
Advance Researches in Civil Engineering  

ISSN: 2645-7229, Vol.6, No.2, pages: 39-49 

 

 
39 

 

Enhancing Load Bearing Capacity of Footings on 

Saturated Sand Slopes using Geocell Reinforcement 

 

Manesht Maleki Vasegh 1*, Vahid Rostami 2, Hamidreza Rabieefar 3 

*1 Phd. candidate, Civil engineering department, Kish International Branch, Islamic Azad University, Kish, Iran 

2 Assistant professor, Civil engineering department, Hamedan Branch, Islamic Azad University, Hamedan, Iran 

3 Assistant professor, Civil engineering department, Tehran south Branch, Islamic Azad University, Tehran, Iran 

 

 (m.malekivasegh@iaukishint.ac.ir) 

 

(Date of received: 01/04/2024, Date of accepted: 08/05/2024) 

   

ABSTRACT 

This study investigates the load-bearing capacity of strip footings constructed on geocell-reinforced sand 

slopes. It includes series of experiments to examine the behavior of geocell reinforcement when subjected 

to bending loads. The results indicated that as the height of the geocell increased, the deep beam behavior 

became more pronounced, suggesting that the geocell layer can effectively act as a deep beam. Additionally, 

the study revealed that when eccentric loading is applied to foundations near the crest of the sand slope, it 

increases the footing’s initial bearing capacity. When altering the geometry of a sand slope is not feasible, 

and modifying the geotechnical properties of the soil is either impractical or expensive, the implementation 

of appropriate soil reinforcement can prove to be beneficial. Lastly, the findings of the study suggest that 

an increase in the number of geocells can bring the foundation’s load-bearing capacity closer to the loading 

capacity of a foundation on horizontal ground. 
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1. Introduction 

Unreinforced soils generally exhibit satisfactory performance under compression, but they often 

lack significant tensile strength. As a result, reinforcing these soils becomes necessary to enhance 

their tensile performance. By introducing reinforcement techniques, the overall strength and 

stability of the soil can be improved, ensuring better performance under tension and reducing the 

risk of failure. Reinforcing soil serves the purpose of enhancing its stability, increasing its load-

bearing capacity, and reducing settlement and lateral deformation [1]. When a footing is placed on 

a sand slope, it not only diminishes the load-bearing capacity but also significantly raises the risk 

of failure. It is crucial to consider these factors when designing and constructing footings on sandy 

slopes to ensure the safety and structural integrity of the foundation. In situations where certain 

structures, such as bridges, require foundations to be constructed near or on sand slopes, it is crucial 

to carefully consider material specifications and sand slope geometry. Inadequate attention to these 

factors can result in complete slope failure or insufficient bearing capacity within the foundation. 

Therefore, it is essential to conduct thorough geotechnical investigations and engineering analyses 

to ensure the stability and safety of the foundation in such scenarios. When altering the geometry 

of a sand slope is not feasible and modifying the geotechnical properties of the soil is either 

impractical or expensive, the implementation of appropriate soil reinforcement can prove to be 

beneficial [2]. Various studies have been conducted on reinforced soil slopes, specifically focusing 

on the impact of reinforcement length and distance on the behavior of these slopes. In order to 

thoroughly understand the failure mechanism of geosynthetic-reinforced soil slopes and assess the 

validity of design hypotheses and methods for such walls, both numerical and experimental studies 

have been undertaken. These investigations have highlighted that the failure surface differs from 

the propagation of the failure region. Instead, its location is dependent on factors such as the 

geometry, strength, and stiffness of the reinforcement elements [3- 8].  By reinforcing the soil, its 

strength and stability can be improved, mitigating potential issues associated with the existing slope 

geometry and soil characteristics. Soil stabilization techniques involve various methods such as 

soil improvement, preloading, piling, and the utilization of geosynthetics. Among these methods, 

the use of geosynthetics for soil leveling has gained significant popularity. Soil reinforcement is 

achieved by incorporating strong materials into the soil to enhance its mechanical characteristics. 

