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Discrete Element Simulation of Bending Deformation of Geogrid-Reinforced Macadam
Base

Hongjun JING*, Mingjie GOU, Lichen SONG

Abstract: The pavement bending deformation resistance of the existing macadam base structure is poor. The geogrid-reinforced macadam base can effectively strengthen
the bending resistance of the pavement, but no international consensus has been reached at present over bending failure laws of reinforced macadam base structure.
Discrete element models of semi-rigid base pavement structure, macadam base pavement structure, and geogrid-reinforced macadam base pavement structure were built
based on MATDEM discrete element simulation program; loading calculation of the three models was conducted by taking their centers as loading positions; and model
displacement nephogram, strain nephogram, and effects of different spans on their bending deformation were analyzed to reveal bending failure laws of reinforced macadam
base and improvement effect of the geogrid on the anti-bending performance of the macadam structural layer. Finally, bending deformation laws of the three pavement
structures and improvement effect of geogrid reinforcement on bending properties of the macadam base structure were established. The results show that under bending
deformation of semi-rigid base, the vertical strain at the contract surface between the baseplate and soil base and horizontal strain at midspan position reach the maximum,
which can easily lead to fracture and shear failure, and the macadam base layer can effectively isolate the tensile strain transmitted from bottom up. Through their own
deformation, grids can transform surface pressure load into frictional resistance at the geogrid/soil interface and partial kinetic energy in the system into their own elastic
potential energy to reduce the kinetic energy at the subbase layer. Geogrid reinforcement can improve the nonlinearity of macadam materials, reduce the fluctuation amplitude
of the strain curve and displacement curve, lengthen the service life of the macadam base pavement structure, and improve its structural soundness under bending
deformation. This study can provide a theoretical reference for numerical simulation of bending failure of geogrid-reinforced macadam base.
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1 INTRODUCTION programs in the market at the present stage differ much in
parameter debugging of model materials and element types,
The base is the main bearing structure in a pavement which aggravates the dlfﬁculty of theoretical research.
structure. A good base structure not only needs to bear An integrated analysis of the existing numerical
traffic load but also should adapt to all kinds of external simulation research is necessary to help find numerical
stress fields. The traditional semi-rigid base no longer model methods and model parameters that are more geared
confornfls to the development Concept Ofa "smart road" in to practical Situations and eliminate the draWbaCkS Of
China because of single structure, serious reflection track above research. Hence, discrete element simulation of
problem, and high maintenance cost. A macadam base can bending deformation of geogrid-reinforced macadam base
adapt to various external stress fields through its own was proposed based on MDTDEM discrete element
aggregate rearrangement to mitigate thermal- and dry- program, followed by a research on its bending
shrinkage-induced cracking of the base structure while deformation laws and geogrid reinforcement effect.
inhibiting reflection tracks. Therefore, it will certainly
become the main development direction of highway base 2 STATE OF THE ART
structures in China. It is especially important to strengthen
the structural performance of macadam bases, reduce their Research on geogrid-reinforced macadam bases as
bending deformation, and promote better development of new type of reinforced macadam structure remains in the
macadam bases. preliminary stage. Numerous international scholars have
Most of the existing macadam bases are non-cemented carried out much numerical simulation research on
or lean-cemented, and aggregates of loose structure are macadam base structures. Ren et al. [5] analyzed the
tightly pressed and mutually embedded with a large improvement effect of the macadam base on semi-rigid
displacement under load action [1]. Latticed subbase temperature and proposed that the macadam base
reinforcements of geogrids can tightly lock and reinforce could reduce or eliminate reflection cracks caused by
macadam aggregates and reduce structural displacement temperature. Zhao et al. [6-8] investigated the resisting
and strain of the macadam base under bending action. effect of the macadam stress-absorbing layer on reflection
Frictional resistance at the geogrid/soﬂ interface can cracks under the action of external stress field via finite
effectively reduce the pressure load borne by the Subbase element 3D Simulation, and their results ShOWCd that the
layer’ and the concrete effect is related to grld macadam base could effectiVely postpone the generation of
specifications [2] Existing geogrid reinforcement initial CraCkS at the Semi—rigid base. Alkaissi et al. [9-1 1]
technologies improve thermal- and dry-shrinkage-induced performed a numerical simulation of macadam materials
cracks on the new surface layer most]y by paving grids using a finite element model and pointed out that the finite
below the additional asphalt layer. Research on geogrid- element model could display the mechanical response of
reinforced macadam bases is 1acking [3’ 4] Computer_ the flexible pavement under dynamic load and all kinds of
assisted numerical simulation has provided an efficient external stress fields. Hamim et al. [12-15] studied the
analytical means for research regarding macadam base and mechanical response model of the flexible base under
geogrid reinforcement technology with the development of various dynamic loads through a finite element 3D
Computer technology’ but simulation results are quite numerical simulation. Lu et al. [16] established a tire-
varied because complicated commercial simulation pavement coupling model by finite element method, and
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revealed the influence of tire operating conditions on
pavement mechanical properties. Jiang et al. [17]
constructed the graded broken stone (GBS) constitutive
model and the biaxial numerical experimental method
based on particle flow code. Macadam materials were
regarded as finite element models in the above research,
mesh generation was realized using unified element type,
and discrete particles exhibited evident nonlinearity. Thus,
the finite element model failed to restore the complicated
mutual movement between model particles and nonlinear
characteristics of materials.

