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A B S T R A C T   

Depending on the project traffic, the total thickness of a granular base can reach excessive values. 
Granular layers of large thicknesses undoubtedly extend the duration of a project and cause high 
project total costs. In this study, the improvement in settlement behaviour of unbound granular base 
layers reinforced with geocell was investigated by way of large-scale laboratory tests and finite 
element modeling. Plate loading tests were performed on unreinforced and geocell reinforced base 
layers, which were constructed on subgrade soil with a low bearing capacity under 1750 kPa 
overload condition. It was determined that the amount of settlement observed at the same stress 
levels decreased with an increase in the aperture size from 440 mm to 660 mm and the geocell height 
from 100 mm to 150 mm. The reduction in settlement potential, which reached 78% compared to 
the unreinforced reference section around 25 kPa, decreased to 55% at around a 200 kPa standard 
load. With an increase in the vertical stress level, the effectiveness of geocell reinforcement de
creases and a serious decrease occurs after 500 kPa, becoming completely unserviceable when a 
level of 1000 kPa is to be exceeded. Although the difference between the experimental results and 
the modeling values remained below 5% in the reference section, it reached as high as 30% dif
ferences in the geocell implemented sections up to 200 kPa, due to three-dimensional geocell 
adaptation problems within the finite element calculations. In this way, it will be possible to increase 
the performance of road surfaces by keeping the pavement thickness constant, and also it will be 
possible to design more economical sections by reducing the required thickness.   

1. Introduction 

The need for effective methods to extend the service life of road structures remains because of the maintenance, repair and 
operating costs of existing roads, and is gaining importance. One of these methods is the use of a geosynthetic material between base 
layers since it has specific advantages, such as ease of applicability, long term performance, a low maintenance requirement, and high 
tensile strength. On the other hand, a relatively new three-dimensional geosynthetics provides extra confinement effects owing to its 
three-dimensional working principle around soil cells. Geocell is a soil reinforcement and erosion protection material with a honey
comb texture made of a high-density polyethylene alloy. Moreover, it affects the cost of the road and environment positively since the 
average construction cost can be reduced about 10% and CO2 emission can be decreased by using geocell [1]. 
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There have been experimental studies on the use of geosynthetic materials as a base reinforcement in the field of transportation 
[2–4], or as subbase reinforcement [5,6]. Also, geocell performance has been examined with different soil types. When it is used with 
sand beds, the bearing capacity increased by four times, and by almost three times in the clay beds [7]. In addition, a number of studies 
focus on the loading mechanism in terms of static or cyclic procedure [8–15]. The location of geosynthetic material is another 
challenge depending on the tensile strength, subgrade modulus, type of footing, and soil-geosynthetic interaction [16–18]. The most 
effective position of the reinforcement in the single-reinforced case is proposed as one fourth the height of the layer of the distance 
from the ground surface [19]. The soil reinforced with cellular fill showed up to 524% higher bearing capacity [20], a decrease up to 
56.1% soil pressure [9], as well as providing a reduction in total settlement by 40% [21] compared to an unreinforced case. However, 
excessive settlements occur after geocell material loses its function if the ratio between the embedded depth and width of the foun
dation rises above 0.9 [22]. The length and the number of the reinforcement layers have a positive effect on soil improvement level 
[18]. Furthermore, geocell material produced in a friction-increasing structure gives better performance compared to smooth surface 
geocell material [23]. It was concluded that the reinforcement method using geocell is more effective than other types of geosynthetics, 
due not only to transferring the foundation load into deeper points, but by also reducing the observed stress and deformation char
acteristics as well as improving the effectiveness of vibration mitigation [7,24–26]. Also, geocell shows the best performance with sand 
according to the reinforcement effect under the high level of bearing pressure when it is compared to other geosynthetic [27]. 

The finite element method, which is a widely accepted numerical approach worldwide, is also used by researchers to evaluate the 
results of geosynthetic reinforced works [28–33]. These numerical studies in the literature show that the bearing capacity and stiffness 
of soils reinforced with geosynthetic material increase significantly, in addition to a decrease in settlement. Similarly, the settlement 
reduction impact on the geocell mat system is studied to decrease the harmful effects of deformation and stress on the buried flexible 
pipes under the road structure by using a finite element program [34]. The best stiffness behaviour was taken for the geocell rein
forcement for the data to be 1000 kPa within the investigation about the pressure-settlement behavior of reinforced sand with geocell 
overlying soft clay by using Abaqus [35]. In addition, experimental studies were validated with numerical models by way of Flac3D 
and Abaqus, commonly [7,35,36]. 

