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Abstract. Although several analytical and numerical approaches have been devoted to
investigate the shakedown behavior of pavements, shakedown limit of reinforced pavements,
in particular geocell-reinforced pavements, has not been explored yet by load-displacement
numerical means. In this study, behavior of a typical three-layer pavement reinforced with
geocell was investigated under repeated vertical tra�c loads by three-dimensional �nite
element elasto-plastic analysis based on shakedown failure and serviceability criteria. Three
di�erent cases of unreinforced, base-layer-reinforced, and subgrade-reinforced pavements
were taken into consideration and subjected to a variety of vehicle loads. Shakedown
limit, which is the multiplication of initial load by shakedown coe�cient for each pavement
under each load, was determined through a trial and error process. Results indicated
that reinforcement of subgarde by geocell signi�cantly improved the shakedown coe�cients
of pavements. Reinforcement of base by geocell increased the shakedown coe�cient of
pavements as well as but not as much as subgrade reinforcement. Results also indicated
the sensitivity of shakedown coe�cient and shakedown bearing capacity to intensity and
shape of the contact area of di�erent loads in a way that the most extreme case was observed
for P = 22 ton. Variation of accumulated plastic displacement prior to shakedown state
has also been presented and discussed.
© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Roads, as the structures that are subjected to traf-
�c loads, are designed in a way that preserve their
serviceability in an acceptable range during their life-
time. When the pavements under repeated loads of
tra�c cease to further develop plastic displacement and
strains and starts begin to behave elastically, it can
be claimed that they have reached a safe state at the
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time and even times beyond that. This phenomenon
is called shakedown, which is on the opposite side
of inadaptation, in which high intensity of applied
repeated loads leads to increasing accumulated strains
and displacement and �nal collapse of the structure
due to ratcheting or alternating plasticity. Depending
on the intensity of the applied repeated loads, all three
kinds of behavior, namely, purely elastic, shakedown,
and inadaptation, may occur in structures.

Observations of the laboratory and full-scale tests
on the pavements under cyclic or tra�c loads suggest
the possibility of the occurrence of shakedown. Jupsi
carried out full-scale tests on pavements and realized
that, depending on the domain of the applied repeated
loads, pavements underwent either inadaptation due
to gradual or sharp increase in permanent settlement,
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or experienced shakedown [1]. Similar results were
obtained by Ravindra [2] and Ravindra and Small [3],
who performed tests on recycled-crushed-concrete base
and sandy subgrade.

By de�nition, a domain can be imagined for an
speci�ed structure in the load space under which the
structure experiences shakedown state and beyond that
fails due to inadaptation. The aforementioned domain
is linked to the existing load domain via the so-called
shakedown coe�cient. Shakedown coe�cient can be
determined by means of experimental, analytical, and
numerical methods. Preliminary lower bound and
upper bound shakedown theories that were introduced
by Melan [4] and Koiter [5], respectively, were theoret-
ically and numerically developed for use in a range of
scienti�c areas. Sharp and Booker [6] were the �rst to
apply these theories to �nd the shakedown coe�cient
of pavements. Afterwards, upper and lower bound
theorems of shakedown were progressively applied in
pavements, especially for two-dimensional analysis of
pavements [7-14]. Three-dimensional analysis of pave-
ments based on shakedown limit theories are restricted
to a few research works [15], due to its complexity and
requirement of a large computer memory to handle
optimization of the results. Furthermore, shakedown
limit of reinforced pavements has not been investigated
by limit shakedown theorem until now, as far as the
authors know. The most important advantages of
shakedown limit theorems are their simplicity to apply
and their ability to �nd shakedown coe�cient directly;
nevertheless, they fail to take the accumulated plastic
strains and displacements prior to shakedown limit
into account. It is obvious that structures might fail
to perform correctly due to unacceptable permanent
accumulated displacement, even though they are under
shakedown limit. It is possible to determine shakedown
limit of structures by elasto-plastic analysis provided
that loads and their variations are speci�ed. In contrast
to classical shakedown theorems, this method is able to
determine the accumulated plastic displacements prior
to shakedown limit. However, analysis of structures un-
der repeated loads is time consuming and assessment of
the optimum shakedown coe�cient requires numerous
trials and errors.

