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Abstract: In the field of civil engineering and architecture, the concept of symmetry has been widely
accepted. The bridge can be treated as a typical symmetrical structure of civil engineering buildings.
Among them, the Subgrade can be identified as an important part to bear the vehicle loads. Severe
pavement problems and bridge service capabilities will be caused by problems of the bridge-sub-
grade transition section. Therefore, setting the rigid—flexible transition is an important method to
solve this problem. The bridge-subgrade transition section has been set at both ends of the bridge,
which can be regarded as a typical symmetrical structure. Based on nonlinear finite element numer-
ical simulation and synergistic theory, the cooperative control problems of the bridge-subgrade
transition section were studied in this work. The change rule of the stiffness of the transition section
was discussed and the influence of stiffness variation of the bridge-subgrade transition section on
the stress state of the structure was also analyzed. Furthermore, the influence of subgrade stiffness
change on the stress and strain field was analyzed. A permanent strain prediction model was estab-
lished and stiffness or subsidence difference coordination control was also discussed.

Keywords: bridge-subgrade transition section; rigidity—flexibility transition; permanent deformation;
stiffness difference; settlement difference

1. Introduction

The bridge—subgrade transition section is the connection between bridge and pave-
ment. The transition section is set at the bridge head and tail, so it can be regarded as a
typical symmetrical structure. This section can balance the stiffness difference and settle-
ment difference of the two structures and increase the pavement’s integral continuity. Due
to the lack of processing bridge-subgrade transition sections during the engineering de-
sign process, construction control is not effective, and the problems of operation or
maintenance technology are unreasonable. It will lead to the following two kinds of prob-
lems in transition section, widely. First, the pavement structure of the transition section
produces a settlement or fracture in retailing backwall. Second, the vehicles have obvious
bumps when they pass the transition section, which is the so-called “bump at bridge-
head”. Because the bridge—subgrade transition section is set symmetrically, the “bump at
bridge-head” occurs when the driver drives into and out of the bridge.

Wabhls thought the step height of 1.2 cm would produce the bump effect [1]. Strak et
al. found the step height of 2.5 cm would produce the bump effect [2,3]. This problem
would bring many undesirable results such as affecting driving comfort, forcing vehicle
deceleration, influencing pavement service performance and transportation efficiency, af-
fecting service life of the vehicle, and leading to traffic accidents [4]. The problems of the
bridge-subgrade transition section have become one of the important factors that affect
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pavement service ability seriously. Therefore, it is necessary to put forward a more rea-
sonable design method to solve the problem of the bridge-subgrade transition section.
There are many factors that can cause the vehicle dumping effect. Researchers have
paid a lot of effort to solve the “bump at bridge-head”, and foundation treatment, sub-
grade treatment, and surface treatment are common preventive measures [5]. However,
many practical projects showed that a simple “rigid—flexible transition” design of bridge—
subgrade transition section cannot fundamentally solve the transitional problem. In this
work, the change of stress and strain caused by loads in subgrade and base was explored
to solve the vehicle dumping problem. The difference between the stiffness and the settle-
ment was analyzed [6,7], and the effect of the stiffness variation of the subgrade on the
stress state of the transition section was discussed by using finite element analysis [8,9].

2. Numerical Model and Parameters
2.1. Geometric Parameter

The numerical model of bridge—subgrade transition section was established. The
length of the model was 26 m and the width was 4 m. Also, the pavement type of this
model was semi-rigid asphalt, of which the thick of upper layer, middle layer, lower layer,
and base were 4 cm, 6 cm, 8 cm, and 40 cm, respectively, as shown in Figure 1. In order to
achieve a continuous change of subgrade stiffness longitudinally along the pavements in
the transition section, the subgrade structure was divided into 22 parts in this paper. The
length of both ends was 3 m, and the rest of the parts were all 1 m, as shown in Figure 2.
When conducting parametric analysis, each part was endowed with the material param-
eters of continuous change to describe the nature of the transition section stiffness change.

The large difference in stiffness between abutment and backfill at the junction of
pavement and bridge, and the stress response generated by vehicle load is transmitted to
the junction. However, most of the energy is reflected back on the surface of the abutment,
and only a small part is transmitted to the inside abutment. The stress response of the
abutment was not considered in this work of establishing numerical model. It is assumed
that all the loads transmitted to the junction can be reflected back to the subgrade. There-
fore, horizontal constraint conditions are adopted at the junction of pavement and bridge
in the model.

