equations must be satisfied when
fluid-solid coupling calculation of porous media is carried
out.

3.1.1. Equilibrium Equation. For small deformation, the
equilibrium equation of the fluid particle is

3
SR (1)
9%t 9 =3,

where g; ; is the seepage velocity (m/s); g, is fluid source
strength (1/s); & is the change in fluid volume per unit
volume of porous media.
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FIGURE 2: Schematic diagram of three calculation conditions (unit: m).
TaBLE 1: Soil mechanical parameters corresponding to the existing embankments height H=4m.
Location Soil depth (m) Compactness (%) ¢ (kPa) 9 () k n
0.9 80.0 3.0 35.7 331.1 0.51
The existing embankment 2.3 68.6 10.0 31.6 251.2 0.62
4.0 69.0 10.0 29.3 218.8 0.66
5.7 29.0 23.2 128.8 0.58
The existing foundation 7.1 19.0 27.9 173.8 0.64
8.2 9.0 33.3 316.2 0.53
0.2 14.0 32.0 208.9 0.61
The new foundation 1.4 23.0 233 138.0 0.64
3.0 24.0 26.2 173.8 0.66
93.0 28.0 30.1 320.4 0.70
The new embankment Earth field 94.0 26.2 332 341.8 0.72
96.0 24.6 35.0 355.2 0.78

where M is modulus of Biot (N/m?); P is pore pressure; o is
coefticient of Biot; £ is volume strain; T is temperature; f is
the coeflicient of thermal expansion considering fluid and
particle.

In this paper, without considering the thermal expansion
factor, equation (2) can be simplified as
o 1 0p . %)

=— Ly 3
5, Mo 9, (3

3.1.2. Equation of Motion. The motion of fluid is described
by Darcy’s law. For the case where the density of homo-
geneous and isotropic solid and fluid is constant, the
equation is as follows:

q; = —k[P—Pijgj],p (4)

where k is the permeability coefficient of the medium [m*/
(N's)]; pyis fluid density (kg/m’); g;(i=1, 2, 3) are the three
components of the acceleration of gravity (m/s).

3.1.3. Constitutive Equation. The change of volumetric
strain causes the change of pore pressure of fluid, and,
conversely, the change of pore pressure also causes the
occurrence of volumetric strain. The incremental form of the
constitutive equation of porous media is

* T
Ay + ahpd;; = Hij(SijAs,»j -As,.j). (5)

In the above equation, AJ;; is stress increment; H; is a

given function; Ag;; is the total strain; AeiTj is the temperature
strain.

3.1.4. Compatibility Equation. The relationship between
strain rate and velocity gradient is

. M (6)

where v, is the velocity of a certain point in the medium.



3.2. Establishment of Constitutive Model. The constitutive
model used in the calculation is Mohr-Coulomb model, in
which the elastic modulus is calculated as follows:

E= kpa(§> : %

a

In the formula, k and » are two mechanical parameters of
Duncan-Chang model (see Table 1). P, is atmospheric
pressure; o5 is the confining pressure; Poisson’s ratio
#=0.25. In calculation, the vertical stress at the top of the
element is taken as the sum of the vertical stress generated by
the dead weight of the overlying soil and the pavement
(surface layer and base layer).

The isotropic fluid model and Darcy’s law model were
selected in the calculation of this paper. The fluid parameters
include porosity ratio and permeability coefficient. The
porosity ratio is 0.456 and the permeability coefficient is
7.75x107"° m/s when the foundation depth is 0 ~ 1.5 m. The
pore ratio below 1.5 m is 0.386 and permeability coefficient is
7.34x107?m/s. According to the site situation, the
groundwater level is set at 0.8 m below the foundation.