For effective reinforcement, these materials should possess appropriate tensile strength, minimal 

strain hardening, and excellent durability in the soil environment. The increased utilization of 

polymers in soil stabilization has led to the emergence of innovative geosynthetic products like 

geocells in the market. Incorporating geocells into unreinforced soil can yield significant 

improvements in soil shear strength and settlement reduction. One notable advantage of geocells, 

when compared to other geosynthetic materials, is their three-dimensional structure. This unique 

characteristic enhances soil strength not only by increasing the shear strength between the soil and 

the reinforcing element but also by enhancing the compressive strength of the soil behind the 

vertical wall of the reinforcing element. Essentially, a slope reinforced with geocells behaves like 

a beam within the soil due to the geocell's height and flexural properties. This results in reduced 

displacement and increased safety factors for the slope [9]. 

The use of geocells as a reinforcement method has a wide range of applications in civil projects 

due to its effectiveness and efficiency. Geocell-reinforced soil is primarily used to withstand static 

and cyclic loads. It is commonly employed to increase the load-bearing capacity of soft soil and 

decrease settlement and displacements of slopes. Geocells act as a layer, confining the soil and 

preventing it from moving outward the loaded region. This confinement also helps reduce soil 

swelling, resulting in changes in the factor of safety of slopes. Geocells enhance the bending, 
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tensile, and shear strengths of the soil. Additionally, due to their height, they function as a beam, 

providing moment of inertia and consequently improving bending strength. While the bending 

stiffness of geocell- reinforced soil may be relatively low compared to its thickness, it can still 

significantly reduce deformations in different soil layers and contribute to the overall settlement 

reduction of the soil-structure system [10]. In the past few decades, researchers have primarily 

focused on investigating the load bearing capacity of foundations on horizontally reinforced ground 

using geosynthetics. However, there have been relatively fewer studies conducted on the load 

bearing capacity of (sand/earth) slopes. The impact of bending stiffness on geogrid reinforcement 

was examined in a study using FLAC software. It was revealed that despite the relatively low 

bending stiffness in relation to the thinness of the geogrid layer, a crucial role was played in 

reducing the deformation of the geogrid layer. As a result, this decrease in deformation contributed 

to the overall reduction in settlement of the system [11]. The performance of geocell reinforcement 

was simulated in the study. In the simulations, the resistance of the contact surface between the soil 

and the geocell was taken into account. It was assumed that the geocell reinforcement would behave 

like a beam on an elastic bed [12, 13]. Experiments were carried out to examine the behavior of a 

geocell layer under bending conditions. It was found that the geocell layer exhibited characteristics 

similar to those of a beam when subjected to bending loads [14]. The researchers discovered that 

as the height of the geocell layer increased, the deep beam behavior became more pronounced in 

the geocell layer. This suggests that the geocell layer can effectively function as a deep beam when 

subjected to bending loads. Overall, valuable insights into the behavior of geocell layers and their 

potential applications in engineering and construction projects are provided [15]. A study was 

conducted using PLAXIS to examine the load-bearing capacity of strip foundations placed on 

geogrid-reinforced ground under eccentric loading, as well as on unreinforced slopes. The impact 

of various factors, including foundation depth, distance between the foundation edge and slope 

crest, slope geometry parameters, and loading eccentricity, was analyzed on the load-bearing 

capacity. The analytical findings indicated that when eccentric loading is applied to foundations 

with eccentricity directed towards the slope crest, a reduction in the bearing capacity of the 

foundation occurs. Conversely, when eccentric loading is applied to foundations near the slope 

crest, with eccentricity directed away from the crest, an initial increase in the foundation’s bearing 

capacity is observed, followed by a gradual decrease. Another influential parameter is the depth of 

the foundation; an increase in foundation depth enhances the loading capacity of the foundation 

adjacent to a slope, bringing it closer to the loading capacity of a foundation on horizontal ground 

[16]. The influence of various parameters on the ultimate bearing capacity of strip footings 

constructed on geogrid-reinforced sand slopes was examined [17]. Laboratory tests were conducted 

to investigate the load-bearing capacity of geocell-reinforced strip footings when constructed near 

saturated sand slopes. The study aimed to assess the impact of various parameters on the load-

bearing capacity of the footings. These parameters included geocell width, geocell height, geocell 

distance from the foundation level, and the angle of the sand slope. It is important to note that 

geocells, as 3D elements for soil leveling, have not been previously modeled in laboratory settings, 

thus motivating this research. 
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2. Materials and methods 

2.1. Test programs 

In order to accomplish the objectives, a total of 111 experimental series were conducted. The focus 

of these experiments was on the stress-strain behavior of the reinforced soil, with particular 

emphasis on the geocell width and its distance from the foundation level. The test plan was 

designed specifically to address these two influential parameters. Table 1 identifies the series of 

tests conducted. 

