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In order to evaluate the traffic-load-induced cumulative deformation of road high liquid limit subgrade soil, a series of laboratory
tests are performed to determine the physical andmechanical properties of high liquid limit soil. A cumulative deformationmodel
is then developed with consideration of the effects of dynamic deviator stress, the number of repeated loadings, and the material
properties of subgrade soil. Based on Lu’s vehicle-road-ground coupling model, the traffic-load-induced stress, which is very
important in predicting cumulative settlement of the subgrade, is calculated explicitly..e layerwise summationmethod is used to
evaluate the traffic-load-induced cumulative deformation. Moreover, a parametric study is conducted using numerical com-
putation and the results show that the traffic-load-induced cumulative deformation is mainly generated from the shallow soil, and
the additional dynamic load plays an important role in analyzing the traffic-load-induced settlement.

1. Introduction

With the rapid development of high-speed traffic in China,
many engineering problems about high liquid limit soils are
sprouting out, which provides great developmental mo-
mentum and severe challenges for the further study of high
liquid limit soil or its related engineering. High liquid limit
soil is a kind of special soil which often expresses some
characteristics including high natural water content, high
porosity ratio, low permeability, low strength, and high
compressibility. Spring soil phenomenon and in-
homogeneous compaction have effects on the quality of
embankment construction just because the water in soil is
difficult to evaporate. When subjected to moving traffic
loads, the dynamic response and deformation performances
of the high liquid limit soil subgrade have large differences
with a traditional subgrade compacted by sandy soils or
gravels or artificial filling materials [1–5]. .is is due to the
fact that the high liquid limit soil has distinctive features of
high compressibility, disintegrating, softening by absorbing

water, shrinking and cracking by losing water, and repeated
changing.

For a road subgrade compacted by high liquid limit soils,
the cumulative plastic deformation of the subgrade due to
vehicle traffic load is one of the important factors that
control the long-term service life as well as the maintenance
cost of the road. .erefore, it is essential to predict the
traffic-load-induced cumulative deformation so as to carry
traffic safely, conveniently, and economically during its
entire lifespan. Some scholars carried out research on the
subgrade soil cumulative deformation caused by repeated
loading based on experiments [6–12], which make it possible
to derive empirical relationships of cumulative deformation
with the number of applied load cycles. Although this
method is simple, the dynamic characteristics of soils are not
taken into consideration, and the traffic-load-induced stress
is not calculated explicitly. By introducing different elas-
toplastic material models, several researchers developed
numerical methods such as the finite element method (FEM)
[13, 14], the moving element method (MEM) [15], the
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boundary element method (BEM) [16], and the FEM/BEM
hybrid scheme [17, 18] to study the deformation behavior of
subgrade soils subjected to cyclic loads. .eoretically, ex-
plicit simulation is preferable. However, it would consist of
implementing a conventional step-by-step elastoplastic
procedure, requiring the discretization of each individual
load cycle into a sufficiently small number of cycles, which
will quite rapidly lead to considerable computational time
and complete loss of numerical accuracy as the number of
cycles increase.

.e objective of this work is therefore to evaluate the
traffic-load-induced cumulative deformation of road high
liquid limit subgrade soil. In this paper, laboratory tests on
high liquid limit soil are carried out to derive the calculation
parameters. .en a cumulative deformation model is de-
veloped with consideration of the effects of dynamic deviator
stress, the number of repeated loadings, and the material
properties of subgrade soil. In case of an uneven pavement, a
more realistic vehicle-road-ground coupling model pro-
posed by Lu et al. [19] is employed to calculate the traffic-
load-induced dynamic deviator stress in subgrades. .e
layerwise summation method is used to evaluate the traffic-
load-induced cumulative deformation, and a parametric
study is conducted to consider the influences of types of
loads and the different depths on the cumulative de-
formation using numerical computation.