The Mohr-Coulomb elastic-plastic model commonly
used in geotechnical engineering is used as the material
model of embankment and foundation soil in the calcula-
tion. The model can be expressed as follows:

F= altan2<% + g) -03+2c tan(% + %) =0. (8)

Before the construction of the road, the natural foun-
dation has been consolidated for several years, and the
settlement has been basically completed. The excess pore
water pressure in the foundation is very small, and it will not
sink again under the action of its own weight. In order to
simulate this state, before simulating the settlement of
foundation caused by the deadweight of roadbed, the
foundation is first consolidated under its deadweight. The
displacement of the foundation is initialized to zero before
the embankment is filled.

4. Study on Differential Settlement of
Foundation under Different
Working Conditions

4.1. Results and Analysis of Differential Settlement of
Foundation. Figure 3 shows the settlement and water
pressure results at the midpoint of foundation under 3
working conditions. It can be seen from Figure 3 that the
construction of new embankment and surface structure
causes instantaneous excess pore water pressure and instant
consolidation in the foundation. With the increase of time,
the excess pore water pressure dissipates gradually, and the
vertical displacement of the foundation increases gradually,
which is the process of consolidation. Finally, the pore water
pressure tends to be stable and the consolidation settlement
gradually becomes stable.

Figures 4-6 show the ground surface settlement of the
new embankment at 6 months and 1 year after construction
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FIGURE 3: Settlement curve and water pressure curve at the middle
point of foundation under different working conditions.

under three working conditions. The following can be seen
from Figures 4-6:

(1) Compared with unilateral widening, the peak value
of foundation settlement decreases slightly. This is
mainly because the stress on both sides of the
existing foundation is balanced due to bilateral
widening. The deadweight load of the new subgrade
increases the additional stress in the middle of
existing embankments, which leads to greater set-
tlement in the centre of existing embankments.
However, the widening of one side causes the
foundation to be affected by the eccentric force,
which is mainly the consolidation deformation of the
new foundation.
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F1GURE 4: Sedimentation of foundation surface (condition 1).

(2) Both sides are widened. Compared with Figures 5
ande6, the settlement generated by working condition
3 is relatively small. That is to say, with the height of
the new embankment unchanged, the maximum
settlement of the foundation decreases gradually
with the increase of the height of the existing em-
bankment. This is because the higher the existing
embankments, the greater the backpressure effect on
the new natural foundation.

(3) The differential settlement of the new foundation
mainly occurs at the slope of the existing embank-
ment, which is the junction of the existing and new
embankment. So, the project should focus on the
new and existing embankment.

4.2. Research on Foundation Settlement under Main Working
Conditions. The settlement was calculated by using FLAC*"
finite difference program, and the plastic failure and plastic
flow were simulated by mixed discrete method. This method
is more accurate and reasonable than the “discrete inte-
gration method” commonly used in the finite element
method. Even if the simulated system is static, the dynamic
motion equation is still used, which makes FLAC*" simu-
lation of physically unstable processes without numerical
barriers. The “explicit solution” scheme is adopted, so the
time taken to solve the nonlinear stress-strain relation is
almost the same as that of the linear constitutive relation,
while the implicit solution scheme will take a longer time to
solve the nonlinear problem, and there is no need to store the
stiffness matrix. This means that multielement structures can
be solved with medium memory capacity, and the simula-
tion of large deformation problems consumes almost no
more computational time than that of small deformation
problems, because no stiffness matrix has to be modified.
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F1GURE 6: Sedimentation of foundation surface (condition 3).

As shown in Figure 1, the relative position of the existing
and new roadbed is most likely to produce uneven settle-
ment. This section carries out simulation calculation based
on this widening form. Figure 7 shows the settlement dia-
gram corresponding to the height of new embankment
h=6m and the height of existing embankment H=1m.
Figure 8 shows the particle velocity vector diagram. It can be
seen that the movement trend of soil particles to the new
foundation is large, and there is a great difference in set-
tlement at the junction of the new and existing subgrade. On
the one hand, this is because the consolidation and settle-
ment of the foundation under the weight of the existing
embankment have been completed before. On the other
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FiGure 8: The particle velocity vector diagram.

hand, because the existing foundation has been consolidated
for a long time, it has greater stiffness and strength than the
new foundation.