Negaet al. [18] raised a new type of simplified
simulation model based on shake down theory of particle
layer on flexible pavement to avoid many problems of
finite element method, thus simplifying the modeling and
simulating the mechanical response of unconstrained
particle layer to dynamic load. Cerni et al. [19] studied
permanent deformation characteristics of particle materials
at the pavement subbase layer through repeated triaxial
loading test and finally constructed an analytical model for
permanent deformation of loose particle materials based on
shake down theory, which was then used to evaluate the
permanent deformation performance of macadam
materials. However, these models were all constructed
based on shake down theory and assumed that particles had
certain initial plastic deformation. Thus, they still had
limitations for complicated initial particle state and relative
particle movement in the macadam base.

Several scholars also conducted indoor experimental
investigations on pavement performances of macadam
base  structures and geomaterial  reinforcement
technologies. Jiang et al. [20] proposed the dynamic
triaxial numerical experimental method for GBS and
verified its reliability by combining it with indoor dynamic
triaxial loading test. Khan et al. [21] proposed that
rainwater greatly influences tracks on a flexible pavement
by combining pavement accelerated test results and
provided the relation equation between track and passed
quantity. Nagabhushana et al. [22] used the accelerated
pavement test system to simulate real field load and tire
pressure on the pavement, systematically studied the
permanent deformation of flexible pavement based on
wheel imprints on the pavement, and identified that rutting
damage is more serious on flexible pavement under
unidirectional load action. Kim [23] put forward constant
confining pressure and variable confining pressure
permanent deformation models according to the repeated
load triaxial test results. Hashemolhosseini et al. [24]
introduced the Barcelona basic model to explore the effect
of material parameters in geocell on soil mass stability;
they conducted modeling analysis via FLAC2D finite
element software, and their results showed that the bending
moment of geocell reinforcement is decided by the number
of layers and placement depth. Most of the above research
probed pavement tracks and permanent deformation
performance of surface layers, but research on bending
deformation performance deciding service life of
pavement structure is lacking.

Given this scenario, Zhao et al. [25] simulated the loss
of soil base bearing capacity under cyclic load action via a
finite element model and finally determined the failure
range of soil base. Combining the bending fatigue test,
Saride et al. [26] proposed that a macadam-type interlayer

with high interfacial shear and tensile bond performances
could effectively control reflection cracks and lengthen
interlayer fatigue life. Ghadimi et al. [27] used dynamic
simulation to study the effect of seismic load and earth
pitch interaction on flexible base. Xin et al. [28] performed
static fatigue loading test of prestressed specimens and
determined the amplitude coefficient during steady-state
fatigue period, under severe damage, and under critical
failure to predict the bending deformation laws of
pavement structure under existing traffic load action.
Kovrov et al. [29] constructed a rectangular cross-sectional
bending moment—curvature graph of concrete bending
element, verified and compared it with test data, and
obtained the equations of key points, which decide cross-
sectional linear “bending moment-curvature” graph under
different reinforcement ratios. Tomdas-Espin et al. [30]
compiled the design program of the optimal size of
concrete section under bending stress and axial load.