Figure 1. Numerical model of bridge—subgrade transition section.

Figure 2. Numerical model grid of subgrade structure.
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2.2. Simplified Model of Load

Using the existing theory to analyze pavement stress state, the vehicle load was sim-
plified to a circular uniform distributed load. A large number of investigations and exper-
imental research results showed that the shape of the wheel contacting with the pavement
was closer to a rectangle and indicated a non-uniform characteristic phenomenon [10].
Based on the comprehensive research results, Figure 3 can be selected as the simplified
model of wheel load, the double-type load was simplified into distributed pressure of two
rectangular loads. The dimensions were 0.22 m x 0.16 m. The distance between two rec-
tangular centers was 0.32 m, and load intensity was 0.7 MPa.

Figure 3. Simplified model of wheel load.

2.3. Material Parameters

Assuming that each of the layer structures was line elastomer, the elastic modulus
and Poisson’s ratio were control parameters. This paper focused on the influence of sub-
grade stiffness on the pavement structure, and a combination structure of semi-rigid pave-
ment, structural grouping, and material parameters were shown in Table 1.

The subgrade material was used as the analytical parameter of the material in this
paper. It was assumed that the variation of subgrade stiffness is from 30,000 MPa to 40
MPa and corresponding Poisson’s ratio ranges from 0.2 to 0.35, as shown in Table 1.

Table 1. Material parameters in the calculation model.

Structural Layer Material and Thickness Elastic Modulus E Poisson’s Ratio p
Upper layer Asphalt concrete ac-10/4 cm E = 1500 MPa u=03
Middle surface Asphalt concrete ac-16/6 cm E =1200 MPa u=0.3
Bottom layer Asphalt concrete ac-20/8 cm E = 1000 MPa u=03
Semi-rigid base Cement stabilized crushed stone/40 cm E = 1500 MPa u=0.3
E = 30,000~10,000 MPa u=0.2
E =10,000~5000 MPa u=0.25
Subgrade / E = 5000~1000 MPa n=03
E =1000~40 MPa pn=0.35
Abutment Cement concrete E =30,000 MPa u=02

3. The Influence of Changes in the Way the Stiffness of Bridge-Subgrade Transition
Section on Structural Stress State

3.1. Selecting the Calculation Index

When ignoring the stiffness difference between the abutments and bridge—subgrade
transition section, the stiffness of the internal bridge-subgrade transition section varies con-
tinuously. Although there is no stress concentration phenomenon, stiffness changes within a
certain range and it can also cause stress redistribution in the transition section of the pave-
ment structure. Considering that the pavement structure has different stiffness sensitivities,
the stress state of pavement may exceed the strength of pavement structure when the stiffness
has decreased to a certain value. Based on the results, according to the stress characteristics,
the stress magnitude, and variation range of each structural pavement layers, four indicators
can be selected as the pavement surface deflection value. Tensile strain at the bottom of the
middle layer, tensile stress at the bottom of the base layer, and subgrade top surface
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compressive strain were selected to describe the stress state change in the pavement structure
of the transition section when the subgrade stiffness decreases along the pavement by the lon-
gitudinal.

3.2. The Influence of Stiffness Linear Change on Structural Stress State

At present, the backfilling scheme was mainly in the form of an inverted trapezoid
and a positive trapezoid, which was based on stiffness with the backfill material thickness
in order to achieve uniform continuous reduction. However, the ratio of stiffness differ-
ence and the bridge-subgrade transition section will affect the stress state of pavement
and the filling cost directly. It is necessary to explore the transition form and proportion
of the transition section. In this paper, the minimum value of the subgrade stiffness near
abutment and the bridge-subgrade transition section were 500 MPa and 40 MPa, respec-
tively. In addition, using a linear proportional transition, the filling length of the bridge-

subgrade transition sections were analyzed by 20, 15, 10 and 5-m, as shown in Figure 4a—
e.
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Figure 4. (a) Surfacing deflection under the linear change of stiffness, (b) Tension strain of the mid-

dle plane under the linear change of stiffness, (c) Transverse tensile stress of the bottom of semi-

rigid base under the linear change of stiffness, (d) Longitudinal tensile stress of subgrade under

linear change of stiffness, (€)The compressive strain of subgrade under the linear change of stiffness.