2. Laboratory Tests on High Liquid Limit Soil

2.1. Physical Property Tests. .e soil specimens used in this
experiment are taken from the soil sampling site at K281
section of Laibin-Mashan expressway in Guangxi, China.
.e subsoil in this area is the high liquid limit red clay, and
the basic physical parameters are shown in Table 1. As can be
seen from the table, the particle composition of the red clay
is characterized by fine particles, of which the content of clay
particles is the main component of the particles. Red clay
possess the properties of typical high liquid limit soil due to
the high natural water content that is over than saturated
state, the liquid limit is more than 50%, and the plasticity is
very strong.

2.2. Mechanical Property Tests. In order to study the road
performance of compacted red clay, three-axis shear tests
under different compaction degrees are carried out to de-
termine the shear strength index of compacted soil and
provide the parameters for subsequent related calculations.
According to the characteristics of embankment construction
and postoperation, the consolidation undrained triaxial tests
are adopted in the experiment under three different com-
paction degrees of 96%, 93%, and 90%, which corresponding
to the dry density value is 1.40, 1.45, and 1.50 g/cm3, re-
spectively. Figure 1 shows the stress-strain curves of test soil
with compaction degree of 96%. It can be seen from the figure
that the principal stress difference of soil samples with dif-
ferent confining pressures increases initially with the increase
of axial strain and then tends to be stable. .e stress-strain
curves for four confining pressures indicate strain hardening

up to the maximum of 20% axial strain, behaving as the
characteristics of plastic failure. .is result may be related to
the coupling effect of compaction degree and moisture
content of the red clay, which indicates that the soil grains can
easily be sticking together and there are no obvious shear
bands in the test samples under the condition of higher
moisture contents. Based on the Mohr–Coulomb strength
principle, Mohr stress circle and soil strength envelope at
different stress levels can be obtained, as shown in Figure 2.

In addition, the consolidation undrained triaxial tests are
carried out in terms of the remolded samples and un-
disturbed samples, and the test results are shown in Table 2.
It can be found that the cohesion of the red clay is 53.1 kPa in
its natural state, similar to the remolded state with the
compaction degree of 90%, and soil cohesion will increase in
some extent after increasing the compaction degree, for
example, if the compaction degree of remolded sample is
96%, the cohesion increases by about 18%. However, the
internal frictional angles of the remolded red clay samples
with three different compaction degrees have no significant
difference. .e initial compaction state can significantly
affect the cohesion of the soil, which indicates that the
compaction of the red clay subgrade contributes mainly to
the strength of the subgrade soil through increasing its
cohesion. .e nature of the increase of soil cohesion is
caused by the physicochemical interactions between mois-
ture and clay particles in which the bound water forms a
liquid film among the particles. .e original cohesion of the
soil is taken as the cohesive structure due to the presence of
bound moisture that leads to it. However, the stability of the
original cohesion of the soil is poor, and it decreases as the
water content of the soil increases because the increase of
water actually thickens the water film thickness between the
particles. It is an ancient and effective mechanical disposal
method to increase the strength of soil by compaction that
increases soil compaction to raise the number of contact
points and decrease the liquid membrane thickening space,
resulting in enhancing cohesion and strength of soil.

3. Cumulative Deformation of High Liquid
Limit Subgrade Soil

For high-speed railways and expressways, it is critical to
control the settlement of subgrade after construction very
strictly, while the subgrade receives millions of times of
repeated traffic loads during the operation period, and the
cumulative settlement is unavoidable. .erefore, how to
evaluate the cumulative deformation of compacted soil
caused by traffic load is very important. Monismith first put
forward an index model of cumulative plastic strain of soil
[20]. .en, Li and Selig proposed the formula [21] for
calculating the cumulative plastic strain of foundation soils
by considering the deviatoric stress and static failure stress:

εp � a
σd
σf

 

m

N
b
, (1)

where εp is the cumulative plastic strain of the soil; N is the
number of cycles of dynamic loading; a, b, and m are the
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parameters related to the soil type and plasticity index; and
σd and σf are the dynamic deviator stress and static failure
stress, respectively.