These researchers focused on bending fatigue
performance of a single macadam interlayer or concrete
beam, but few studied bending deformation laws of
geogrid-reinforced macadam bases and their bending
performance.

Therefore, discrete element simulation program
MATDEM was proposed in this study to numerically
simulate bending load on geogrid-reinforced macadam
base structure and tackle the disadvantages of existing
research. Discrete element models of semi-rigid base
pavement structure, macadam base pavement structure,
and geogrid-reinforced macadam base pavement structure
were constructed through field research data, and their
centers were taken as loading positions to perform stepwise
loading of the models using multiple-load steps. Based on
the simulation results, displacement nephograms and strain
nephograms of the models were analyzed, reasonable
model spans were selected according to field research, and
then effects of different spans on bending deformations of
the models were analytically researched to determine
bending deformation laws of the three pavement structures
and the improvement effect of reinforcement on anti-
bending performance of the macadam base structure.

The rest of this study is organized as follows: Section
3 expounds the modeling and selection of material
parameters. Section 4 presents the result analysis of
numerical simulation nephograms. The final section
summarizes the study and draws related conclusions

3 METHODOLOGY
3.1 Software Introduction

MATDEM used in this study is the first discrete
element numerical model based on GPU matrix calculation
method and 3D contact algorithm. It realizes 15,000,000
times / s 3D element movement calculation (40,000,000
times / s for 2D element movement calculation) through
material self-trained command, and it can transform
material macro parameters into model element parameters
via macro and micro conversion formulas, and provide the
final model material parameters based on multistep
iteration balance inside the system to unify and standardize
selection and transformation of model material parameters.
The concrete conversion formulas are shown below:
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where E is the Young modulus, o is the normal stress in
the direction of axis z, ¢.. is the normal strain in the
direction of axis z, K, is the normal stiffness coefficient, K
is the tangential stiffness coefficient, and d is the particle
diameter.
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where v is Poisson's coefficient, and ¢,, is the forward strain
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where Fsy is the element shear resistance.
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3.2 Discrete Element Modeling

Three discrete element models were used for a
comparative analysis. The following hypotheses were
made to restore the geogrid/soil interaction better:

(1) The geogrid can only bear tensile load but not
compressive load.

(2) The model reaches theoretical maximum
compactness through gravitational stacking, extrusion, and
compaction in the initial phase, which satisfies the
requirements of engineering practice.

(3) The unified shape and dimension of particle
elements are used in all models.

3.2.1 Model Layering and Dimensions

(1) Structural Model of Semi-rigid Base Pavement

The overall pavement structure was 30 cm in thickness,
and the thickness values of the cement-stabilized macadam
base and asphalt concrete pavement were 24 and 5 cm,
respectively (Fig. 1).

(2) Structural Model of Macadam Base Pavement

The overall thickness of the pavement, cement-
stabilized macadam base, graded macadam base, and
asphalt pavement were 30, 15, 9 and 6 cm, respectively.
The concrete model is shown in Fig. 2.

(3) Structural Model of Geogrid-reinforced Macadam
Base Pavement

Geogrids were added on the macadam base pavement
structure. Biaxial tensile fiberglass geogrids were used in
this study, the grids were set into clump elements to
prevent their failure during loading, and grid elements were
connected to cement-stabilized macadam layer and
macadam layer to simulate occlusal contact between
geogrids and aggregates, as shown in Fig. 3.
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Figure 1 Semi-rigid base pavement structure/cm
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Figure 2 Macadam base pavement structure/cm
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Figure 3 Reinforced macadam base pavement structure/cm
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3.2.2 Determination of Model Boundary Conditions

The degree of freedom of grid elements in the
horizontal direction was restricted to simulate the action of
lateral geogrid reinforcement, and a model casing was set
as model boundary and connected to model boundary
elements by default to simulate boundary constraint borne
by the pavement in a practical situation. Cement-stabilized
macadam materials and asphalt materials were cemented,
and cementing strength was the default strength parameter
of the system. Grid elements were connected to cement-
stabilized macadam layer and macadam layer to simulate
the occlusal contact between grids and aggregates.

3.2.3 Model Calculation Parameters

Macro material parameters of the models are shown in
Tab. 1.