In addition to the different variations of tensile strain of the middle layer, the stress
state of each layer structure in the transition section has a similar variation rule. First,
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pavement surface deflection, the tensile stress of the base layer, and the compressive strain
of the top of subgrade were all increased with the distance from the abutment. Second,
with the length of the transition section decrease, the stiffness transition ratio and the var-
iation rate of the pavement structure stress state increase. However, the stress state of the
pavement structure under different stiffness transition ratios has little difference when
compared to the pavement stiffness. Therefore, the stress state of the pavement structure
is mainly affected by the stiffness of the subgrade and less by the variation rate subgrade
stiffness which directly affected the variation rate of stress state of the pavement structure.
Third, the variation rate of the stress and strain were increased with the distance from the
abutment. As the stiffness was large, the sensitivity of the stress state was weak and as the
stiffness of the pavement gradually decreases, the sensitivity was strong.

In a word, tension stress on the bottom of the middle surface course was affected
largely by the boundary condition. The oversize length-width ratio of the numerical

model was the main reason for this result.

3.3. The Influence of the Nonlinear Stiffness Ratio to the Structural Stress State

Simulation results showed that the variation of pavement stress state and stiffness change
have a good correlation with the form of the denary logarithm. Although the homogeneous
continuous change of stiffness can occur, the stress state of the pavement doesn’t achieve a
homogeneous continuous change. In actual pavement construction, the ideal pavement stress
state should change continuously and homogeneously along the pavement longitudinal line.
Therefore, this study attempts to realize a pavement structure stress state that varies linearly
when the stiffness of the pavement bridge transition section changes nonlinearly in the same
change interval along the longitudinal direction. When the subgrade stiffness along the longi-
tudinal pavements are in the range of 500~40 MPa, continuous transition was realized in the
20 m and 10 m length range and in the form of the denary logarithm, as shown in Figure 5a—
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Figure 5. (a) The deflection value under the nonlinear change of stiffness, (b) Transverse tensile
stress at the bottom of base under the nonlinear change of stiffness, (c) Longitudinal tensile stress of
subgrade bottom under the nonlinear change of stiffness, (d) Compressive strain on the top of sub-

grade under the nonlinear change of stiffness.
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Stress/m

4. The Influence of the Stiffness Variation Mode of the Transition Section on the
Stress and Strain Field

Permanent deformation of aggregates and soil was affected by internal factors and
environmental factors, it was also affected by load factors and major load size and load
times were considered as primary load factors. For foundation settlement, its additional
load contains vehicle loads and superstructure gravity loads, and because of the limited
influence depth of vehicle load, the vehicle load can be simplified as the equivalent height
of the soil. The additional load on the subgrade was a uniformly distributed strip load and
vehicle load imposed on the pavement, vehicle load exists in a limited subgrade depth,
the load stress values at different layers varied greatly. In addition, the vehicle load in
subgrade often exists in the form of dynamic loads and impact loads, which cause the
complicated subgrade settlement problems. The boundary conditions of the bridge tran-
sition section were complex. The subgrade modulus changes are orderly along the longi-
tudinal line of pavement, which make the stress field and strain field of the subgrade in
the bridge transition section different from other general sections.

4.1. The Influence of Variation of Subgrade Stiffness on Stress and Strain Field

When the resilient modulus of the subgrade is in the range of 40~2000 MPa and the
length of transition section is within 20-m, the distribution of stress field is in the base and
subgrade. Note that the abscissa “depth” was not the true depth value, it was defined that
the top surface of the base was the starting point-zero. Then the depth of boundary of the
bottom of subgrade and surface of basement layer was 0.4 m. For the need of drawing and
reading, the abscissa was only an approximate coordinate in Figure 6a. The stress field
distribution of base and subgrade in a real depth coordinate is shown in Figure 6b,c.
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Figure 6. (a) Stress field of base and subgrade when the resilient modulus of subgrade is changed,
(b) Distribution of stress field in base, (c) Distribution of stress field in subgrade.
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It can be seen from Figure 7a—c that resilience modulus of subgrade in the bridge
transition section decreases linearly as the distance increases. However, the variation in
the stiffness of subgrade has little influence on vertical stress in the top surface of the base-
ment layer. With the distance from the top surface to the base layer increasing (i.e., the
depth increasing), the impact of changes in subgrade stiffness on the stress field in the
base layer and subgrade increases. As the depth increases, the base layer and subgrade
stress field decline rapidly. At the same time, the concept of “subgrade work area” can
verify that the impact of stress on the subgrade vehicle load occurs within a limited depth,
typically 0.8 m [11]. When this model subgrade depth is 2 m, vehicle load and subgrade
stiffness” effect on the stress field was very small and can be ignored.