Investigations show that using geosynthetics for
reinforcement increases the strength and decreases
the settlement of pavements, consequently improving
their operating functions. Geosynthetics are synthetic
materials that are generally polymeric. Geosynthetics
are a family of eight members including geocell, which
is di�erent from the other members due to its three-
dimensional honeycomb structure. Geocell was �rst
used by US army corps of engineering for enhancing ve-
hicular mobility of roads on loose sandy subgrades [16].
Elasticity modulus of geocell-reinforced granular soils
increases with respect to unreinforced granular soils

because of higher con�ning pressure developed due to
geocell and stress dependency of granular soils. The
sti�ened soil distributes the loads over a wider area
and, consequently, results in lower settlement of the
underlying layer [17]. Triaxial tests carried out on gran-
ular soil samples reinforced by single cell of geocell [18]
and two, three, and four cells of geocell [19] suggest
that geocell strengthens the granular soil by develop-
ing apparent cohesion (Cr) and making a negligible
change in internal friction angle. Various researches,
mostly experimental, have been done to investigate
the geocell-reinforced structures under monotonic and
cyclic loads. Latha et al. evaluated the in
uences
of reinforced pavements with di�erent geosynthetics,
including geocell, on the reduction in rutting depth
through a series of �eld tests and observed that geocell
had the best performance compared to the other types
of geosynthetics [20].

Monotonically loaded foundations resting on
geocell-reinforced soil have also been investigated
through several numerical researches by elasto-plastic
analysis via di�erent numerical approaches including
�nite element method [21,22] and �nite di�erence
method [23,24]. Taking advantage of advanced elasto-
plastic constitutive laws enables us to incorporate
shakedown phenomenon, which is another way to
analyze the pavements under repeated loads. Chazalon
model for unbounded gravel is among the limited
works on developing such models for unreinforced
pavements [25]. However, as far as the authors know,
no analogous model able to incorporate shakedown and
inadaptation phenomenon for soil-geocell composite
has been developed so far. In the absence of such
models, another alternative would be using models
like Drucker-Prager or Mohr-Coulomb to analyze the
structures under successive loadings and unloadings. In
this regard, Yan et al. presented a three-dimensional
mechanistic-empirical model for unpaved roads [26].

Only a few researches are available on numerical
analysis of geocell-reinforced structures under cyclic
loads. Leshchinsky and Ling investigated the in
uences
of reinforcement of ballast layer by geocell on the
performance of railroads, using �nite element analy-
sis [27]. However, they considered repeated loads of
train as monotonic loads. Their parametric studies
showed that increase in strength of in�ll materials
and geocell sti�ness had considerable e�ects on the
reduction in lateral displacement of ballast and induced
stresses in subgrade. Leshchinsly and Ling carried
out experimental and numerical evaluations of unre-
inforced and geocell-reinforced (in one and two layers)
axisymmetric gravelly embankments under monotonic
and cyclic loads [28]. In this research work, axial sti�-
ness increased under monotonic loads and shakedown
behavior under cyclic loads was observed through test
and captured in FE analysis as well.
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Although experimental researches on geocell-
reinforced soils mostly show that shakedown may hap-
pen under some conditions, none of them concentrate
on determination of shakedown limit. The same is true
for numerical research works on soils that are reinforced
by geocell.

In the present study, shakedown limit of a typical
three-layer 
exible pavement resting on a weak sub-
grade is investigated in three situations, namely, unre-
inforced, geocell-reinforced base layer, and reinforced
subgrade. Both failure and serviceability criteria are
taken into consideration in determination of shakedown
limit. E�ects of geocell reinforcement and di�erent
types of load on shakedown limits are also studied.

2. Solution procedure

In order to determine the shakedown coe�cient, which
is a multiplier of the initial applied load, di�erent types
of vehicle loads are considered as initial loads and
applied cyclically to pavements after being multiplied
by di�erent load multipliers. To do so, �rst, the
pavement, either unreinforced or reinforced, is modeled
in a �nite element software, here ABAQUS, and tra�c
loads are applied, as much as possible, analogous to
practical loads in terms of shape and intensity. Then,
elasto-plastic analysis is employed to �nd stress, strain,
and displacement �elds of the pavements. If failure and
serviceability criteria are ful�lled simultaneously for a
speci�ed load according to shakedown de�nition, it can
be claimed that the factored load is a shakedown load,
but not necessarily the best or optimum shakedown
load. To �nd the best shakedown limit, a trial and
error procedure is required.