Based on equation (1), considering the dynamic load of
moving vehicles and the stratification of the subgrade sys-
tem, the cumulative settlement of the compacted subgrade is

obtained by employing the stratified summation method,
and the calculation steps are shown as below.

3.1. Calculating the Deviatoric Stress Caused by Traffic Load.
.e relationship between the dynamic deviatoric stress of
the subgrade and the stress component caused by traffic load
shown in

σd �
���
3J2


�

������������������������������������������������������
1
2

σxx − σyy 
2

+ σxx − σzz( 
2

+ σyy − σzz 
2

+ 6 τ2xz + τ2yz + τ2xy  ,



(2)

where J2 is the second invariant of the dynamic deviatoric
stress and σxx, σyy, σzz, τxz, τyz, and τxy are the six stress
components of the subgrade. To estimate the value of σd, the
3D traffic-load transfer mechanism and the characteristics of
a multilayered road structure must be considered. Also, it
has been proved that the dynamic load generated from
coupled vehicle-uneven pavement vibration made a sig-
nificant contribution to the traffic-induced stress compo-
nents in the ground [19, 22]. .us, the effect of pavement
unevenness must also be considered in prediction of the
traffic-induced stresses. Lu’s vehicle-road-ground coupling
model and dynamic response solution [19] are considered
suitable for this purpose.

3.2. Calculating the Static Failure Stress of Compacted Soil.
.e static failure stress of cohesive soil can be obtained:

σf � 2τf , (3)

where σf is the static failure stress of soil and τf is the
undrained shear strength of soil, which can be calculated
with the undrained total stress intensity index ccu and φcu.

According to the theory of effective consolidation stress,
clay is taken as a pure cohesive material. .e angle between
the direction of rupture and principal stress is 45 degrees.
.e corresponding strength formula is [23]

τf � cc +
1
2

σ1c′ + σ3c′( tanφc, (4)

where σ1c′ and σ3c′ are effective consolidation stress and τf is
the total shear strength, which can generally be calculated by
the consolidation undrained triaxial index ccu and φcu, as
shown below:

τf � ccu cosφcu +
1
2

σ1f + σ3f( sinφcu, (5)

where σ1f and σ3f are the effective principal stresses at
failure; in actual engineering, the subgrade soil is in the state

Table 1: Physical parameters of red clay.

<0.005mm particle content (%) Natural moisture
content (%) Density (g/cm3) Void ratio Saturation

(%)
Liquid limit

(%)
Plastic

limit (%)
Plasticity
index

62 58 1.68 1.46 106.6 73 41 32
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Figure 1: Stress-strain curve of 96% compaction.
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Figure 2: Strength envelope of compacted soil.
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of K0 consolidation. Assuming that the maximum principal
stress is self-weighting stress, corresponding to the triaxial
test, the soil samples are firstly consolidated by K0,
σ3c′ � K0σ1c′ . When increasing σ1 to destroy it, σ3f �

σ3c′ + 2τf , using equations (4) and (5), the following relation
is obtained:

τf �
ccu cosφcu
1− sinφcu( 

+
1 + K0( σcz sinφcu

1− sinφcu( 
, (6)

where K0 is the soil lateral limit coefficient and σcz is the soil
self-weight stress. Employing equation (6), one can obtain
undrained shear strength formula with the consolidation
undrained test, and the static failure stress of cohesive soil
can be calculated by using equation (3).

3.3. Determining Parameters a, b, and m. .e accurate pa-
rameters can be obtained through the indoor triaxial test or
field vibration test. Fit a andmwith the relation curve of first
cyclic plastic strain and deviatoric stress with the first
loading test under different deviatoric stress levels. .en fit
the curve of cumulative cyclic strain and the corresponding
first cycle plastic strain to obtain b. Li and Selig proposed the
parameters a, b, and m as shown in Table 3 [21] through
dynamic triaxial tests with different silts and clays. .e
second part of the experiment shows that the test soil in this
paper is a typical high liquid limit clay..erefore, the data in
Table 3 can be used for subsequent analysis.