Table 1 Material macro parameters

Young Poisson’s col\r:[latrzrslsilve Densit
Material name | modulus £/ | coefficient P 3y
GPa v strength g/cm
C,/ MPa
Grad:t‘l Itl’;"ke“ 0.55 0.25 143 2.10
5% Cement
Stabilized 14 0.25 5.30 2.20
Macadam
Asphalt 12 0.45 0.80 2.00
Concrete
Geogrid 0.468 0.25 - -

3.3 Numerical Simulation Analysis of Structural Bending
Deformation

The subbase layer will gradually separate from the soil
base, and a structural model similar to simply supported
beam will finally form with the continuous subsidence of
the soil base. Mass bending deformation occurs to the
pavement structure under the action of traffic loads, and
minor bending deformation will rebound after unloading.
A certain soil base subsidence was assumed in this study to
restore the bending deformation of subgrade structure.
Thus, the subbase layer was separated from the soil base,
and a mechanical model of simply supported beam was
formed. Before numerical calculation, each model was
made to reach initial balance under the effect of gravity,
and then the model center was taken as loading position to
perform stepwise loading calculation of the three pavement
structures. Following loading, strain and displacement
nephograms in various directions were output to analyze
their bending deformations.

3.4 Effect of Different Spans on Bending Deformations of
the Three Pavement Structures

Field investigation showed that the baseplate gapped
span would generally not exceed the length of an oversized
vehicle. The span was elevated from 2 m (length of small
vehicle) to 5 m (length of oversized vehicle) to investigate
the effect of baseplate gapped span on the strain and
displacement of the three pavement structures and simulate
the effect of span on the structural deformation by applying
the same central load.

4 RESULT ANALYSIS AND DISCUSSION
4.1 Simulation Analysis of Bending Deformation of the
Semi-rigid Base Pavement Structures

Strain nephogram and displacement nephogram
obtained through simulation are shown in Figs. 4, 5, 6 and
7.
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Figure 4 Vertical strain nephogram of semi-rigid base pavement structure
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Figure 5 Horizontal strain nephogram of semi-rigid base pavement structure

Figs. 4 and 5 show that when the semi-rigid base
pavement bore vertical compressive stress at midspan
position, the strain nephogram distribution of aggregate
particles followed the extending direction of particle force
chain, and a large vertical strain was generated in the local
load-bearing region of the surface layer. The diffusion of
vertical compressive strain along the depth direction was
small owing to the influence of material stiffness and
lateral boundary constraint. The compressive strains at the
two-sided boundary of the model and nearby base
abutment reached the maximum values, and so did the
horizontal stress and strain at the midspan position of the
base structure. Under long-term cyclic load action, bending
cracks would be generated first at these positions with large
strains.

Figs. 6 and 7 show that the vertical displacement of the
semi-rigid base pavement structure presented stripped
progressive decreasing trend along the midspan toward the
two-sided boundary, and an evident boundary zone formed
near the support. The horizontal displacement nephogram
was divided into four triangular Regions I-IV from left to
right, three regional boundaries all started from the load-
bearing point and pointed to the midspan position on the
undersurface and two-sided supports, and the displacement
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directions of adjacent regions were the opposite. The
displacements in Regions I and IV progressively decreased
along the depth direction, while those in Regions II and III
progressively increased along the depth direction. From the
displacement distribution, three major cracks could be
easily generated under long-term bending deformation of
the semi-rigid base pavement structure, that is, three
boundaries of horizontal displacement regions. The strain
distribution positions show that initial cracks at the
midspan were generated on the base layer and then
continuously transferred to the surface layer. Finally, a
through failure plane was formed, where two-sided cracks
were generated on the upper and lower surfaces and
gradually extended inside the structural layer until
becoming through cracks.
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Figure 6 Vertical displacement nephogram of semi-rigid base pavement
structure
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Figure 7 Horizontal displacement nephogram of semi-rigid base pavement
structure

4.2 Simulation Analysis of Bending Deformation of the
Macadam Base Structure

Strain nephogram and displacement nephogram
obtained through simulation are shown in Figs. 8,9, 10 and
11.

Figs. 8 and 9 show that after the macadam base was
added, the vertical strain of the pavement was enlarged,
while its structural stiffness and mean rebound modulus
were reduced. The vertical strains at midspan of the
macadam base and nearby two-sided boundary were the
maximum. Compared with the semi-rigid base pavement,
the horizontal strain distribution was uniform on the

macadam base, which could effectively isolate the tensile
strain extended from bottom up.