As mentioned earlier, two types of criteria,
namely, failure and serviceability, must be ful�lled
to ensure that the applied load is a shakedown load.
Shakedown failure criterion is simply elastic behavior
of structure following some primary plastic strain
accumulation. Accordingly, three di�erent serviceabil-
ity criteria are considered herein. Firstly, maximum
settlement of surface layer is limited to an allowable
value; secondly, loads must not induce fatigue cracks;
and, thirdly, excessive rutting must be prohibited. In
this study, the aforementioned criteria are de�ned as
follows:

1. Failure criterion: Pavement reaches shakedown
state if plastic displacement caused by the ith cycle
of load is equal to or less than 0.4% of the plastic
displacement induced by the �rst load cycle. In
addition, plastic displacement rate must follow a
decreasing trend;

2. First serviceability criterion: Maximum settlement
of the pavement surface must not exceed 1 cm;

3. Second serviceability criterion: Tensile strain be-

neath asphalt layer must not exceed allowable
limit to prevent fatigue cracks. Asphalt institute
formula that predicts the number of load cycles
leading to fatigue cracks (Nf ) with respect to elastic
modulus (E) and horizontal tensile strain beneath
the asphalt layer in the direction of tyre movement
("t) is as follows [29]:

Nf = 0:0796 ("t)
�3:291 (E)�0:854; (1)

where E is in PSI unit. Having E value and
introducing the number of load cycles determined
from analysis into Eq. (1), critical tensile strain
will be obtained. Certainly, if the tensile strength
determined by the analysis is smaller than the cor-
responding critical value, the second serviceability
criterion is satis�ed;

4. Third serviceability criterion: Vertical compressive
strain on top of subgrade layer must not exceed
the allowable limit to prevent unacceptable rutting.
In Shell and Asphalt Institute design methods [29],
the relation between number of load cycles that are
enough to induce rutting failure (Nd) and vertical
compressive strain on top of subgrade layer is
introduced by the following formula:

Nd = f4 ("c)
�fs : (2)

In Eq. (2), f4 and f5 are experimental factors, which are
taken equal to 6:15�10�7 and 4, respectively, according
to Shell method with 50% reliability. Introducing the
number of load cycles in shakedown state assessed by
the analyses into Eq. (2), critical vertical compressive
strain is obtained. The third serviceability criterion
is met if the analytical vertical compressive strain on
top of the subgrade course is smaller than its critical
counterpart.

The next step is to �nd the best shakedown
coe�cient, which is actually the maximum possible
shakedown factor that puts the pavement on the verge
of inadaptation. To do so, a trial and error procedure
is followed in which di�erent load factors are tried and
ful�llment of all the above mentioned four criteria is
evaluated. That is, load factors are increased until
one or more of the shakedown criteria are violated and
then decreased slightly so that all requirements are met.
This way the best or maximum shakedown load factor
is obtained.

3. Problem de�nition

3.1. Geometry and material properties of
pavements layers

The geometry of the pavements considered in this
study was selected according to the Iranian code for
road geometry and had 3.65 m and 1.85 m widths of
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Table 1. Properties of pavement layers.

Layer Material 

(kN/m3)

� c
(kN/m2)

�� E
(kN/m2)

Thickness
(cm)

Surface Asphalt 22 0.35 250 38 3855750 10
Base GW 20 0.35 5 35 300000 20
Subbase SW 19.5 0.35 5 37 200000 30
Subgrade CL 17 0.4 4 30 3000 |

Table 2. Properties of geocell [27].

Material Height
(cm)

� 

(kN/m3)

E
(kPa)

Geocell 20 0.35 20 2.07E+09

driveway and shoulder, respectively. Besides, slope of
the road embankment was considered 1:2 based on the
AASHTO guide for design of pavements [30]. Well
graded sand (SW) and well graded gravel (GW) soil
types were considered for base and subbase layers,
respectively [30]. The surface course was assumed to be
bituminous asphalt. In order to have a better insight
into the e�ect of soil reinforcement on the behavior of
pavements, a weak material, namely, light plasticity
clay (CL), was assigned to subgrade layer. Materials
were considered to behave in elastic-perfectly plastic
manner and obey Mohr-Coulomb failure criterion.
Thicknesses of asphalt, base, and subbase layers were
taken 10 cm, 20 cm, and 30 cm, respectively. Subgrade
was assumed as a layer of 2 m thickness resting on the
bedrock. Thicknesses, elastic properties, and strength
parameters for each pavement layer can be seen in
Table 1.