Figure 9 shows the corresponding settlement curves of
foundation and subgrade when A=1m and H=6m. It can
be seen that the settlement curve is asymmetric, and the
settlement of subgrade is mainly caused by the settlement of
foundation. The existence of the existing subgrade will make
the settlement curve of the foundation surface have three
characteristic points, A, B, and C. In the absence of existing
embankments, the curve will develop along AB. Because of
the existence of existing embankments, the load that causes
new settlement becomes eccentric load. Moreover, due to
the different degree of consolidation of new and existing
foundations, their stiffness is different, so that the BC curve

becomes slow, while the AC curve becomes steep on the
right slope of the existing embankment. When evaluating
the settlement of road foundation, uneven settlement is
often used as the evaluation index. The nonuniform set-
tlement is generally expressed by the slope of the settlement
curve, that is, the absolute settlement difference on the unit
width. The embankment where the nonuniform settlement
is large is easy to be destroyed. As can be seen from Figure 8,
the maximum uneven settlement occurs on the right slope of
the existing embankment, that is, at the junction of the
existing and new embankment, so the junction is the key
position of foundation treatment.

After the reconstruction, the width of the top surface of
the new subgrade is 2/, and the transverse distance between
the maximum settlement point of the foundation and the
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median line of the subgrade is x,,,. The dimensionless x,,,/I is
introduced to represent the relative position of the maxi-
mum settlement point of the foundation. X,,/I=0 indicates
that the maximum settlement point is in the middle position
of the new roadbed. X,,/I=1 means that the maximum
settlement point is at the right shoulder of the new roadbed.
Xw/l=-1 indicates that the maximum settlement point is at
the left shoulder of the new roadbed. The only load that
causes new deformation of foundation is the dead weight of
the Shadowed part in Figure 1, which is a typical eccentric
load. For the convenience of analysis, another dimensionless
quantity-eccentricity e (e=H/h) is introduced here to
represent eccentricity. When H=0 and e=0, it means that
the embankment is all newly filled embankment, with no
eccentricity. When H=h, e=1, indicating that the eccen-
tricity reaches the maximum, the existing embankment and
the new embankment have the same height. Figure 10 shows
the change curve of x,,/l with e when 4 =6 m. It can be seen
that when e varies from 0 to 1.0, (x—x,,)/] varies from 0 to 1.0,
which means that, with the increase of eccentricity, the
position of the maximum settlement point of foundation
gradually shifts to the right. Therefore, in order to reduce the
uneven settlement of the foundation and subgrade, active
measures should be taken to strengthen the new natural
foundation and reduce the absolute settlement of the
foundation.

From the perspective of foundation stiffness, the larger
the difference between the compactness of the new foun-
dation and the compactness of the existing foundation is, the
greater the uneven settlement of the foundation will be; that
is to say, the uneven settlement of the foundation is pro-
portional to height H of the existing subgrade. At the same
time, the uneven settlement of foundation is related to the
load eccentricity e, and the uneven settlement increases with
the increase of e. In addition, the uneven settlement is also
related to the average overburden load on the new or existing
foundation, and the average overburden load can be
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FIGURE 10: The relative position of the maximum settlement point
of foundation varies with the degree of eccentricity.

expressed as ah + b(h—H) (a and b are positive coefficients).
The larger the overburden load is, the greater the settlement
is, and the greater the uneven settlement is. Of the three
variables H, e, ah+ b(h—H), the first two are directly pro-
portional to H and the last is inversely proportional to H.
Therefore, the uneven settlement does not monotonously
change with height H of the existing embankment like the
maximum settlement, but there is an extreme point. Fig-
ure 11 shows the corresponding foundation settlement curve
when h=6m, and k is 1 m, 3.5m, and 6 m, respectively. As
can be seen from Figure 11, when H = 3.5 m, the maximum
uneven settlement, that is, the slope of foundation settlement
curve is the largest. So far, we can get a comprehensive
conclusion about the uneven settlement: the greater the
height of the new subgrade, the greater the uneven settle-
ment; and corresponding to a certain height of new sub-
grade, when the height of the existing foundation is about
half of the height of the new foundation (e=0.5), the
nonuniform settlement is the largest.