(@)
/ 20
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o 12 S
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£ 100 6 & £
&z g & z
50 2 P©
&
0 0 &
0 1 2 B 4 5 0\’
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0 0 . 2
9 1 2 a3 & 5 g

Depth/m

Figure 7. (a) Strain field of base and subgrade when the subgrade modulus is changed, (b) Strain
field in base, (c) Strain field in subgrade.

Variation of strain and stress field were significantly different from each other, and the
performance was more complex. There was a big difference in the distribution of the base
layer and the subgrade strain field. With the increase of the distance that the abutment or sub-
grade stiffness decreases, the stress field in the substratum and subgrade decreases. The strain
field in the substratum also showed the same trend, but the strain field in the subgrade in-
creased. Second, with the increase of depth, the stress field was gradually reduced. When the
subgrade stiffness was small, the strain field meet this rule. When the subgrade stiffness de-
creases to a certain value, the strain field on the top of the subgrade will break the rule. At the
same time of the emergence of a maximum strain, the strain field in the subgrade will be
stronger than the stress field in the substratum. Moreover, the maximum value of medium
pressure stress exists on the surface of the base and the maximum value of the compressive
strain appears in a certain depth under the substratum. This model appeared at 10 cm. Finally,
with the reduction of stiffness, the difference of compressive stress in different depths de-
creases and the compressive strain increases.
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4.2. Effect of Subgrade Stiffness Variation on Stress and Strain Field

In chapter 4.2, the rule of stress and strain field in the base and subgrade was intro-
duced. During the structural designs of the bridge-subgrade transition section, the sub-
grade stiffness or the resilient modulus of subgrade may be changed. For this reason, com-
pared with the maximum subgrade resilient modulus, respectively, as 2000 MPa, 1000
Mpa, and 500 MPa, the corresponding stress and strain field were changed with the linear
variation in 20 m, 15 m, and 10 m.

Figure 8a is a “stiffness equivalent” approach (i.e., the corresponding stress value
was drawn by the subgrade stiffness value, the equivalent stress field was obtained). Ig-
noring the boundary conditions of the numerical model itself, different horizons of the
transition section and the vertical stress field at different locations were only related to the
subgrade stiffness (modulus of resilience) and had little relation with the rate of change
of stiffness.
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Figure 8. (a) Distribution of stress field when the subgrade modulus is changed, (b) Distribution of
strain field in base when the subgrade modulus is changed, (c) Distribution of strain field in sub-
grade when the subgrade modulus is changed.

Figure 8b,c corresponds to the base and the distribution rule of the strain field in the
subgrade. It can be concluded that the strain field also satisfies the same rule and the com-
pressive strain values at different positions and locations on the transition section were
related to the stiffness (modulus) of subgrade at its location and had little relation with
the change of stiffness (modulus of resilience).

The rule of the stress and strain field along with the change of the subgrade stiffness
in the bridge—subgrade transitional section was shown once again. Stiffness difference and
settlement difference can be solved by collaborative design of structures and materials.
However, stiffness needs continuous change. Too much difference can result in stress re-
distribution, especially a stress concentration phenomenon. The functional relationship
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between the compressive stress value and the subgrade stiffness value, the compressive
strain value, and the subgrade stiffness value need to be further determined and modified.