 
Table 1. Summarized test plan. 

Test series  Type of reinforcement  u/B L/B i No. of test 

1 unreinforced - - 15⁰ , 20⁰ , 25⁰  3 

2 Geocell reinforced (type G1) 0.25, 0.5, 0.75 2, 3, 5 15⁰ , 20⁰ , 25⁰  27 

3 Geocell reinforced (type G2) 0.25, 0.5, 0.75 2, 3, 5 15⁰ , 20⁰ , 25⁰  27 

4 Geocell reinforced (type G3) 0.25, 0.5, 0.75 2, 3, 5 15⁰ , 20⁰ , 25⁰  27 

5 Geocell reinforced (type G4) 0.25, 0.5, 0.75 2, 3, 5 15⁰ , 20⁰ , 25⁰  27 

 
 

2.2. Materials Specification 

2.2.1. Sand 

In the laboratory experiments, poorly graded silica sand was used as the soil. The grading curve of 

this sand is shown in Figure 1, and additional characteristics of the soil are provided in Table 2. 

The load-bearing capacity of the sand is primarily influenced by the internal friction angle, which 

is a crucial parameter. This study focused on determining this parameter, placing particular 

emphasis on its significance. To determine the internal friction angle, a direct shear test was 

conducted. The initial round of tests demonstrated satisfactory repeatability in determining the 

internal friction angle, which was consistently measured at 28 degrees. To ensure accuracy in the 

tests, all experiments were conducted with low vertical loading velocities. This approach aimed to 

minimize any potential errors and enhance the precision of the results obtained. 

 

 

 
Figure 1. Grading curve of the tested sand. 
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Table 2. Sand properties. 

Soil Type Density φ Relative Density 

Sand 1.32 gr/cm3 28° 50 % 

 
 

2.2.2. Geocell Types 

In this study, four distinct types of geocells with varying geometries were utilized. These geocells 

were prepared following the methodology suggested by Dash et al. (2001), as outlined in Table 3. 

 
Table 3. Characteristics of the geocell grid used for the tests. 

Geocell type  

G4 G3 G2 G1 

H=B/2 H=B/2 H=B H=B 

s=B s=B/2 s=B s=B/2 

 

 

2.2.3. Creating the Geocell Grid 

To form a geocell grid, Rockshield geogrid sheets were adhered together using the method 

proposed (Dash et al., 2001). This technique was employed to ensure the proper formation and 

stability of the geocell grid structure. 

 

 

2.3. Test Apparatus 

To conduct the tests, a small-scale loading apparatus was utilized. This apparatus was specifically 

designed for this purpose at the Soil Mechanics Laboratory of Islamic Azad University in 

Hamedan. Figure 2 illustrates the components of this apparatus, which include: 
 

 
Figure 2. Test apparatus. 
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a. The soil tank used in the experiment measures 50cm x 50cm x 50cm (inner diameters) and serves 

as the primary component of the apparatus for modeling the sand slope. To ensure sufficient rigidity 

and minimize tank deformation, the tank is constructed using thick sheet metal. Three sides of the 

tank are made of sheet metal, while the fourth side is made of glass to allow for observation of soil 

deformation. The tank is completely filled with water and equipped with a discharge valve at its 

base. The preparation of the model involves initially filling the tank with water and allowing it to 

remain undisturbed for 24 hours. After this period, the water is drained using the valve, leaving 

behind saturated soil within the tank. 

b. Loading System: Loading is applied via a high precision gear- box jack with a loading capacity 

of 0.5 ton. 

c. Footing (Foundation) Model: This model must be sufficiently rigid to realize the plane strain 

condition, and sufficiently light so that it would induce low initial stresses on the soil and be easy 

to handle. The width of the footing model was selected as 5 cm (with due regard of the length of 

the soil container) for reducing the wall effect as well as forming complete sliding wedges. To 

maintain rigidity, a thickness of 2.5 cm was considered for the footing model. The length of the 

model was taken as 30 cm in proportion to the soil tank width. 

d. Force Calculation System: This system comprised a load cell (capacity = 0.5 ton) and a digital 

force indicator with adjusting and calibration possibilities. 

e. Strain Gauges: A deflection gauge (accuracy = 0.001mm) was used for controlling deformations 

under the footing model. 

f. Water Supply System for Saturating the Specimen: A 20 lit water tank was mounted above the 

test apparatus for supplying water at equal flow rates to four different points inside the soil 

specimen through four pipes. 