Furthermore, dilation angle of all materials, ex-
cept for the surface layer, was assumed to be nearly
zero, which was a conservative assumption. The dila-
tion angle of asphalt layer was taken as 5�. Assuming
excellent drainage condition for dry regions, pavements
with properties such as those in Table 1 had Structural
Number (SN) equal to 7 according to AASHTO design
code [30]. Geocells were considered to behave in a
purely elastic manner and were modeled as 40� 40 cm
square cells with 20 cm height as shown in Figure 1.
Elastic properties of geocell material were taken same
as those considered by Lechchinsky and Ling [27] and
have been represented in Table 2.

3.2. Loads
In order to de�ne the vehicle loads on pavements,
load intensity and pavement-tire contact area must be
determined in advance. Pavement-tire contact area is a
function of contact pressure, which is dependent on tire
pressure itself. Contact pressure can be equated with
tire pressure with a quite acceptable error, especially
for high tire pressures [31]. Shape of pavement-tire

Figure 1. Geometry of a single cell.

Figure 2. Tire-surface contact area: (a) Actual area and
(b) equivalent area [31].

contact area can be approximated as a central rectangle
and two half circles attached to its two ends that,
overall, make up an L�0:6 L �gure as depicted in Fig-
ure 2(a). In this research, contact areas approximated
to equivalent rectangle 0:8712 L in length and 0:6 L in
width for simplicity (Figure 2(b)). Having internal tire
pressure (�) and wheel load (P ), pavement-tire contact
area (A) was obtained by Eq. (3). Thereafter, L could
be determined easily.
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Table 3. Properties of vehicle loads.

Axle type P
(ton)

Load of a
single tire

(ton)

Length
of tire
(m)

Width
of tire
(m)

Contact
pressure

(kPa)

Axle
width
(m)

Single 4 2 0.22 0.15 595 1.5
Single 8.2 4.1 0.45 0.31 288 1.7
Single (double-tyre) 13 3.25 0.32 0.22 453 1.8
Tandem (double-tyre) 22 2.75 0.36 0.25 300 1.9
Tridem (single-tyre) 26 4.33 0.466 0.31 294 2

A =
P
�
: (3)

Only vertical vehicle loads were considered in this
research. Vehicles are generally classi�ed into heavy,
semiheavy, and light based on their weight and grouped
into single, tandem, tridem, etc., depending on the
number of axles. In design methods such as AASHTO
and Asphalt Institute, di�erent loads are equated with
a speci�ed equivalent load (8.2 ton) for convenience.
In this research, in order to evaluate the in
uences of
a wide range of vehicle types on the results, analyses
were performed for di�erent loadings consisting of
P = 2 tons (single), 4 tons (single), 8.2 tons (single),
13 tons (tandem), and 26 tons (tridem). Internal tire
pressures were obtained from Continental Tires [32]
and, accordingly, tire-pavement contact areas and load
shapes were determined using Eq. (3). Properties of
loads considered in the present study can be observed
in Table 3.

4. Computer simulation of the problem

Numerical simulation and analysis were performed em-
ploying �nite element software of ABAQUS. Geocells
were modeled with honeycomb structure made of 40�
40� 20 cm cubic cells by purely elastic shell elements.
Pavement was considered to be made of surface, base,
subbase, and subgrade layers, all of which behaved
in elastic-perfectly plastic manner and obeyed Mohr-
Coulomb failure criterion. Mechanical and geometrical
properties of pavement layers and geocells assigned to
the computer model can be seen in Table 1. Soil-
geocell interface was considered to be rough. Three-
dimensional view of the pavement model can be seen
in Figure 3.