01
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Figure 8 Vertical strain nephogram of macadam base pavement structure
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Figure 9 Horizontal strain nephogram of macadam base pavement structure
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Figure 10 Vertical displacement nephogram of macadam base pavement
structure

Figs. 10 and 11 show that after the macadam base was
added, the macadam particles were rearranged after being
compressed, the horizontal displacement of the pavement
structure was evidently enlarged, and the ranges of
displacement distribution in Regions I and IV were
expanded. Fig. 11 shows that the horizontal displacement
at the macadam base and subbase contact plane were small,
and a clear interlayer horizontal displacement zone was
formed.

In summary, compared with the semi-rigid base
pavement, the horizontal strain of the macadam base
became uniform, which could effectively isolate the
horizontal tensile strain generated at the cement-stabilized
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macadam layer, but the overall bearing capacity of the
pavement was poor, the vertical strain and horizontal
displacement in the macadam base were enlarged to a great
extent, and the bending deformation of the pavement
structure was serious.

X Displacement 92

(wo) N

20 40 60 80 100 120 140 160 180
X(em)

Figure 11 Horizontal displacement nephogram of macadam base pavement
structure

4.3 Bending Simulation Analysis of Geogrid-reinforced
Macadam Asphalt Pavement

Nephograms obtained through simulation are shown in
Figs. 12 and 13.
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Figure 12 Vertical strain nephogram of geogrid-reinforced macadam base
structure

Figs. 12 and 13 show that the macadam base and
asphalt concrete pavement would be further compacted
when bearing load, and local vertical compressive strain at
the load-bearing point was increased due to the
interlocking effect of grids. The geogrids transformed the
pressure load into frictional resistance at the geogrid/soil
interface through their own tensile deformation. Thus, the
overall bending strain of the pavement structure was
improved greatly. Comparing Figs. 8 and 12 shows that the
vertical compressive strain of single macadam base was
averagely stabilized within the interval of 0.05-0.1, that in
the geogrid-reinforced macadam base within the interval of
0-0.5 decreased by 50%, and no evident vertical strain was
observed beyond the 60 cm distance range from the
midspan.

Displacement  nephograms  obtained
simulation are shown in Fig. 14 and 15.

through
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Figure 13 Horizontal strain nephogram of geogrid-reinforced macadam base
structure
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Figure 14 Vertical displacement nephogram of geogrid-reinforced macadam
base structure
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Figure 15 Horizontal displacement nephogram of geogrid-reinforced macadam
base structure

Figs. 14 and 15 show that the vertical displacement of
the geogrid-reinforced macadam base structure was
concentrated at the asphalt surface while the displacement
on the subbase layer was small, the displacement bands
were clearly distributed in the region near the midspan, and
no evident vertical displacement distribution was observed
at the two-sided boundary. Comparing Figs. 11 and 15
shows that after geogrids were added, the overall lateral
displacements on the macadam base and asphalt surface
were enlarged, but the lateral displacement near the
boundary was reduced by a large margin. Relative to Fig.
7, the lateral displacement distribution in the geogrid-
reinforced macadam base structure was more uniform, the
lateral displacement on the subbase layer was reduced
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somehow, and no evident regional demarcation was
observed near the two-sided boundary.

In conclusion, geogrids can transform traffic loads at
the surface layer of the pavement structure into frictional
resistance at the geogrid/soil interface, which points to the
two-sided boundary along the grid surface through their
own deformations to reduce the vertical load borne by the
subbase layer. Moreover, the action of the geogrid
reinforcement can effectively mitigate the vertical strain of
the macadam base, facilitate the uniform lateral
displacement distribution at the boundary of the base
structure, eliminate the interface of lateral displacements of
the macadam base, and postpone the generation of bending
cracks at this position. The latticed structure of the geogrids
can restrict the lateral movement of aggregates in the
macadam base and reduce the interlayer translation
between the macadam base and subbase layer.

4.4 Simulation Analysis of Effect of Different Spans on
Bending Deformations of the Three Pavement
Structures

4.4.1 Effect of Span on Vertical Normal Strain

The simulation results were drawn into point—line
graphs as shown in Figs. 16 and 17.