When the subgrade stiffness (modulus of resilience) of bridge-subgrade transition
section was a linear or nonlinear variation, the stress and strain field were also related to
the size of stiffness. However, stiffness variation was relative (i.e., stiffness variation
within a certain distance or between two adjacent points). The variation of the stress and
strain field can only be judged by the change of the adjacent two points or a certain dis-
tance. Analysis of the rule of the reaction from Figure 9a, the relationship between strain
and stiffness was an exponential function, which also fit the reasoning above. The sub-
grade stiffness was nonlinear variation, and the change of stress state on pavement struc-
ture was more balanced. Figure 9b,c once again verifies this inference.
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Figure 9. (a) The state of stress field when subgrade stiffness varies in different ways, (b) The state
of strain field in base when subgrade stiffness varies in different ways, (c) The state of strain field in
subgrade when subgrade stiffness varies in different ways.

From the above three figures, we can conclude that when the subgrade stiffness
(modulus of resilience) forms a nonlinear function change, the stress and strain field in
base and subgrade approximate linear variation along with the increase of the longitudi-
nal distance of the pavement; and the change was balanced and continuous.

In a further comparison, the results of non-linear changes in the stress field are
slightly smaller than the linear variation in the stress field, and the strain field in the base
also fits this rule. In the subgrade strain field, the results of nonlinear changes are slightly
larger than the result of a linear change. This phenomenon was determined by the sub-
grade stiffness value and the sensitivity of stress and strain to the change of stiffness.

4.3. Effect of Load Size on the Stress and Strain Field

The distribution of stress and strain in a bridge—subgrade transition section was in-
fluenced by its structure and boundary conditions and the size of the load. The result of
the previous paper was based on the vehicle load size of 0.7 MPa. Considering the real
traffic load, the load was selected as 0.7 MPa, 0.8 MPa, and 0.9 MPa. The condition to
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Stress/kPa

250

150

50

analyze the effect of the load size on the stress and strain field was also provided in this
paper.

As can be seen from Figure 10a-c, the change of the load size does not change the
rule of the stress field and the strain field in base and subgrade. When the load increases,
the stress and strain in base and subgrade were obviously increased. As the depth in-
creases, the influence of the load size on the stress and strain field was weakened. The
influence of load size on the stress and strain field in the subgrade was very limited. In
addition, the data shown in this paper is within 2 m depth.
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Figure 10. (a) The influence of load on stress field, (b) The influence of load on base strain field, (c)
The influence of load on subgrade strain field.

4.4, The Relation between Stress and Strain Field

In the previous paper, it has been revealed that the change of the stress and strain
field in the base and subgrade was affected by the change of the stiffness and the load in
the subgrade. Further comprehensive explanation of the rule was shown as follows.

As can be seen from Figure 11a—c, the stress and strain field of the base have similar
variation, which is compressive stress and strain increasing with the distance increased
from the abutment and reducing with the subgrade stiffness decreases. The stress and
strain field of subgrade have the opposite variation, which is the stress field decreasing
with the subgrade stiffness decreases and the opposite situation with the strain field. The
strain field in base and the strain field in the subgrade have the opposite variation, but the
rule of the stress field variation is the same. When the subgrade stiffness changed by a
nonlinear rule along the longitudinal pavement, the stress and strain field were changed
more evenly and continuously.
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Figure 11. (a) Stress and strain in subgrade and base, (b) Stress and strain field in base, (c) Stress and
strain field in subgrade.

In general, the stress and strain field of base were relatively stable and the sensitivity
to the subgrade stiffness was weak. If the change of stress field caused by the stiffness of
subgrade was less than 50 kPa at a certain depth, and the strain field changes less than 50
micro-strain, the stress and strain field at a certain depth in the subgrade were much
higher than this standard. When the resilient modulus of subgrade was lower than 500
MPa, the resilient modulus of subgrade near the abutment should be higher than 500 MPa.
In addition, when the resilient modulus of subgrade of transition section was lower than
500 MPa, the modulus change rate should be reduced appropriately to ensure that the
stress and strain field were changed continuously and evenly.

5. The Coordinated Control of the Stiffness and Permanent Deformation in Bridge-
Subgrade Transition Section

5.1. The Main Factors Influencing Permanent Deformation of Aggregate and Soil

The filling materials of the subgrade and the base in the bridge-subgrade transition
section are granular materials, and nonlinear elastic plastic materials. The strain under the
load was composed of two parts (i.e., resilience strain and permanent strain) [12,13]. Alt-
hough the permanent stress of aggregate and soil variables by each load was very small,
it gradually accumulated in many repeated traffic loads, resulting in over large post-con-
struction settlement in the bridge—subgrade transition section.