Pavement was reinforced once in the base course
and once in subgrade layer and analyzed separately to
evaluate the e�ects of base and subgrade reinforcement
separately. Cross section of the pavement, reinforced
in base and subbase layers, is shown in Figures 4
and 5, respectively. As shown by Figures 3 to 5,
width and length of the subgrade layer were 31 m
and 30 m, respectively. It should be noted that all
dimensions were assigned with regard to the results

Figure 3. Three-dimensional view of geocell-reinforced
model: (a) Reinforcement of subgrade and (b) loading and
boundary conditions.

of the sensitivity analyses that indicated neglectable
e�ect of larger dimensions on the shakedown results.
Furthermore, sensitivity of mesh size to the shakedown
result was investigated and the maximum size of an
individual element was taken to be 2 m.

As stated earlier, in total, �ve types of vehicle
loads as characterized in Table 3 were considered for
analysis. Simulated shapes of these loads in ABAQUS
are shown in Figure 6. All the loads were applied at
the extremity of the surface layer to simulate the most
harmful e�ects.

5. Veri�cation

In order to investigate the accuracy of the way
soil-geocell composite was simulated in the present
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Figure 4. Cross section of the model reinforced in base layer.

Figure 5. Cross section of the model reinforced in subgrade layer.

Table 4. Properties of soil and geocell used in Takur's
laboratory model [33].

Material Cohesion
(kPa)

�� E
(kPa)

� 

(kg/m3)

Soil 30.68 12.9 196133 0.35 2080

Geocell | | 355000 0.35 2000

study, results of Thakur's plate load tests on geocell-
reinforced soil were selected for veri�cation [33].
Thakur embedded a geocell net having cell dimensions
of 20�23:5 and 10 cm height into a 80�80�12 cm soil
that was enclosed by a rigid container and a gradual
stress from zero to 595 kPa was applied using a 15 cm-
diameter rigid circular plate (Figure 7(a)). Properties
of soil and geocells that were used in Thakur's test are
presented in Table 4.

The geometry, materials, and boundary condi-
tions of the aforementioned laboratory test were simu-
lated in ABAQUS and subjected to a loading identical
to that tested in the laboratory. The computer model
of Thakur's test is shown in Figure 7(b).

Figures 8 and 9 compare the results of load-
vertical displacement of unreinforced and reinforced
computer models with the corresponding laboratory
tests, respectively. As Figures 8 and 9 show, there is
a relatively good agreement between laboratory and

computer models for both reinforced and unreinforced
cases.

6. Results

Computer models of the unreinforced and reinforced
pavements were subjected to the loads (as speci�ed
earlier) in a cyclic manner and then the load domain
under which pavements showed shakedown behavior
were determined through a trial and error process.
Figures 10(a), 10(b), and 10(c) depict, respectively,
the trial and error results related to unreinforced,
reinforced base, and reinforced subgrade all subjected
to cyclic 8.2-ton load as de�ned in Table 3.

These �gures show the variation of maximum
accumulated settlement of pavement surface under the
applied loads, which are all a proportion of the initial
8.2-ton load by a load multiplier, �, versus number
of load cycles. As all three �gures show, for most
load multipliers (�) and for unreinforced, reinforced
base, and reinforced subgrade, slope of the accumu-
lated settlement versus number of load cycles tends
to zero, which is identical to pavement elastic behav-
ior; however, according to the adapted serviceability
criteria, load multipliers causing surface accumulated
settlement more than 1 cm are not acceptable. Besides,
in addition to acceptable vertical displacement, the
best (maximum) shakedown factor has to ful�ll other
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Figure 6. Shape of modeled loads: (a) Single axle, 4
tons, (b) single axle, 8.2 tons, (c) single axle, 13 tons, (d)
tandem, 22 tons and (e) tridem, 26 tons.

serviceability criteria as described in the section on
solution procedure. For example, � = 7 and � = 7:5
cannot be accepted as shakedown factors for subgrade-
reinforced case, although they lead to vertical displace-
ments less than 1 cm (Figure 10(c)). For the three
situations shown in Figures 10(a) to 10(c), shakedown
coe�cients (�) are assessed 3.6 for unreinforced, 5 for

Figure 7. (a) Geometrical properties of Takur's
experimental model [33]. (b) Three-dimensional view of
Takur's model simulated in ABAQUS.

reinforced base, and 6 for reinforced subgrade. To
determine the maximum possible value of �, namely,
shakedown factor or �, all failure and serviceability
criteria were taken in to account. Table 5 shows
the results of the analysis to �nd shakedown factors
associated with P = 22 (tons) for all prede�ned cases of
unreinforced, reinforced base, and reinforced subgrade.
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Figure 8. Comparison of load-displacement results of
experimental model of Takur [33] and numerical
simulation of the present study (unreinforced).