Although there are many studies regarding the utility of geosynthetic materials in road layers in the literature, most of these 
investigated the behavior of geosynthetic materials of around a 200 kPa road load, which is accepted as a standard load within general 
usage. In particular, these studies were generally carried out within wide range of load levels for geocell reinforcements from 160 kPa 
to 1000 kPa [14,27,34,37–40], while 1000 kPa value was reached in limited studies [41]. Within the scope of this study, the behavior 
and strength parameters of four different geocells with high axial stiffness under overload conditions of up to 1750 kPa were examined 
from both an experimental and a modeling point of view to decrease the thickness of pavement unbound granular base layers as well as 
to determine the effect of the size of the geocell. It is new in terms of the behavior of the geocell material under excessive load and the 
determination of the load level at which the structure of the geocell material deteriorates and loses its function completely, under 
unexpected loading conditions due to repeated loading of overloaded trucks or natural disasters such as debris flow or avalanche. 

2. Material properties 

2.1. Soil 

In general, strong base layers were constructed above the problematic natural subgrade, having a low bearing capacity or an 
excessive settlement potential, in site applications whether a stabilized road or an asphaltic pavement. Therefore, a subgrade soil was 
prepared with 25% of kaolinite clay and 75% of silica sand to satisfy the low California Bearing Ratio (CBR) level of less than 8% [3,4, 
11,12,16–18], as well as actual plant mix base material, which is frequently used as a granular fill in highway construction, being taken 
from a stone pit (Fig. 1). While a soil type of the clay-sand mixture material was determined silty sand (SM), the plant mix was 
determined as well graded gravel (GW) according to Unified Soil Classification System [42]. The geotechnical properties of the 
aforementioned soils are given in Table 1. 

2.2. Geotextile 

A single layered geotextile was used to serve as a separation between the subgrade, representing the natural soil layer with low 
bearing capacity, and the base on behalf of the stabilized layer both inside the reference test without geocell and the geocell-reinforced 
sections (Fig. 2) [47–51]. The properties of the geotextile material used for this purpose are given in Table 2 according to the man
ufacturer’s values. 

2.3. Geocell 

In the reinforced experimental sections, four different types of geocell material were placed onto a geotextile of varying aperture 
and height to obtain the geometrical effects and related confinement. Within this purpose, the aperture and the height dimensions 
parameters were chosen as 358/258 mm-485/353 mm, and 100 mm-150 mm in open state of geocells (Fig. 2c). While the nominal 
thickness of the geocells used was 1.4 mm a constant parameter, the specimens were classified due to their closed dimensions of 
440 mm and 660 mm (Table 3). So, 440 × 100 abbreviation denotes the aperture and the height dimensions of geocells in closed state, 
respectively. 
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3. Experimental method 

It should be noted that, the selection of an adequate box size is an essential point to represent actual soil behavior in terms of 
settlement and pressure distribution. A large-scale cubic soil box was designed with a 1500 mm unit dimension in order to eliminate 
boundary effects, considering the previous work having variable unit dimensions of between 500 mm and 2000 mm according to the 
type of soil, the size of the loading plate and the applied pressure [3,4,11,12,16–18]. A 300 mm diameter was chosen for the rigid steel 
loading plate, since the optimum improvement was achieved using an experimental setup with a width of between four to eight times 
the diameter of the loading plate [58–60]. A fully enclosed box was obtained, after the bottom and side faces, but not the front side, 
were covered with 8 mm thick steel sheets on a steel frame. Removable steel angle profiles, which have a 100 mm equal width, were 
assembled in front of the cell in order to measure the prescribed compaction levels layer by layer and to enclose the cell. 