5. Utilization of Existing Embankments

In the utilization scheme of existing embankments, the key is
the determination of dynamic compaction parameters.
Single rammed energy and tamping times are the most
important dynamic parameters. Single rammed energy
should be determined according to the effective depth of
consolidation, tamping times, and the mechanical properties
of soil. However, the dynamic compaction of embankment is
different from the foundation, the foundation is semi-
infinite, and the embankment has a certain size; its corre-
sponding dynamic compaction times not only depend on
penetration but also depend on the height of the embank-
ment. From the previous analysis, in order to determine the
effective depth of consolidation, we must know the tamping
times; in order to determine the tamping times, we must
know the effective depth of consolidation. It can be seen that
these two problems are coupled together, which brings
difficulties to the study of this problem.
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Previous research and practice on the foundation have
shown that the influence of tamping times on the depth of
influence is not obvious but increases as the times of tamping
and influence depth in the soil had been compacted, when
the compaction degree to meet the design requirements
becomes the effective reinforcement depth influence depth
at this time. In this way, we can ignore the impact of tamping
times on the effective depth of consolidation, so that the
determination of single rammed energy and the standard of
tamping stop are studied separately.

5.1. Determination of Single Rammed Energy

5.1.1. Influence Factors. Using Menard formula, the effective
reinforcement depth, namely, the embankment height h, can
be expressed as follows:

h = avVMH, 9

where « is the coefficient ([L]Y*[M] %), MH is single
rammed energy, M is rammer mass, and H is rammer lifting
height.

According to equation (9), single rammed energy can be

obtained as follows:
2
MH = (ﬁ) ) (10)
o

The mechanical parameters of soil are determined by the
difference of in situ physical parameters (such as water
content and compactness). Fundamentally, « is only related
to the mechanical parameters of soil. After many years of
operation of existing embankments, the compaction degree
of the embankment will change greatly. Assuming that the
mechanical parameters of the existing embankment change
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linearly from top to bottom and assuming that the damping
parameters of the soil remain unchanged, the main factors
affecting « are as follows:

= f(EO’CO’¢0’p0’8E’8c’6¢’8p’D)’ (11)

where E, ¢y, ¢, and p, are deformation of the embankment
surface modulus, cohesive force, internal friction angle, and
the wet density, respectively.

Dimensionless equation (11) is obtained:

¢y 8D 8.D 8,D §,D
awmD =g s ) )

where physical meanings of 6z D/E,, 6.D/c, 8,D/¢,, 6,D/p,
are the ratio of the variation of deformation modulus of soil
at D depth, cohesion, internal friction angle, and wet density
to each quantity at the surface of embankment, respectively.

5.1.2. Determination of a. By means of numerical method,
the dynamic response of soil under the action of rammer is
analyzed, and the relation between « and each quantity is
obtained. Because the times of tamping have little influence
on the influence depth, only one dynamic tamping is used in
the calculation.

5.1.3. Determination of Reinforcement Depth. In order to
obtain the relationship between « and each quantity, the
value of « needs to be calculated according to equation (10)
from single rammed energy and effective reinforcement
depth. The effective reinforcement depth needs to be de-
termined according to the compaction degree, but the
compaction degree index cannot be directly obtained by
numerical analysis. Therefore, before establishing the rela-
tionship between «a and various mechanical parameters of
soil, the influence depth in numerical calculation should be
determined first. After dynamic compaction, embankment
soil compaction degree increased; soil body produces a lot of
residual strain at the same time; in the case of ignoring soil
side, the value of the compaction degree and vertical mo-
notonous geometry corresponding relation in the residual
strain is increased. Residual strain can be obtained by nu-
merical calculation. Therefore, the average vertical residual
strain in a specific depth range will be used to define the
influence depth. The following will take Weiru Road as an
example to demonstrate the solution process of the critical
mean vertical residual strain.