Figure 9. Comparison of load-displacement results of
experimental model of Takur [33] and numerical
simulation of the present study (reinforced).

Figure 10(a). Try and error e�orts to obtain the best
(maximum) shakedown factor for unreinforced pavement
under P = 8:2 tons.

As Table 5 indicates, tensile strain beneath asphalt
layer and compressive strain on top of the subgrade
layer are smaller than the corresponding critical values.

Figure 11 represents the variation of � for di�erent

Figure 10(b). Try and error e�orts to obtain the best
(maximum) shakedown factor for base-reinforced
pavement under P = 8:2 tons.

Figure 10(c). Try and error e�orts to obtain the best
(maximum) shakedown factor for subgrade-reinforced
pavement under P = 8:2 tons.

loads. As indicated in Figure 11, shakedown factor for
the pavement reinforced in subgrade is always larger
than that for the pavement reinforced in the base
layer, and unreinforced pavement always leads to the
smallest value of �. This clearly suggests the positive
e�ects of geocell reinforcement on the improvement of
shakedown behavior of pavements. Reinforcement of
subgrade by geocell has led to a 33 to 150 percent
growth in � value for unreinforced pavements. Such an
increase is in the range of 5% to 67% for the pavement
reinforced in the base layer. There are at least two
reasons behind reinforced subgrade being more in
uen-
tial than reinforced base in terms of shakedown factor.
Firstly, width of the geocells embedded in base layer is
smaller than that of the geocells placed in the subgrade
layer due to construction limitation and, hence, less
load transformation is possible in such a situation.

Table 5. Results of shakedown analysis for P = 22 (tons).

Type "c "fc "t "ft Nf �
Unreinforced 0.0057 0.010479 0.0000065 0.004599 51 1
Reinforced base 0.009165 0.011067 0.0002515 0.004915 41 1.3
Reinforced subgrade 0.011436 0.01293 0.0002871 0.005938 23 1.7
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Figure 11. Shakedown coe�cient (�) versus vehicle loads
for di�erent types of geocell reinforcement.

Figure 12. Shakedown bearing capacity versus vehicle
loads for di�erent types of geocell reinforcement.

Secondly, unreinforced subgrade soil is much weaker in
strength than unreinforced base material and strength-
ening such a weak layer is naturally more e�ective than
strengthening a strong layer. Furthermore, as depicted
in Figure 11, regardless of pavement type (reinforced
or unreinforced), shakedown factor is maximum for
P = 4 tons and minimum for P = 22 tons. This �nding
suggests that in addition to the initial load intensity,
load shape can in
uence the shakedown results. As
Table 3 and Figure 6 show, although a 22-ton vehicle
causes 300 kPa stress beneath each tire, which is not
the maximum value compared to other given vehicles,
its e�ect has increased due to having double tires beside
each other. This is true for P = 13 tons as well. The
minimum value of � belongs to unreinforced pavements
under P = 22 tons and is equal to one. It means that
for the cases under consideration, all given loads are
safe in terms of shakedown failure criterion.

By multiplication of shakedown factor by initial
stress, shakedown bearing capacity is obtained. Shake-
down bearing capacity versus vehicle loads diagram
has been presented in Figure 12. It is implied in
Figure 12 that the same trend for � � P diagram
holds here. A new point is that maximum allowable
stress for each kind of tire regarding all types of vehicle
that may possibly move on a speci�ed pavement can

Figure 13. Accumulated surface settlement under
repeated unfactored loads.

Figure 14. Accumulated surface settlement under
repeated factored loads.

be determined from such a diagram. For the present
pavement, maximum allowable stresses for each tire of
a 22-ton vehicle are 300 kPa, 390 kPa, and 510 kPa for
unreinforced, reinforced base, and reinforced subgrade,
respectively.

Accumulated plastic settlement of the pavements
on the surface layer due to unfactored loads (�P0) and
factored loads (�Pc) can be observed in Figures 13
and 14, respectively.