First of all, the subgrade soil representing the natural condition was laid in four layers with a total thickness of 90 cm from the bottom of 
the box with the help of a mobile conveyor, after mixing with an optimum amount of water content inside a concrete mixer (Fig. 3(a)). The 
granular base representing the stabilized fill was laid on the subgrade with a total thickness of 40 cm. Each layer was compacted up to the 
desired level by way of a compactor with two passes along both directions according to proctor tests (Fig. 3(b)). In this way, a regular 
honeycomb structure of cells was provided. In all the test sections, including the reference case without geocell, geotextile was placed 
between two soil interfaces at a height of 90 cm from the bottom, while the additional geocell elements were positioned on the geotextile in 
the case of reinforced sections (Fig. 3(c)). On the other hand, sand cone experiments were realized to verify the anticipated relative 
densities [61]. According to the average results obtained from the experiments performed in all the sections, relative compaction values 
were found to be 98.76% and 90.11% for a stabilized fill base (GW) and natural subgrade (SM) layers, respectively. 

While the pressure was applied with a 300 kN capacity hydraulic jack at the center location on the soil surface, the settlement 
values were measured by two linearly variable 50 mm capacity displacement transducers (lvdt) on the loading plate at a central 
location, simultaneously (Fig. (3d)). In addition, 250 mm capacity three coupled lvdts were located at the 30 cm, 45 cm and 60 cm 
distances along horizontal axis with respect to the center point within the purpose of collecting the surface settlement distribution. Soil 
pressure gauges with a capacity of 500 kPa were placed at 80 cm and 60 cm depths from the ground surface, which are equal to 20 cm 
and 40 cm below the interface of soils, respectively (Fig. (3d)). 

Table 1 
Geotechnical properties of the soils used.  

Property Unit GW SM Related Standard 

Liquid limit % 15.35 46.09 

[43] Plastic limit % 13.91 44.70 
Plasticity index (PI) % 1.44 1.39 
Shrinkage limit % - 6.46 
Maximum dry unit weight kN/m3 22.86 20.70 

[44] Optimum water content % 7.10 11.67 
CBR % 32.23 7.86 

[45] Friction angle ◦ 54.3 35.4 
Cohesion kN/m2 26.2 41.4 
Specific gravity - 2.75 2.61 [46]  

Fig. 1. Granulometry curve.  
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Table 3 
Properties of the geocells used according to manufacturer values.  

Property Unit 
Type of Geocell 

Related Standard 
440 × 100 440 × 150 660 × 100 660 × 150 

Nominal sheet thickness after texturing mm 1.4( ± 0.1) 1.4( ± 0.1) [52,53] 
Tensile strength of strips 

(Without perforation) 
kN/m ≥ 21 ≥ 21 

[54] 
Tensile strength of strips 

(With perforation) kN/m ≥ 12,6 ≥ 12,6 

Weld shear strength kN/m ≥ 21 ≥ 22 
[55] Weld peel strength kN/m ≥ 10 ≥ 9 

Carbon black content % ≥ 1.5 ≥ 1.5 [56] 
Polymer density g/cm3 ≥ 0.935 ≥ 0.935 [57] 
Aperture width (A1) mm 440 660 - 
Aperture width (A2/B) mm 358B258 485/353 - 
Strip height mm 100-150 100-150 - 
Cell area mm ≥ 455 ≥ 855 -  

Fig. 2. Sample of geosynthetic materials used; (a) Geotextile, and (b-c) Geocell.  

Table 2 
Properties of the geotextiles used.  

Property Unit Value 

Weight per unit area g/m2 500 (− 0/+40) 
Tensile strength kN/m 31 (− 4) 
Elongation at break % ≥ 50 
Static puncture resistance N 5800 (− 500) 
Opening size mm 0.075 ( ± 0.025) 
Water permeability l/(sm2) 42 ( ± 15) 
Roll width M 2-6 ( ± 0.1) 
Roll length m 50 ( ± 1)  
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Fig. 3. (a) Experimental soil box, (b) Adopted geosynthetics between road layers, (c) Preparation and transportation of soil inside box, (d) 
Experimental setup, and (e) Details of instrumentation. 
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4. Finite element modeling 

The finite element models were defined in Plaxis 3D for five different sections, the same as the experimental studies, considering the 
ability of this software to model a wide variety of geotechnical problems and its user-friendly interface. Plaxis has a finite element 
solution scheme to solve initial and boundary problems, using a required amount of iteration in order to minimize errors by reaching 
the correct value with the help of nodes. Plaxis 3D was selected in modeling procedure instead of other finite element software, since it 
is the most preferred software in the field of geotechnical engineering field worldwide. 