The actual dynamic tamping condition of Weiru Road
was simulated. The single tamping energy was 100 ton e m,
and the diameter of the tamper hammer D was 2.32 m. The
soil parameters were derived from the original mechanical
parameters of the existing embankment shown in Table 1. In
Table 1, E, ¢, ¢, and p are linearly fitted along the depth, so as
to get E,=10.2 MPa, ¢, =4.05kPa, =35.6", p, = 1.97 kg/m’,
0p=2.42MPa/m, §.=2.09kPa/m, §,=197/m, and
8,=0.04kg/m".

To tamper with dynamic simulation for the process of
interaction of embankment, a 10-ton rammer falls from a
height of 10 meters, and the 3D geometric model built is
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shown in Figure 12. Mohr-Coulomb elastoplastic model is
adopted in the embankment soil constitutive model. The
parameters of E, ¢, ¢, and p show linear variation with depth.
The damping of soil adopts local damping, and the damping
coefficient is 0.1. In order to simulate infinite soil mass, no
reflection boundary is set on all surfaces except the upper
surface of embankment.

Figures 13 and 14 show the radial velocity and radial
displacement of surface particles, respectively. It can be seen
that the radial velocity and displacement increase gradually
from inside to outside, reaching the maximum value at about
1.15m and then decrease gradually due to the geometric and
physical attenuation of surface wave.

Figures 15 and 16 show the vertical velocity and dis-
placement curves of soil particles directly below the rammer.
It can be seen that the soil vibration decreases gradually from
the top to the bottom, especially in the near surface at-
tenuation; particle vibration velocity 2m deep from the
surface attenuation is half of the surface velocity. The ab-
solute value of displacement at each point firstly increases
from fast to slow with time, and, after reaching the peak
value, some rebound occurs due to unloading, and it finally
gradually tends to be stable.

The shapes of ramming pits at different times can also be
obtained by calculation, as shown in Figure 17. It can be seen
that the depth of ramming pit increases at first and then
decreases gradually with the surface rebound, and it finally
tends to be stable. However, the soil on both sides of the
ramming pit has been rising before it is stabilized. The final
depth of the ramming pit is about 14cm from the surface,
which is consistent with the measured data after the field strike.

Figures 18 and 19 show the motion track of a particle at a
distance of 1.94 m and 2.82 m from the canter of the ram. It
can be seen that the particles around the ramming pit move
along two tracks successively. According to the time cor-
responding to the intersection of the two tracks, the particle
moves along the second track after the stress wave and the
first track before it.

As shown in Figure 20, the average vertical residual
strain from the surface to any depth range can be obtained
from the calculation results. It can be seen that the average
vertical residual strain increases from small to large and then
decreases with depth. As the tensile strength of the soil is far
less than the compressive strength, the dynamic contact
stress at the bottom of the hammer eventually decreases to
static pressure, and the unloading wave caused by this easily
causes the surface soil to be pulled bad, accompanied by the
occurrence of body swelling, so the tensile strain appears
near the surface. This is the phenomenon where the surface
of embankment becomes loose after dynamic compaction,
which further confirms the reason why the soil 30 cm below
the working face is removed during trial compaction. When
the average vertical residual strain is calculated from 30cm
below the surface, it can be found that there is no tensile
strain area near the surface, as shown in Figure 20. It is
known that the influence depth of embankment corre-
sponding to the above calculation conditions is 4 m, and the
critical average vertical residual strain can be obtained from
Figure 20 as 0.0382.

Radial velocity (m/s)

Radial position (m)

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

.01
0.

FIiGURE 12: Geometrical model.
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— 0.0m — 1.15m 3.78 m
—— 0.38 m —— 1.94m —— 4.84m
—— 0.77m —— 2.82m — 6.0m

FIGURE 13: Radial velocity of surface particles.
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FiGure 14: Radial displacement of surface particles.
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FIGURE 16: Vertical displacement of soil particles directly below the
rammer.