As shown in Figure 13, �P0 �rst increases with
increase in P and then falls as P grows so that
it reaches a peak at P = 22 tons. Although the
variations of �P0 with P show the same trend for
unreinforced and reinforced cases, these variations are
not obvious for three di�erent cases of unreinforced,
reinforced base, and reinforced subgrade relative to
each other. However, pavement reinforced in subgrade
mostly shows the lowest �P0 as Figure 13 indicates. In
its best performance, reinforced subgrade has caused
28% percent decrease in �P0 at P = 22 tons compared
to unreinforced case. It should be noted that �P0 is only
one of the three serviceability criteria considered to de-
termine whether the unfactored loads cause shakedown
of pavement or not. As Figure 14 shows, variation of
�Pc with P is quite the reverse of �P0 , i.e., �rst a drop
and then a growth in �Pc are observed as P increases.
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Just like � and �P0 , the most extreme value of �Pc , i.e.
the minimum value, is observed in P = 22 tons. �Pc is
mostly lower for pavement reinforced in subgrade com-
pared to unreinforced and reinforced subgrade cases
and shows 40% decrease at P = 26 tons compared to
unreinforced state. Although accumulated settlements
under tra�c loads discussed above are all in acceptable
range, their values compared to each other can be used
as an index to compare serviceability of di�erent types
of pavements or reinforcements.

7. Conclusions

The present paper is devoted to numerical evaluation
of the e�ects of geocell reinforcement on the behavior
of a 
exible pavement under repeated loads of tra�c.
Shakedown phenomenon was considered as safety cri-
terion and load domain was bounded in this regard so
that safe loads were a multiplication of shakedown load
by the initial loads. Both failure and serviceability cri-
teria were included in the determination of shakedown
coe�cient (�). Three cases, namely, unreinforced, base
reinforced, and subgrade reinforced pavements, were
considered and analyzed to see the in
uence of geocell
reinforcement and place of geocell on safety of the
pavements. Finite element software of ABAQUS was
used for simulation and analysis of the reinforced and
unreinforced pavements. Five di�erent loads, namely,
three single axle loads of 4 tons, 8.2 tons, and 13 tons,
one tandem axle load of 22 tons, and a tridem axle load
of 26 tons, were applied on the pavements in a repetive
manner. Analysis resulted in the following �ndings:

1. Reinforcement of pavement by geocell always leads
to increase in coe�cient of shakedown, regardless
of the place of embedded geocell (inside the base
or subgrade layers) or type of load. However, rein-
forcement of subgrade by geocell is more in
uential
than base reinforcement to increase the � value;

2. Shakedown coe�cients are di�erent depending on
the load intensity and contact area, so that for the
cases investigated, minimum value of � is obtained
for P = 22 ton;

3. Shakedown bearing capacity is observed to follow
the same trend as shakedown coe�cient. It is
discussed whether shakedown analysis can be used
to assess critical bearing capacity of a speci�ed
pavement in terms of shakedown failure criteria
if characteristics of all loads that can possibly be
applied on the pavement are known;

4. Examining the maximum accumulated vertical dis-
placement prior to shakedown state of surface layer
for unfactored (� = 1) loads (�P0) shows that �P0

�rst increases with P , peaks at P = 22 tons,
and then drops at larger values of P . Reinforced

subgrade results mostly in the lowest amounts of
�P0 ;

5. Variation of maximum accumulated vertical dis-
placement prior to shakedown state of surface layer
(�Pc) for factored (�#1) loads with P indicates that
the trend is the reverse of �P0 and here, minimum,
rather than maximum, �Pc is observed at P =
22 tons. Unlike �P0 , base reinforcement mostly
leads to the lowest values of �Pc .

As noted earlier, employing numerical load-
displacement methods to �nd shakedown limit of
pavements has been avoided so far mainly due
to its complex and time-taking nature. However,
such methods are the most reliable thanks to their
capability of involving all shakedown criteria. Taking
into account the e�ective factors such as rate of tra�c
and modeling, the tire loads as much as possible
similar to the real tra�c loads, e.g. moving dynamic
loads, may give rise to more genuine results. Of
course, such an achievement requires great time and
computing facilities, especially in case of reinforced
pavements.
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