First of all, the soil volume was drawn with dimensions of 1.5 m x 1.5 m x 1.3 m according to the experimental soil box. The linear 
elastic-perfect plastic Mohr-Coulomb model, which is suitable for subbase application and can analyze faster than other material 
models, was used to simulate the silty sand type (SM) of natural subgrade layer and well graded gravel type of (GW) stabilized base 
layer [23,62]. The sections were studied under undrained conditions as they contain clay content in a closed experimental cell. The 
unit weight and shear strength parameters obtained from the laboratory tests were directly used, while two third of the experimental 
results of the modulus of elasticity values of soils were chosen after consideration a reduction factor was applied for undrained 
deformation modulus according to the unconfined compression test results, because the lack of undrained triaxial test data [63,64]. In 
addition, the values related with Poisson’s ratio [65,66], interface strength [67,68] and permeability [69–71] were calculated based on 
the literature correlations as given in Table 4. 

The solid state three-dimensional complex honeycomb structure of the geocells was imported into the model, after sketching in a 
tetragonal shape with the help of Autocad, due to the real sizes as given in Table 3 and Fig. 4(a) [62]. This geocell material is defined as 

Table 4 
Mohr-Coulomb model soil parameters.   

Symbol Unit GW SM 

Material model Model - Mohr-Coulomb Mohr-Coulomb 
Drainage type Type - Undrained Undrained 
Dry unit weight γunsat kN/m3 22.86 20.70 
Saturated unit weight γsat kN/m3 23.94 22.95 
Vertical permeability coefficient ky m/day 0.01 0.0001 
Horizontal permeability coefficient kx m/day 0.01 0.0001 
Modulus of elasticity E kN/m2 10650 3650 
Poisson’s ratio v - 0.30 0.30 
Cohesion c kN/m3 26.20 41.4 
Internal friction angle Φ ◦ 54.30 35.4 
Dilatancy angle Ψ ◦ 24.30 5.40 
Geogrid-ground interface coefficient Rinter - 0.70 0.70  

Fig. 4. (a) The location and details of a 440 × 100 type of geocell and (b) Transparent appearance with mesh contours.  

Table 5 
Properties of geotextile and geocell.   

Symbol Unit Geotextile Geocell Material Type 

Axial Stiffness EA kN/m 60 504 Elastic  
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Fig. 5. The vertical stress vs. settlement graphs; (a) Reference section, (b)-(e) Reinforced sections by 440 × 100, 440×150, 660×100 and 660×150 types of geocell, respectively.  
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Fig. 6. The change in surface settlements due to applied load level and horizontal distance; (a) Reference section, (b)-(e) Reinforced sections by 
440 × 100, 440×150, 660×100 and 660×150 types of geocell, respectively (up to 200 kPa - left and 1750 kPa - right). 
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a linear-elastic geosynthetic type structural element. While geogrid materials can resist tensile stresses, they do not have enough 
resistance against bending in a planar form. Therefore, the axial stiffness values of the used geosynthetics were calculated according to 
the tensile strength of perforated strip tested in line with the data obtained from the manufacturer. The axial stiffness of the geocell was 
calculated with respect to the tensile strength corresponding to 2.5% elongation according to the manufacturer parameters (Table 5), 
although geotextile elongation at break was determined from the tensile strength at a minimum 50% elongation [54]. As in the use of 
geocells with high axial stiffness, which is another aim of this study, this parameter can be found in the literature from 340 kN/m to 
465 kN/m for high density polyethylene geocells [23,72,73]. 

Vertical pressure was applied on a 300 mm rigid steel plate in the center position, the same as the experimental process up to the 
1750 kPa. The boundary conditions of model were constrained along horizontal directions, although the displacements through the 
vertical direction of all the edge surfaces were allowed. At the base of the model, constraints were applied along all the directions 
similar with experimental box. The groundwater level was defined at the lower base, since the optimum water content values the soils 
were defined with the unit weights and experimental soil box which was not at a saturated state. Mesh elements were selected as 10- 
node, while there were 151238 and 74616 elements inside the 900 mm thick layer of subgrade and a 400 mm thick layer of granular 
base above it, respectively. Along the ground surface zone, where the deformation and stress concentration are intense, denser ele
ments and fine mesh were used, even though a medium mesh was used in the remaining parts of soil (Fig. 4(b)). During the staged 
construction type of the scenario the following operations were kept in step, the subgrade layer was defined, and the stabilized 
granular base was activated after placing of the geotextile and geocell, and a 1750 kPa surface load was applied to the soil surface. The 
significant point to be considered in these stages is activation of the ‘update mesh’ option from the deformation control parameters 
during the geotextile and geocell placement phase. 