In order to fit equation (11), the dynamic calculation as
described above is carried out for several working conditions as
shown in Table 2. In these working conditions, it is assumed
that the initial compaction degree of embankment is not much
different from the existing embankment of Weiru Road.

The effective reinforcement depth corresponding to each
working condition is obtained from the critical plastic strain
0.0382, as shown in Table 2. Then « is determined according
to the following formula:

o= (13)

h
vVMH
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Vertiacal displacement (m)
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FIGURE 17: Shapes of ramming pits at different times.
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FiGure 18: The trajectory of particle at 1.94m from the centre of
rammer.

Corresponding « of various working conditions is shown
in Table 2.

When other parameters remain unchanged, the rela-
tionship between dimensionless parameters c,/E, and
0pD/Ey, 6.Dlcy, 6,DI9y, 8,D/p, and dimensionless quan-
tity a/pyD is shown in Figures 21-25. It can be seen that
only ¢y/Ey and a+/p,D are in line with the hyperbolic re-
lationship as shown in Figure 21, and the other quantities are
linear with a+/p,D. Therefore, the following equation can be
used to fit equation (8):
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FIGURE 19: The trajectory of particle at 2.82m from the centre of rammer.
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6D 6,D
+P = +P 4P
0 o Po Po

(14)

8D

E, 6PD
a~/pyD = Py + P,—+ P, s~
[ E

>

where P; represents fitting parameters.

The fitting parameters are shown in Table 3. To investigate
the fitting effect, the calculated value of a+/poD and fitting
value of equation (10) are drawn in the same diagram, as shown
in Figure 26. It can be seen that, except for a few points, most of
the data points fall near the line y = x, indicating that the fitting
effect of equation (10) meets the engineering requirements.

5.2. Compaction Stopping Standard. From the macroscopic
aspect, the compaction degree of embankment is mainly
related to the effective reinforcement depth (i.e., embank-
ment height) and penetration degree, namely,

d. = f(h,s). (15)
Make the above formula dimensionless and get
s
d.=F(5), 16
c h ( )

The physical significance of s/h is the average residual
plastic strain of the embankment in the last two tampings.

Assume that the first layer i compaction d,; and s/h
conforms to the linear relationship as follows:

s
dy = aiﬁ’

where g; is corresponding to the first i layer coefficient.
Under any condition, degree of compaction should meet
the specification requirements; namely, d, remains

(17)
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TaBLE 2: Summary of calculation conditions.
Working
condition 6P/P0 BC/CO 8E/E0 6¢/¢0 CO/EO h 24
1 0.020 -0.516 -0.237 0.055 0.397 4 0.01265
2 0.010 65:—02(:)2 -0.516 -0.237 0.055 0.397 3.8156 0.01207
0 —_ .
3 0.030 3 :_Oiog P -0.516 -0.237 0.055 0.397 3.659 0.01157
0= 4.
4 0.015 3 :_Oéog P -0.516 -0.237 0.055 0.397 3.836 0.01213
0= 4.
5 0.025 6;):_02%5 -0.516 -0.237 0.055 0.397 3.906 0.01235
0= 4.
8.=-1.05
6 0.020 —-0.260 -0.237 0.055 0.397 4.352 0.01376
Co=4.05
8.=-0.53
7 0.020 -0.130 -0.237 0.055 0.397 4.546 0.01438
Co= 4.05
8.=1.05
8 0.020 0.260 -0.237 0.055 0.397 5.292 0.01673
Co= 4.05
9 0.020 0.120 9:=0.5 -0.237 0.055 0.397 5.286 0.01672
co=4.05
Sp=-121
10 0.020 -0.516 -0.120 0.055 0.397 4178 0.01321
Ey=10.2
8p=-3.63
11 0.020 -0.516 —0.360 0.055 0.397 3.818 0.01207
Ey=102
12 0.020 -0.516 0.060 0.055 0.397 4.376 0.01384
Ey=102
8 =1.02
13 0.020 -0.516 0.100 0.055 0.397 4466 0.01412
Ey=102
14 0.020 —-0.516 -0.237 0.028 6¢ =0.985 0.397 1.14 0.0036
¢0 =35.6
15 0.020 -0.516 -0.237 0.042 —356 0.397 2.56  0.0081
0 - .
16 0.020 -0.516 -0.237 0.049 64’ :—13;56 ¢ 0.397 1.4 0.00443
0 - .
17 0.020 -0.516 -0.237 0.070 —356 0.397 3.524 0.01114
0= o
18 0.020 -0.516 -0.237 0.055 0.1 CO_:}(?E;S 7.989 0.02526
19 0.020 ~0.516 ~0.237 0.055 02 @ :_2'(1)20555 4866 0.01539
c=—1.
20 0.020 -0.516 -0.237 0.055 08  Fo=31 3044 000963
5E = —121
E() = 68
21 0.020 -0.516 -0.237 0.055 0.6 5= —1.61 2.676 0.00846
E=—L.