The repeated stress level and loading times are the most important factors affecting
the permanent deformation and accumulation of aggregates and soil. Many repeated
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loading tests of three axes have proved that the axial permanent stress variable and sum
of accumulation increased with the increase of the partial stress. In addition, with the re-
peated action of the load, the permanent strain of aggregate and soil can produce tiny
increments. The permanent strain tends to be stable or destroyed when it reaches a certain
amount of accumulation. Under the expected service life or the traffic loads, a point in the
spatial structure of transition section of the stress level and loading times is constant.
Therefore, we can make the permanent stress change in the controllable range by choosing
reasonable materials or predicting the permanent deformation of the bridge-subgrade
transition section.

5.2. The Prediction Model of Permanent Strain

By studying the permanent strain long-term character of aggregate and soil, many
scholars have established the constitutive model which can predict permanent strain ac-
cumulation. These models mainly consider the permanent strain in different natures and
states of aggregate and soil, the rule of gradual accumulation along with the increase of
the number of loads, and the important role of different stress conditions and levels in the
accumulation of permanent strain [14]. The following contents were mainly introduced in
the model in the same load action times and stress conditions.

By relating the accumulation of permanent strain with the number of loads and the
corresponding stress levels (partial stress q and confining stress & ), Kim used 13 kinds

of stress combinations on an aggregate of base to conduct a constant confining pressure
stress three axis test and established the following model [15]:

&,=aq"ciN’ (R*=0.843) (1)

&, =a(-LY' N (R*=0.167) )
0.

3

where: g, b, ¢, d are the model parameters obtained by regression analysis.

By using the experimental methods of staged repeated loading, Gidel concluded that
the permanent strain increased with the increase of the average principal stress, ratio of
the partial stress, and the average principal stress, correlating with the stress path length
and height of stress ratio. A permanent strain model was established which was composed
of the number of role functions and the role stress functions [16].

N - Lmax n 5 qmax -
Elp:A{l—(ﬁ) b}‘o(p—a) (1 + —— —max )™ 3)

max pmax

where: &y, m, n, s—test parameters;
p, —reference stress (1000 kPa);

2 2 2
L. —stresspathlength. L, =p. +q. .

The COST337 project of the European Commission considers that establishing a re-
lationship between the permanent strain and the resilient modulus can easily calculate the
cumulative amount of permanent deformation by incremental damage mode [17].

_ 2N
e, =ae/N (4)
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or ¢, = aef(ﬂ)Nd ®)

a

where: 0, —rebound stress;

p, —reference stress, taken as the atmospheric pressure (100 kPa);

a, b, ¢, d—coefficient of restitution.
According to Uzan, a function can be used between the number of times and the ratio
of permanent strain and rebound strain in cohesive soil subgrade [18].

&
lg—=a,+b,lgN (6)
P

r

where: Sp , & —permanent strain and rebound strain;

N —action times;

a., b —constant.

0’/ Yo

The permanent deformation model used by Tseng is shown as follows [19].
& & XY
i (_O)e N 7)
g?’ gf’

where: & ,0, [ —the parameters relating to properties of materials.

The Mechanics-Empirical method of pavement design experience guide uses the
summation of stratified strain method to estimate permanent deformation of granular
layer and subgrade based on the permanent strain model established by Tseng. The cor-
rection model was put forward to predict the permanent deformation of granular layer
and subgrade layer [20].

g, (2
6,(N)= ﬂc(g—o)e Neyh (8)
lgB8=-0.61119-0.017638w, ©)
Ly
lg(?) = O.S(epﬁ xa,E")+0.5 e xa,E” (10)
. -5
—107 0 11
=10 =] "
5 | T-0-3586xdy"

w, = 51.712[(F;5)0-64} (12)

bl
¢, = In ”1];;; ) (13)

a 2

27r



Symmetry 2022, 14, 950

14 of 16

where: 5p (N) —permanent deformation of the layer after loading N times;
&,, P P —property parameters in the layer material;

£, —the resilience strain in the laboratory tests for obtain the material properties;

&, —the average vertical rebound strain in the layer was obtained from the basic
response model;

h —thickness of the layer;