5. Results and discussion 

5.1. Experimental results 

The applied vertical stress at the center location versus settlement graphs due to the plate loading tests are given in Fig. 5, which 
were performed on the four different geocell reinforced sections in addition to reference one without geocell. The aim was to determine 
the overload conditions by reaching a vertical stress level of 1750 kPa. For the reference section under peak stress level, the settlement 
values obtained on the soil surface at the center axis and 15 cm, 30 cm and 45 cm distances from the edge of steel loading plate are 
30.74 mm, 9.57 mm, 4.26 mm and 3.03 mm, respectively. Although similar settlement results were obtained in the center axis, 
particularly under high vertical stress, serious differences occurred from the center axis to the outer walls of the test box as a result of 
the spreading load by geocell. 

In order to analyze the more detailed trends, settlement curves were plotted with respect to a horizontal distance representing the 
spacing between the center axis and the surface measurement points under gradual stress increments. These loading levels were given 
as 25kPa and 250kPa for a standard load and heavy load conditions, while surface settlements indicate the averages of oppositely 
positioned displacement gauges (Fig. 6). The highest settlement values were naturally observed at the center location, where the load is 
applied onto the lading plate, and it was determined that the general collapse behavior at that point appeared as heaving at progressive 
load levels. This characteristic is particularly prominent in the 660×100 type of geocell reinforced section, especially. At low load 
levels, the vertical stress concentration was propagated by the geocells according to the increase of confinement effect even if 
enhancement ratios differentiated for geocell types. It is thought that the applied pressure is not spread correctly by the geocell at high 
load levels, especially in 660×100mm geocell including section, due to the larger aperture geometry or insufficient height to create an 
amount of required confinement. There is a possibility that the cell may have settled together with the soil inside. 

Tables 6 and 7 show the comparison between observed ground settlements and related decrease with respect to the reference case 
for standard and overload conditions. When compared with the reference test at a low stress level of around 25kPa, the settlement 
decrement changes between 37.09% and 78.14%, although the change in settlement reaches from a 9.84% decrease to a 3.62% in
crease at an overload condition in the case of geocell reinforced sections. The larger aperture size and cell height created more effective 
results in terms of general tendency. 

The change in soil pressures through vertical direction are given in Fig. 7. In the case of applying a vertical stress of 1750 kPa from the 
surface, a stress reduction was observed around 83% and 87% for the reference section at a depth of 60 cm and 80 cm, respectively. In 

Table 6 
The change in settlement values under standard load up to 200 kPa.  

Stress 
(kPa) 

Settlement 
(mm) 

Settlement 
(mm) 

Decrease 
(%) 

Settlement 
(mm) 

Decrease 
(%) 

Settlement 
(mm) 

Decrease 
(%) 

Settlement 
(mm) 

Decrease 
(%) 

Reference 440×100 geocell 440×150 geocell 660×100 geocell 660×150 geocell 

25  1.21  0.77  36.70  0.50  58.97  0.33  72.58  0.27  78.14 
50  1.91  1.20  37.09  0.92  51.90  0.59  68.94  0.51  73.26 
75  2.48  1.63  34.44  1.39  44.01  0.77  69.18  0.82  67.17 
100  3.08  2.05  33.66  1.68  45.58  0.98  68.29  1.17  62.12 
125  3.57  2.46  30.93  2.08  41.65  1.23  65.43  1.49  58.35 
150  3.98  2.82  29.12  2.37  40.50  1.49  62.58  1.79  55.09 
175  4.41  3.22  27.06  2.70  38.74  1.81  58.99  2.09  52.58 
200  4.74  3.51  26.09  3.16  33.47  2.12  55.25  2.46  48.18  
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Table 7 
The change in settlement values under overload up to 1750 kPa.  