Note. & p(g/cm3/m), po(g/cm3), d.(kPa/m), co(kPa), dg(MPa/m), Eq(MPa), 8,(°'/m), ¢o(*), h(m), and oc(mo's/kgo's).
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Ficure 21: Curve of /p;D ~ ¢(/E,.
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TasLE 3: Fitting parameters.
P; P, P, P, P P, P,
Parameter -0.04892 0.44786 0.37909 0.36068 10.78445 -0.68787
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FIGURE 26: Fitting effect drawing.

unchanged, while g, is constant, so, under any condition, s/h
is also the same. In the trial ramming of Weiru Road, h=4m
and s=0.05m, so

s=0.0125h. (18)

In dynamic compaction of embankment, penetration as
shown in equation (18) is used as the control standard.
Equation (18) shows that penetration is related to em-
bankment height, and it is incorrect to use fixed penetration
as the standard for compaction.

6. Conclusions

Using the finite difference method, the numerical analysis
results of the consolidation and settlement law of the ground
caused by the transformation of grade road into expressway
show the following:

(1) In the process of road reconstruction, the size of
foundation consolidation settlement is related to the
widening mode and the height of the existing and
new embankment. If the foundation and subgrade
are not treated, the settlement of consolidation ex-
ceeds the requirements of the code, and the differ-
ence of settlement is more obvious at the junction of
existing and new embankment. The settlement dif-
ference at the junction of existing and new em-
bankment causes tensile damage on the surface of
roadbed, which leads to longitudinal cracks and
other diseases. The existence of the existing em-
bankment makes the soil particles of the embank-
ment move to the new foundation. The settlement
difference of embankment after construction exceeds

the bearing capacity of pavement structure, so en-
gineering measures should be taken to reinforce the
existing embankment and the new natural founda-
tion and focus on the joint of the existing and new
embankment.

(2) The settlement curve of foundation shows obvious
asymmetry, which forms a great deal of uneven
settlement at the junction of new and existing
subgrade. With the increase of load eccentricity,
the position of the maximum settlement point of
foundation gradually moves to the new founda-
tion, so the treatment of the new foundation is an
important measure to reduce the settlement of
foundation. The greater the height of the new
subgrade is, the greater the uneven settlement is.
For a certain height of new subgrade, when the
height of existing subgrade is about half, the
uneven settlement is the largest. In order to reduce
the uneven settlement of foundation, it is sug-
gested to strengthen the new foundation.

(3) In order to put forward the dynamic compaction
parameters suitable for general embankment, the
dynamic compaction results of existing embankment
are extended. Single rammed energy of general
embankment can be shown in the following

equation:
n\2
MH ) <_) ’
o

where  a = g(cy/Ey, pD/Ey, 8.D/cy, ,D/¢,, 8,D/
po )/ (\/py D); if the soil is constant, & has a constant
value, and h is the height of the embankment.

(19)
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(4) Taking practical engineering as an example, the
general compaction stopping standard expressed by
penetration s degree is presented by numerical
method, namely, s=0.0125 h.
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