3.4. Calculating the Cumulative Plastic Strain of the Subgrade.
Based on the above research, the compacted subgrade is
stratified thinly (for example, 0.1m per layer), and the cu-
mulative plastic strain of each layer of the subgrade is cal-
culated by the strain model of equation (1).

3.5. Determining the Cumulative Plastic Deformation of the
Subgrade. After obtaining the cumulative plastic strain of
the each layer, the total cumulative plastic deformation can
be calculated by the stratified summation method:

SP � 
n

i�1
εpihi, (7)

where SP is the total cumulative plastic deformation of the
subgrade, εpi is the cumulative plastic strain of the ith soil, hi

is the thickness of the ith soil, and n is the total layer number
of subgrade. Combining equations (1) and (7), the cumu-
lative plastic deformation model of the high liquid soil
subgrade under traffic load can be obtained:

SP � 
n

i�1
ai

σdi

σf i

 

mi

N
bi hi. (8)

It has been proven that the dynamic deviator stress is
crucial in predicting the traffic-induced permanent de-
formation of the road subgrade, which is an important
factor that controls the service life and maintenance costs
of the road. .erefore, it is desirable to investigate the
dynamic deviator stress firstly. In this section, the 20-ton
heavy truck with a speed V � 80 km/h is considered. .e
parameters of pavement unevenness are fixed at λ� 12m
and A � 2mm. .e thickness of pavement is 0.5m, and the
elastic modulus and Poisson’s ratio are 1200MPa and 0.25,
respectively. Other parameters are the same as Lu et al. [19].
Both of the axle load and the additional dynamic load are
considered.

Figure 3 shows the distributions of the dynamic deviator
stress at different depths of the subgrade caused by the axle
load. It can be found from the figure that the dynamic
deviator stress at different depths is basically symmetrical
along the x� 0 axis. As the depth increases, the dynamic
deviator stress of the subgrade rapidly decreases, and the
influence range of the dynamic deviator stress in the moving
direction of the vehicle is limited to the range of
−4m< x< 4m. Beyond this range, the dynamic deviator
stress is small. In order to show the contribution of the
additional dynamic load, Figure 4 presents the distributions
of the dynamic deviator stress caused by the axle load and
the additional dynamic load, respectively, at the top of the
subgrade. It can be seen from the figure that the maximum
dynamic deviator stress at the top of the subgrade of 20t
heavy truck induced by the axle load can reach 35.8 kPa and
the maximum dynamic deviator stress generated by the
additional dynamic load is 6.2 kPa. .e proportions of total
dynamic deviator stress are 85.2% and 14.8%, respectively.

Figure 5 shows the variations of the dynamic deviator
stress with subgrade depth. It can be seen that the dynamic
deviator stress decreases rapidly with the increase of the
depth. In the shallow region (0m< x< 1m) of the subgrade,
the dynamic deviator stress decreases very rapidly; as the
depth increases (1m< x< 3m), the decay of the deviator
stress becomes slow. It is predictable that the cumulative
plastic deformation of the subgrade caused by traffic load
will be mainly produced by shallow soil.

Based on the laboratory tests on high liquid soil and the
abovementioned prediction model, the cumulative plastic
strain, and cumulative deformation of the subgrade can be
calculated and analyzed. In the calculation, the cohesion of
compacted soil is 61.5 kPa and the internal friction angle is
26.6 according to Section 2. Material parameters a, b, and m
are taken as 1.20, 0.18, and 2.40, respectively. Figures 6–8
show some of the results.

Providing that the traffic loads move along the cen-
treline of the road, Figure 6 presents the distributions of

Table 2: Strength parameters of the red clay under different
compaction degrees.