Stress 
(kPa) 

Settlement 
(mm) 

Settlement 
(mm) 

Decrease 
(%) 

Settlement 
(mm) 

Decrease 
(%) 

Settlement 
(mm) 

Decrease 
(%) 

Settlement 
(mm) 

Decrease 
(%) 

Reference 440 × 100 geocell 440 × 150 geocell 660 × 100 geocell 660 × 150 geocell 

250  5.62  4.38  22.11  3.86  31.35  2.91  48.34  3.22  42.74 
500  9.41  8.30  11.72  7.59  19.32  6.80  27.72  6.98  25.78 
750  13.46  12.53  6.97  11.51  14.51  9.62  28.58  11.01  18.20 
1000  17.06  17.03  0.16  15.72  7.88  12.76  25.21  15.57  8.73 
1250  21.83  21.67  0.73  20.12  7.83  17.24  21.04  20.18  7.58 
1500  25.72  26.50  -3.04  24.85  3.39  23.30  9.42  25.60  0.45 
1750  30.74  31.51  -2.49  30.55  0.63  27.72  9.84  31.86  -3.62  

Fig. 7. The change in simultaneous soil pressures along the vertical direction.  

Fig. 8. (a) Stress - strain values of geocells due to strain gauges, (b) A failure caused from tearing and excessive spreading of cell.  
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Fig. 9. The change in surface settlements due to applied load level and horizontal distance; (a) Reference section, (b)-(e). Reinforced sections by 440×100, 440×150, 660×100 and 660 × 150 type of 
geocells, respectively. 
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addition, this reduction was varied between 77% and 81% with geocell reinforcement usage, even though similar trends were obtained in 
reinforced sections. The utility of geotextile also affected the stress distribution in the reference section between the two soil layers. 

Furthermore, local strain values were collected from strain gauges that fixed on the geocell surfaces without perforation near the 
center location along vertical direction to validate the settlement behaviour taken from plate load tests. The observed unit de
formations in the cell elements increased with the increase of the geocell aperture (Fig. 8(a)). While a strain of 0.012 occurs in a 
440×150mm geocell under a vertical stress of 1750 kPa, it reaches a value of 0.016 with a 33% increment in the case of 660×150mm 
reinforcement usage. However, the 660×100mm type of geocell failed when the stress reached approximately 1600 kPa, and unit 
strain was observed to be 0.021 due to the large aperture and insufficient cell height (Fig. 8(b)). This result confirms the occurrence of 
excessive settlement under overload condition including the 660×100mm geocell. It should be noted that the strain data of the section 
reinforced with 440 × 100 mm geocell are missing on the graph due to an instrument problem. In particular, a general failure 
mechanism consisting of a serious settlement occurrence in the center location, while heaving behavior becomes dominant at the edges 
of the box, can be clearly seen in the section improved with the 660×100mm type geocell according to the aforementioned problems. 

5.2. Finite element results 

When the modeling results were examined in terms of the stress and settlement behaviors considered in the experimental study, the 
general behavior of settlement values in the center location overlapped (Fig. 5). Numerical results show that the margins of difference 
between the experimental and numerical analysis in a large-scale box remained below 6.3% for reference section, while the related 
differences are obtained to be 2.7% under 1750 kPa. The reference settlement was reduced by approximately 25.3% and 36.6% thanks 
to the 440 and 660 type of geocells, except for the height of the reinforcement. On the other hand, if 50 mm higher geocells are used, 
they provide the decrease of only 3.4% and 0.3% in the settlement values compared to the 100 mm geocells within same order. 

The trend lines of the settlements gradually decreased up to the 40 cm horizontal distance from the center location similar with the 
experimental ones, while a heaving phenomenon dominated after that, directly (Fig. 9). The modeling results show a slower decrease 
potential with respect to the increasing distance from the center. It was observed that the change in the settlement data became 
constant at an average value of 1.3 cm around a 45 cm distance. Due to the load distribution effect of the geocell, the settlements 
decreased as they moved away from the center and were almost zero at a distance of 45 cm. It was observed that large-aperture 
geocells spread the load and reduced the settlements more effectively, at these distances. On the other hand, the difference be
tween the experimental data and the modeling analysis at 1000 kPa was determined to be a maximum of 19% in the reinforced section 
with a 660×100mm geocell, which is noticeable in the numerical analysis in terms of settlement. Contrary to this, the difference is at 
least 0.5% for a 440 × 150 mm geocell including sections. In addition, the average margin of error in all the experiments was 
approximately 5.4% under overload conditions, although the difference reached a maximum at 24% for a 660 × 100 mm geocell used 
under 200 kPa stress. In general, the modeling data were consistent with the experimental results, even though similar behavior was 
obtained for the geocell reinforced sections. Finite element modeling of the geocell structures may lead to closer results if different 
approaches are implemented in terms of material details in particular. 