.08 |

strainZZ
S

-0.10

5011 |

Span/cm

Figure 16 Relationship curve between vertical compressive strain and span
(1) Semi-rigid base asphalt pavement structure; (2) Macadam base asphalt
pavement structure; (3) Geogrid-reinforced base asphalt pavement structure

The simulation results in Fig. 16 reflect the nonlinear
characteristics of macadam materials. The vertical tensile
strains of the three pavement structures irregularly
fluctuated with the span change, the vertical compressive
strain of the macadam base pavement structure was the
maximum and was higher than that of the semi-rigid base
pavement structure by 50%, and the curve displayed
evident nonlinearity with the maximum fluctuation
amplitude. The vertical compressive strain curves of the
reinforced macadam base structure and semi-rigid base
pavement presented a rising tendency with approximate
fluctuation amplitudes.

Fig. 17 shows that the vertical tensile strain of the
semi-rigid base pavement was the maximum with the most
apparent curve fluctuation amplitude. The vertical tensile
strain of the macadam base structure was high within a
small span range, rapidly dropped as the span increased

from 200 cm to 300 cm, and then gradually stabilized
without evident change after the span reached 300 cm.
Under a small span, a large extrusion force was generated
between GBS aggregates due to load action; the aggregate
particles, which were tightly occlusive at the beginning,
underwent shear dilation phenomenon under extrusion
force; and the vertical tensile strain was large. As the span
increased, the extrusion force between aggregates was
transmitted along the span length direction through the
occlusal contact between particles, the originally loose
particles were further compacted, the aggregate particles
were rearranged, the extrusion force was effectively
buffered, and the shear dilation phenomenon was relieved;
thus, the vertical tensile strain in the structure was rapidly
reduced. After geogrids were added, transverse and
longitudinal fibers in the geogrids would restrict aggregate
displacement in the macadam base, effectively mitigate the
shear dilation phenomenon of the macadam base pavement
structure after load bearing, improve the nonlinearity of
vertical tensile strain curve, and reduce the fluctuation
amplitude of the curve.
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Figure 17 Relationship curve between vertical tensile strain and span
4.4.2 Effect of Span on Horizontal Normal Strain

The simulation results were drawn into point-line
graphs as shown in Figs. 18 and 19.

Fig. 18 shows that the horizontal compressive strains
of the three pavement structures all presented a nonlinear
irregular fluctuation. The horizontal compressive strain of
the semi-rigid base pavement was evidently lower than
those of the other two, and the fluctuation amplitudes of
horizontal compressive strain curves of the macadam base
structure and geogrid-reinforced macadam base structure
were gradually reduced with the increase of span,
indicating that the nonlinearity of horizontal compressive
strain curves of the two pavement structures was negatively
correlated with the span, and their curvilinear trends were
approximate without apparent difference.

Fig. 19 shows that the span-dependent change trend of
horizontal tensile strain of the macadam base structure was
similar to that of its vertical tensile strain for the reason
same as above. The horizontal tensile strain curve of the
reinforced macadam base structure was located between
those of the semi-rigid base pavement and macadam base
structure because geogrids would experience a large
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deformation, the grids would rapidly be tensioned and
shrunk, and the frictional resistance at the geogrid/soil
interface and occlusal force would force the aggregate
displacement at the flexible layer under bending
deformation of pavement structure. Therefore, the
horizonal tensile strain of the reinforced macadam base
structure was increased, but the strain curve fluctuation
was the most stable under the action of geogrid
reinforcement.
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Figure 18 Relationship curve between horizontal compressive strain and span
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Figure 19 Relationship curve between horizontal tensile strain and span

4.4.3 Effect of Span on Displacement

The point-line graph of vertical displacement is shown
in Fig. 20.