Remoulded samples

Strength parameter

Compaction
degree (%) Undisturbed samples

90 93 96
Degree of

saturation (%) Degree of saturation (%)

71.5 77 83 106.6
Internal friction
angle (°) 26.2 26.3 26.6 27.6

Cohesion (kPa) 52.2 58.6 61.5 53.1
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cumulative plastic strain of crossroad profile after ten
million cycles, where different depths including 0.0, 0.25,
0.5, 0.75, and 1.0m below the subgrade surface are con-
sidered. It can be seen from the figure that the distribution
law of cumulative plastic strain along the moving direction
is similar to the dynamic stress distribution law, as shown
in Figure 3. .e cumulative plastic strain at the top of the
subgrade is the largest; as the depth increases, the cu-
mulative plastic strain decreases gradually. At depth

z � 1.0m, the maximum cumulative plastic strain is only
0.03%, which is significantly smaller than that of the
subgrade surface. .is indicates that the traffic-load-
induced cumulative deformation is mainly generated by
the superficial layer of the subgrade within 0∼1m. In
addition, it can also be seen from Figure 6 that the dis-
tribution of cumulative plastic strain with the horizontal
direction is concentrated in the range of −1m < x < 1m,
beyond which the cumulative plastic strain is small. .is

Table 3: Different soil material parameter values.

Parameters Low liquid limit silt High liquid limit silt Low liquid limit clay High liquid limit clay
a 0.64 0.84 1.10 1.20
b 0.10 0.13 0.16 0.18
m 1.70 2.00 2.00 2.40
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demonstrates that after opening to traffic for many years,
there will be obvious settlement directly below the tire of
the traffic lane, and the settlement near the shoulder of the
road, which is seldom affected by tire repetition, will be
small, resulting in the uneven settlement of the entire road
cross section.

Figure 7 shows the development of cumulative plastic
strain with the number of loading cycles for different
subgrade depths. It can be seen from Figure 7 that the
curves for different subgrade depths exhibit the same
tendency. .e cumulative plastic strain grows quickly
initially, but the speed of increase becomes gradually
slower. Figure 8 presents the distributions of cumulative
deformation with the number of repeated loading cycles at
the subgrade surface..e different contributions of the axle

load and additional dynamic load to the cumulative de-
formation are also investigated in Figure 8. As can be seen
from the figure that the total cumulative plastic de-
formation of the subgrade can reach 2.84mm after ten
million loading cycles, and the percents of the axial load-
induced cumulative plastic deformation and additional
dynamic load-induced one in the total deformation are
69% and 31%, respectively. .is result implies that the
additional dynamic load generated from coupled vehicle-
pavement vibration plays an important role in the traffic-
induced cumulative plastic deformation in the subgrade
and should not be neglected when predicting the traffic-
induced settlement.

4. Conclusions

In this paper, the traffic-load-induced deformation of road
high liquid limit subgrade soil is investigated. .e main
conclusions of this study can be summarized as follows:

(1) .e additional dynamic load generated from coupled
vehicle-pavement vibration plays an important role
for the traffic-induced deviator stress in the subgrade
and should not be neglected when predicting the
traffic-load-induced deformation.

(2) .e values of cumulative strain of different depths
decrease sharply along the horizontal direction
and then gradually decrease to zero when far away
from the road centreline by more than 3m. .is
indicates that after opening to traffic for many
years, there will be obvious settlement directly
below the tire of the traffic lane, and the settlement
near the shoulder of the road, which is seldom
affected by tire repetition, will be small, resulting in
the uneven settlement of the entire road cross
section.

(3) After 10 million cycles of loading, the total cumu-
lative plastic deformation of the subgrade can reach
2.84mm, and the percents of the axial load-induced
cumulative plastic deformation and additional dy-
namic load-induced one in the total deformation are
69% and 31%, respectively.
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