 

2.4. Test Procedure 

In order to achieve consistent compaction, the soil was systematically added to the soil tank in 

layers at a constant precipitation rate. Two templates, proportionate to the model's geometry, were 

positioned on either side of the tank. The sand was poured into the tank using the precipitation 

method until it reached a level equal to H-u. Subsequently, the geocell grid was placed on top of 

the specimen, and the sand pouring process was repeated until the desired height was attained. 

Careful leveling was then conducted to ensure a uniformly flat soil surface for the placement of the 

model footing. The soil tank was then gently moved to its designated position under the loading 

frame, without exerting any pressure on the soil. To saturate the sand, a controlled laminar water 

flow, without applying pressure, was introduced into the tank, fully submerging the specimen. The 

specimen was left undisturbed for a period of 24 hours. Gradual loading was then applied to the 

model footing, maintaining a loading rate of 1mm per minute to ensure static loading conditions. 

This loading process continued until the foundation (footing) settled 15mm into the soil. 

Throughout the loading procedure, the corresponding values of each load and its respective 

settlement were meticulously recorded. The test geometry is shown in figure 3. 
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Figure 3.  Test geometry. 

 

 

2.5. Model Geometry 

The laboratory testing involved a strip footing (with a width denoted as B) placed on a saturated 

sand slope. The load-bearing capacity of the footing was examined under various conditions after 

incorporating a geocell grid beneath it. The resulting values were then compared. In order to 

evaluate the findings, the following dimensionless parameters were utilized: the ratio of the geocell 

grid distance from the foundation level to the footing width (u/B), the ratio of geocell grid width 

to footing width (L/B), the ratio of geocell grid height to footing width (H/B), the ratio of geocell 

grid dimension to footing width (S/B), the ratio of geocell height to footing width (H/B), and the 

sand slope angle. To compare the outcomes between reinforced and unreinforced cases, the bearing 

capacity ratio (BCR) was employed. BCR represents the ratio of the reinforced bearing capacity to 

the unreinforced bearing capacity and can be calculated as follows: 

 

𝐵𝐶𝑅 =  𝑞𝑟 / 𝑞𝑢𝑛𝑟 (1) 

 

The BCR parameter is determined by comparing the load bearing capacity of the strip footing on 

the reinforced sand bed (qr) to the unreinforced soil bearing capacity (qunr) at the desired 

settlement. In this study, all tests were conducted until a settlement of 15mm was reached for the 

model into the soil. The BCR parameter was then calculated for each geocell, considering the same 

settlement, at sand slope angles of 15, 20, and 25 degrees. 

 

3. Analysis and results 

In order to compare the BCR curves for genotypes G1 to G4, an analysis was conducted to examine 

the impact of each parameter on the load bearing capacity. This analysis was performed at various 

slope angles, while keeping the other parameters constant at their respective optimum values. By 

isolating the effect of each parameter, it was assessable to find its influence on the load bearing 

capacity and draw meaningful comparisons between the different genotypes. 
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3.1. Effect of Geocell Layer Width 

Based on the diagrams presented in Figure 4, it can be observed that increasing the width of the 

geocell grid generally leads to an increase in the load bearing capacity. This is because the geocell 

grid acts as a rigid slab, effectively redistributing the applied loads over a larger area and preventing 

the development of failure zones. However, upon closer examination of these diagrams, it is 

evident that, at a constant angle, the bearing capacity ratio (BCR) at L/B=3 is consistently higher 

than that at L/B=2. This suggests that beyond a certain limit, further improvements in load bearing 

capacity may become negligible. In this study, a geocell width of 3B have been identified as the 

effective width, as it significantly enhances the load bearing capacity of the soil. Considering 

economic constraints and the diminishing rate of load bearing capacity improvement at larger 

widths, it is not economically justifiable to increase the geocell width beyond this limit. 