P —calibration coefficients in the model;

@, —water content;

E_ —resilient modulus of the layer;

d,, —deep underground water level;

. by, a, and b, —coefficient, corresponding to 1.0942 x 108, 3.520049,

0.03162278 and 0.5.

a a

5.3. Cooperative Control the Difference of Stiffness and Settlement

The post-construction settlement of bridge-subgrade transition period is mainly
composed of three parts: foundation settlement, consolidation settlement of subgrade and
compression deformation of subgrade. However, there was a great difference in actual
engineering that the contribution ratio of the three parts hadn’t been given a reasonable
range. Therefore, the common method is to enable the three parts to achieve “zero settle-
ment”.

The permanent strain accumulation rule of aggregate and soil was connected with
repeated load levels and action times. The present experimental studies have shown that
a critical stress level can make a granular layer and a subgrade tend to be stable under the
action of repeated loads, called the “stability limit”. When the maximum stress in the
granular layer and the subgrade soil do not exceed this stability limit, the granular layer
or substrate show resilience after repeated loading. Meanwhile, the accumulation of per-
manent deformation can be controlled within a limited range.

At present, in the main method of pavement design, the Shell and AI method [21],
the permanent deformation of the subgrade was effectively controlled by controlling the
compressive strain and the compressive stress on the top of the subgrade. Compressive
strain on the top of the subgrade method was mainly based on the direct ratio of material
plastic and elastic strain. The elastic strain was controlled within the effective range, and
the plastic strain can be effectively controlled [22]. If the elastic strain level of the subgrade
was limited, the plastic strain and the permanent deformation of subgrade and pavement
can be limited.

The analysis in the previous work shown that there was a good correlation between
the variation of subgrade stiffness and the stress [23]. The strain field of subgrade and the
size of stress and strain field at a certain depth in subgrade was only related to the stiffness
of the subgrade. The strain field in subgrade increases with the decrease of the subgrade
stiffness. The function characteristic of bridge—subgrade transition section requires that
the transition section to achieve the settlement transition by longitudinal along the pave-
ment, therefore, the permanent deformation of the subgrade can be realized by controlling
the change rule of subgrade stiffness.

6. Conclusions

Pavement surface deflection value, tensile strain at the bottom of the middle plane,
tensile stress at the bottom of the base layer, and subgrade top surface compressive strain
were chosen as the indices of stress state analysis on the transition section. The influence
of the subgrade stiffness variation on stress state was discussed in this paper. Based on
the analysis, the following conclusions can be made: first, when the subgrade stiffness of
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bridge-subgrade transition section linear decreased longitudinally along the pavement,
the four indicators had a better correlation. In addition, when the stiffness value was low,
the rate of change of each index increased, which is caused by the sensitivity of stress state
increasing with the decrease of the stiffness value. Second, the stress and strain level in
the stress state of the pavement structure were mainly related to the subgrade stiffness
and the rate of stiffness change was mainly related to the rate of subgrade stiffness change.
Third, when the subgrade stiffness has nonlinear variation in the form of an exponential
function, the stress state change within the pavement structure is more uniform and con-
tinuous than a stiffness linear variation. It can better ensure the continuity of the overall
structure on the pavement.

On the other hand, the variation rule of the vertical compressive stress and vertical
compressive strain in the base and subgrade under wheel load was described when the
subgrade stiffness changed in the bridge-subgrade transition section. The stress field in
subgrade and base was only related to the subgrade stiffness. The rate of stress and strain
field in subgrade and base was related to the rate of stiffness variation. When the stiffness
was small, the rate of change was large. The variation rule of the stress field was similar
to the strain field in base layer, both decrease with the decrease of the subgrade stiffness.
The rule of change of the stress and strain field in the subgrade was the opposite, the stress
field in the subgrade decreases with the decrease of the stiffness. The strain field increases
with the decrease of the stiffness. The stress field and strain field were limited in the prop-
agation depth of the subgrade. The depth of the model was 2 m.

By mastering the variation rule of the strain field in the subgrade, the accumulation
of permanent deformation can be predicted scientifically. Theoretical analysis shows that
coordination design of the stiffness difference and settlement difference can be realized in
the bridge-subgrade transition section by regulating the change rule of subgrade stiffness.
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