The results showed that the absolute vertical
displacements of the pavement structures presented a linear
progressive growth with the increase of span, where the
vertical displacement of the macadam base pavement
structure was the maximum, that of the semi-rigid base
pavement structure was approximate, and their slopes were
both —0.008, manifesting that only adding macadam base
did not exert any evident improvement effect on the
vertical displacement at the surface layer of the pavement
structure. After geogrids were added, the slope of vertical
displacement curve of the macadam base pavement
structure was clearly reduced due to the action of geogrid

reinforcement, and the slope of the displacement curve was
lowered to —0.003. This finding meant that the geogrid
reinforcement could effectively reduce the vertical
displacement of the macadam base pavement structure,
relieve the span-dependent growth rate of its vertical
displacement, and reduce its bending deformation.

wW DN —
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Figure 20 Relationship curve between vertical displacement and span

The point-line graph of horizontal displacement is
shown in Fig. 21.
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Figure 21 Relationship curve between horizontal displacement and span

Fig. 21 shows that the horizontal displacement curves
of the three pavement structures all presented a nonlinear
fluctuation with the increase of span. The horizontal
displacement of the semi-rigid base pavement structure
approximated that of the macadam base pavement structure,
that is, both presented a span-dependent rising trend with a
large fluctuation range and an evident curve nonlinearity.
After geogrids were added, the curve steadily fluctuated
with the increase of the span, the horizontal displacement
of the pavement structure was reduced greatly, and the
curve nonlinearity was clearly improved. These results
indicated that geogrids could effectively reduce the
horizontal bending deformation of the pavement structure,
improve the nonlinearity of its horizontal displacement
curve, and strengthen the structural stability under bending
deformation.
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5 CONCLUSIONS

This study aimed to explore bending failure laws of the
geogrid-reinforced macadam base structure and
reinforcing effect of geogrids on the macadam base.
MATDEM discrete element simulation software was used
to perform stacking modeling and stress loading
calculation of the semi-rigid base pavement structure,
macadam base pavement structure, and geogrid-reinforced
macadam base pavement structure. Effects of different
spans on bending deformations of the three pavement
structures were analyzed, and the following research
conclusions were mainly drawn:

(1) The vertical strains near the abutment of the semi-
rigid base pavement and horizontal strain at the midspan
position were the maximum, where fracture and shear
failure could easily occur. Initial bending cracks could be
easily generated at the boundary of the base and central
region on the undersurface, and three major cracks would
be finally formed.

(2) The macadam base had poor bearing capacity,
strong resistance to tension, and uniform horizontal tensile
strain, which could isolate tensile strain at the cement-
stabilized macadam layer. The stability of compressive
strains in all directions under different spans was poor. The
stability of the horizontal compressive strain was improved
with the increase span and then stabilized.

(3) Geogrids reduced the bending deformation at the
base layer, restricted the lateral displacement of aggregates,
reduced the horizontal displacement near the structural
boundary, and postponed the generation of initial bending
cracks near the two-sided boundary by transforming the
load into interfacial frictional resistance.

(4) The semi-rigid base had a strong bearing capacity
and a poor resistance to tension. The stability of
compressive strains in various directions under different
spans was relatively satisfactory, whereas that of tensile
strains was poor. The geogrid-reinforced macadam base
possessed favorable bearing capacity and tensile strength,
the tensile strains in all directions had superior stability to
those of the semi-rigid base under different spans, and the
tensile strain presented no apparent change trend with the
increase of span.

(5) As the span increased, the vertical displacements of
the three structures presented a linear progressive increase,
while their horizontal displacements presented a nonlinear
progressive increase. The horizontal displacements of the
semi-rigid base and macadam base structures had poor
stability under different spans with high growth rate. The
horizontal displacement of the geogrid-reinforced
macadam base structure showed good stability under
different spans and grew slowly.

The discrete element simulation analysis method
adopted in this study effectively reproduced the relative
movement of aggregate particles and material nonlinearity
in the macadam base, clearly reflected bending
deformation laws of the three pavement structures under
compression state, and laid a foundation for further
analyzing the anti-bending fatigue performance of the
macadam base. The simulation results showed that grid
reinforcement could effectively reduce the wvertical
displacement of the macadam base structure and slow
down the growth of its vertical displacement with the

increase of span. The geogrid reinforcement could relieve
the fluctuation of displacement and strain curves of the
macadam base structure, reduce the curve fluctuation
amplitudes, and strengthen the structural stability when
bending deformation was generated under different spans.
Only initial bending failure laws of the three pavement
structures and the influence trend of span on their
displacement strain curves could be obtained in this study
due to restrictions of particle shape and loading mode of
the models. Effects of different loading modes and forms
on the bending fatigue life of pavement structures will be
included in an in-depth analysis in future research, thus
contributing more to research on the bending fatigue
performance of the reinforced macadam bases.
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