 

 
Figure 4. Variations of BCR with geocell grid distance from the footing level at different geocell widths and 

optimum angle (15 deg) obtained for: a) Geocell G1, b) Geocell G2, c) Geocell G3, and d) Geocell G4 
 
 

3.2. Geocell Distance from Foundation Level 

Upon analyzing the diagrams presented in Figure 5, it is evident that increasing the distance of the 

geocell from the foundation level leads to a decrease in the load bearing capacity. The maximum 

loading capacity was observed at the initial tested distance, specifically when the ratio of geocell 

distance to footing width (u/B) was 0.25. 
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Figure 5. Variations of BCR with geocell depth (distance from foundation level) at different geocell grid widths and 

optimum angle (15 deg) obtained for: a) Geocell G1, b) Geocell G2, c) Geocell G3, and d) Geocell G4. 

 
 

When the embedded depth of the geocell layer is increased, it actually diminishes the effectiveness 

of the geocell in enhancing soil properties. This is because the soil between the footing and the 

geocell layer becomes compressed, resulting in increased settlements (Dash et al., 2001). 

Additionally, the soil situated on the surface between the geocell and the footing can undergo lateral 

extension more easily. 

 

 

3.3. Effect of Sand Slope Angle 

The data presented in Figure 6 demonstrates a consistent decrease in the bearing capacity ratio 

(BCR) as the sand slope angle increases. This indicates that as the slope angle becomes steeper, 

the stability of the sand slope improves, resulting in a decrease in the load bearing capacity. 

Specifically, as depicted in Figure 6a, an increase in the angle from 15 degrees to 20 degrees 

corresponds to a 10% reduction in the load bearing capacity. 
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Figure 6. Variations of BCR with sand slope at different geocell grid widths and optimum embedment depth (u=0.25) 

obtained for: a) Geocell G1, b) Geocell G2, c) Geocell G3, and d) Geocell G4. 

 
 

4. Conclusion 

This laboratory study investigates the effects of geocells on improving the load bearing capacity 

of a strip footing near a saturated sand slope. The key findings of this research are as follows: 

1.Based on the test results, it was determined that the optimal buried reinforcement depth, where 

the load bearing capacity is maximized, was found to be u/B=0.25. 

2.The increase in geocell width to 5B resulted in an increase in loading capacity. However, it was 

observed that this increase varied across the different cases studied. As a result, a width of L/B=3 

was determined to be the optimal choice. 

3.Increasing sand slope angle led to decreased load bearing capacity. 

4.Overall, the greatest load bearing capacity was obtained as 3.93, occurring at u/B=0.25, L/B=5B, 

and a sand slope angle of 15 deg. The least load bearing capacity was obtained as 1.5 at u/B=0.75, 

L/B=2B, and sand slope angle=25 deg 
 

 

5. References 

1-Oghabi, M., & Eisazaadeh, A. K. (2013). Geocell reinforcement in sand and its effect on the 

bearing capacity. Geotechnical Research, 1(3), 123-132. 

2-Qorbanbeigi, S., & Emadollahyari, H. (2011). Numerical analysis of foundations placed on 

shield-stabilized slopes. In Proceedings of the 1st National Civil Engineering and Development 

Conference (pp. 1-10). Zibakenar, Iran. 

3-Hegde, A. M., & Sitharam, T. G. (2015). Three-dimensional numerical analysis of geocell-

reinforced soft clay beds by considering the actual geometry of geocell pockets. Canadian 

Geotechnical Journal, 52(9), 1396-1407. https://doi.org/10.1139/cgj-2014-0387. 