The curves regarding the percentage of settlement reduction are given in Fig. 10 with respect to the reference case. According to the 
results, in the sections reinforced with geocells with 440 mm and 660 mm cell apertures, the settlement values decreased by 
approximately 27% and 36.8%. Contrariwise, the amount of observed settlement values decreases according to the reduction in 

Fig. 10. The change in settlement reduction according to the type of geocell for the finite element model.  
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aperture size and the increment in number of the cells per unit area [74–76]. However, the settlement decrease was observed with an 
increase in the aperture size as mentioned above due to experimental and modeling results in this study. This unexpected behaviour 
can be explained by the more penetration of the geocell mattress with a high axial stiffness into the subgrade owing to the presence of 
clay content in the weak layer, before the ultimate confinement effect of 440 mm cell aperture couldn’t be attained. This assumption is 

Fig. 11. Deformed shapes of sample geocells with x15 scaling factor after load application, (a) 660 × 100 mm and (b) 440 × 100 mm.  
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proven by the local tearing and failure modes at the midportion of geocell mattresses. Although serious deformations were observed in 
the experimental geocells with a mesh size of 660 mm, it was observed that the 440 mm geocells preserved their original structure 
more as well as strain values kept in lower state (Fig. 8). On the other hand, it was determined that if the cell height is 50 mm more, 
there is a decrease of only 1.8% in the settlement values compared to 100 mm geocells for both aperture values. Therefore, cell 
aperture is a more effective parameter than cell height. At the end of the modeling process, it is clearly seen that the geocell works 
within the entire interaction area and the geocells are crushed and shortened, with the nodal points being deformed at the center point 
where the axial load is at a maximum (Fig. 11). In addition, in all the geocell reinforced sections, the settlement level reached 0 mm 
and remained constant, where the horizontal location was about 40 cm from the center point. 

6. Conclusion 

In this study, the effects of geocells types on the settlement potential of two layered road structures are investigated with a large- 
scale test setup and numerical modeling. In addition to the reference section without geocells, plate loading tests were carried out for 4 
different geocell-reinforced sections with cell apertures of 440 mm and 660 mm and cell heights of 100 mm and 150 mm. Based on the 
gradual loading conditions, the following conclusions may be drawn. 

Even though, a sufficient improvement was satisfied between 26% and 59% for 440 mm aperture sized geocells, larger aperture 
size provided more effective behavior. Similarly, short geocells with a 100 mm cell height enhances the settlement of an unbounded 
granular layer more effectively at around 10% for low level loading conditions of less than 200kPa. However, this beneficial impact 
dropped gradually after 200kPa and reached ineffective values at approximately 1000kPa. Interestingly, it even reached values 
exceeding the reference settlement in case of overloading in 1750 kPa. 

Despite the fact that the settlement decreases as the data point moves away from the center location, these values were reset at a 
distance of approximately 50 cm and 40 cm along the horizontal axis for the experiments and the models, respectively. While the most 
effective settlement reductions of geocells was obtained around 250 kPa, if the value of 500 kPa was exceeded, it lost its intended use. 

The Mohr-Coulomb model results coincided with the experimental results below 5.8% for the reference case, but despite this, a 
37.2% difference was detected for the geocell reinforced sections up to 200 kPa stress in particular. If the honeycomb structure of the 
geocell is drawn closer to reality using splines, unlike equilateral drawing it can be determined in future studies whether the de
formations are more consistent moving away from the center. 

In general, the loss of confining pressure is leading by the reduction of the stiffness of the geocell-soil composite and the decrease in 
number of cells per unit area, when the aperture size increased. However, in this study the settlement decrease was observed with an 
increase in the aperture size. It is thought that the main reason for this situation is that the more penetration behavior of the geocell 
mattress, which has lower aperture size and higher number of cells per unit area, into the weak subgrade owing to the presence of clay 
content. 
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