3

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4

10 15 20 25 30

B
C

R

Slope Angle 

L/B=5

L/B=3

L/B=2

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

3.1

10 15 20 25 30

B
C

R

Slope Angle

L/B=5

L/B=3

L/B=2

1.7

1.9

2.1

2.3

2.5

2.7

2.9

10 15 20 25 30

B
C

R

Slope Angle

L/B=5

L/B=3

L/B=2
1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

10 15 20 25 30

B
C

R

Slope Angle

L/B=5

L/B=3

L/B=2

a 
b 

c d 



Advance Researches in Civil Engineering  

ISSN: 2645-7229, Vol.6, No.2, pages: 39-49 

 

 
49 

 

4-Skinner, G. D., & Rowe, R. K. (2005). Design and behaviour of a geosynthetic reinforced 

retaining wall and bridge abutment on a yielding foundation. Geotextiles and Geomembranes, 

23(3), 234-260. https://doi.org/10.1016/j.geotexmem.2004.10.001. 

5-Leshchinsky, B. (2012). Effects of geocell confinement on strength and deformation behavior of 

gravel. Journal of Geotechnical and Geoenvironmental Engineering, 139(2), 340-352. 

https://doi.org/10.1061/(ASCE)GT.1943-5606.0000757. 

6-Zornberg, J. G., & Arriaga, F. (2003). Strain distribution within geosynthetic-reinforced slopes. 

Journal of Geotechnical and Geoenvironmental Engineering, 129(1), 32-45. 

7-Lazhar, B., Hacene, B., & Jarir, Y. (2011). Internal stability analysis of reinforced earth retaining 

walls. Geotechnique, 29(4), 443-452. https://doi.org/10.1007/s10706-011-9390-4. 

8-Chen, R. H., & Chiu, Y. M. (2008). Model tests of geocell retaining structures. Geotextiles and 

Geomembranes, 26(1), 56-70. https://doi.org/10.1016/j.geotexmem.2007.03.001. 

9-Mehdipour, B., Hashemolhosseini, H., Nadi, B., & Mirmohamadsadeghi, M. (2020). 

Investigating the effect of geocell changes on slope stability in unsaturated soil. Tehnički glasnik, 

14(1), 66-75. 

10-Chen, R. H., Huang, Y. W., & Huang, F. C. (2013). Confinement effect of geocells on sand 

samples under triaxial compression. Geotextiles and Geomembranes, 37(1), 35-44. 

https://doi.org/10.1016/j.geotexmem.2013.01.004. 

11-Fakher, A., & Jones, C. J. F. P. (2001). When the bending stiffness of geosynthetic 

reinforcement is important. Geosynthetics International, 8(5), 445-460. 

https://doi.org/10.1680/gein.8.0202. 

12-Zhang, L., Zhao, M. H., Zou, X. W., & Zhao, H. (2009). Deformation analysis of geocell 

reinforcement using Winkler model. Computers and Geotechnics, 36(6), 977-983. 

https://doi.org/10.1016/j.compgeo.2009.03.005. 

13-Zhang, L., Zhao, M. H., Zou, X. W., & Zhao, H. (2010). Analysis of geocell reinforced mattress 

with consideration of horizontal vertical coupling. Computers and Geotechnics, 37(6), 748-756. 

https://doi.org/10.1016/j.compgeo.2010.06.001. 

14-Dash, S. K., Rajagopal, K., & Krishnaswamy, N. R. (2007). Behaviour of geocell reinforced 

sand beds under strip loading. Canadian Geotechnical Journal, 44(7), 905-916. 

https://doi.org/10.1139/t07-035. 

15-Dash, S. K., Rajagopal, K., & Krishnaswamy, N. R. (2001). Strip footing on geocell reinforced 

sand beds with additional planar reinforcement. Geotextiles and Geomembranes, 19(8), 529-538. 

16-Honardar, M., & Roshanzamir, M. A. (2013). Numerical analysis of effective parameters on 

loading capacity of strip footings placed adjacent to reinforced and unreinforced sand slopes under 

eccentric loading.  In Proceedings of the 1st National Conference on Architectural Civil Projects 

and Sustainable Development (pp. 1-10). Tabriz, Iran. 

17-Sharafi, H., & Karimi, N. (2014). Effect of different parameters on ultimate load bearing 

capacity of strip footings placed on geogrid-reinforced sand slopes. In Proceedings of the 8th 

National Conference on Civil Engineering (pp. 1-10). Babol, Iran. 

18-Terzaghi, K. (1943). Expanded Prandtl's (1921) theory about the dimension of strip footing.  

Journal of the Soil Mechanics and Foundations Division, 69(2), 1-34. 


