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Abstract Soft soil is located in important regions all over the world along rivers and seas.  Construction on 

natural soft soil is a risk due to its low shear strength and high compressibility. Using granular piles in soft soils 

is an effectively improvement technique. In this research the behavior of raft footing constructed on soft soil 

reinforced by end bearing or floating granular piles is studied numerically by using Plaxis 3D. A parametric 

study for a raft footing subjected to uniform loads under drained conditions is carried out by varying spacing 

distance, diameter and length of the piles. This study is done to investigate the effect of the various parameters 

on the bearing capacity, the settlement control, and bending moment of the footing. The results show that using 

granular piles in soft soil under raft footing decreases effectively the settlement and bending moment. These 

improvements increase as the increase of area replacement ratio and pile length, and as the decrease of the 

spacing ratio. Utilizing floating granular piles with length ratio of 0.75 is considered effective in reinforcing soft 

soil from the sides of improvement performance and economic.    
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Introduction 

The raft footing system is used when the level of applied loads is somewhat heavy and the bearing capacity of 

soil is weak. When raft footing is utilized on soft soil, the soft soil sustains from excessive settlement and low 

shear strength. Thus excessive consolidation settlement causes partial or full damage in the raft footing or in the 

building. The alternative solution is to use deep foundation as reinforced concrete piles or raft footing with 

reinforced concrete piles. But both solutions are expensive. The other solution is to improve the soft soil 

effectively under raft footing.  

The granular piles method is the most effective to soft soil improvement. Granular piles have higher drainage 

ability and stiffness than the surrounding soft soil. Therefore, ground reinforcement by granular piles solves the 

problems of the soft soil under raft foundation by providing advantage of reduced settlement and accelerated 

consolidation process. A granular fill layer of sand or sand-gravel mixture is usually placed over the top of 

granular piles reinforced weak soils [1]. The carrying capacity of the granular piles depends mainly on the 

lateral support. The lateral support is provided by the native soft soil which depends on its shear strength. The 

stiffness of the granular pile also plays an important role in the increase of the stress concentration within the 

pile, which leads to increase the bearing capacity of the improved ground.  

Various research papers have been published in the last three decades on granular piles [1-16]. Most of the 

research works dealt with the unit cell technique. But the unit cell technique doesn't match the modeling of 

granular piles especially near the edge and the corner of the raft foundation which have larger external bulking 

than piles near raft footing center. Hence, full scale three-dimensional modelling is used in the current research 

to reflect the reality. 

Granular piles may be fully penetrated and resting on strong soil layer (i.e., end bearing granular piles) or 

partially penetrated (i.e., floating granular piles). Several researchers also studied the improvement efficiency of 

floating granular piles which depends on pile length, area replacement ratio and pile stiffness [17-24].  Several 

research works have also been conducted to understand the behavior of granular pile-improved ground under 
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axi-symmetric condition. The granular pile-reinforced ground was analyzed with an axi-symmetric approach 

assuming the existence of an equivalent model of circular raft foundation resting on concentric stone rings with 

a granular pile at the center. The group of granular piles was substituted with an equivalent stone ring to keep 

the ratio of the granular pile area constant for the total area 6, [25-27]. 

The published literature in the behavior of raft footing rested on reinforced soft soil with granular piles is very 

limited especially with respect to long-term performance. Most of the past research utilized the axi-symmetric 

modeling which doesn't reflect the real behavior of the granular piles reinforced soft soil under raft foundation. 

The focus of the available studies has mainly been the settlement behavior of the improved ground. In the design 

of foundations, not only the settlement is a significant design factor, but the bending moment is also important 

design factor. The present research investigates the behavior of uniformly loaded raft footing constructed on 

improved soft soil by granular piles based on 3D numerical analysis considering parameters like piles spacing, 

diameter and length. The effects of the different parameters on the settlement and bending moment of the raft 

foundation are studied.  

 

Numerical Modeling 

The models of the non-reinforced and reinforced soft clay layer of 10.0 m thick with a group of different 

number of granular piles under raft foundation are idealized by Plaxis 3D program. The compacted sand with 

0.5 m thickness is utilized as a mat layer. The groundwater level is at 0.5 m depth below the raft footing. 

Medium finite element mesh is used. The raft foundation has the dimension of 10 m x 10 m and thickness of 1 

m. Quarter of the problem is idealized due to the symmetry.  The model has a dimension of 50 m x 50 m to 

avoid the effect of the boundary conditions on the results as shown in Fig. 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1: Finite Element mesh 

 

The soft clay, sand layer and stone material are idealized by Mohr-coulomb Model which is available in Plaxis 

3D library. The properties of these soils are adopted from the study of Tan et. al (2008) [28]. The raft foundation 

is elasticity idealized by Plate Model. The reinforced concrete of the raft footing has a modulus of elasticity of 

2.1E7 kN/m². The used soil parameters are illustrated in table 1. The numerical analyses have been performed 

under an area load of 100 kN/m² applied on the non-reinforced and the reinforced soft soil. The effect of spacing 

between piles, pile diameter and pile length is studied on the footing settlement, and bending moment. The 

studied cases are illustrated in. table 2. 
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Table 1: Properties and shear strength parameters used for the soils 

Parameter Symbol Granular pile, 

(Tan et al., 2008) 

Sand, 

(Tan et al., 2008) 

Soft clay, 

(Tan et al., 2008) 

Material model 

 

Type 

 

Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb 

Loading 

 

Condition 

 

Drained 

 

Drained 

 

Drained 

 Young’s modulus 

 

E, (kN/m2) 

 

30,000 

 

15,000 

 

1100 

 Poisson’s ratio 

 

υ (-) 

 

0.3 

 

0.3 

 

0.3 

 Cohesion 

 

cʹ, (kN/m2) 

 

5 

 

3 

 

1 

 Friction angle 

 

 

 

φʹ° 40 

 

33 

 

20 

 Table 2: Studied cases 

Group No. Pile Diameter, d 

(m) 

Spacing ratio 

between the Piles, 

(S/d) 

Number of 

piles 

Area replacement 

ratio, (Ar) 

Pile length to the 

clay layer thickness 

ratio, (L/H) 

A 1.0 

2 

3 

4 

9 

4 

1 

0.197 

0. 126 

0.031 

1 

B 

0.8 

1.0 

1.2 

2 

9 

9 

4 

0.181 

0.197 

0.181 
1 

C 0.8 2 9 

 

0.181 

 

0.25 

0.5 

0.75 

1 

 

Results and Discussions 

Effect of Spacing to Pile Diameter Ratio 

Granular piles with diameter d = 1.0 m and different spacing ratios of S/d = 2, 3 and 4 are utilized to investigate 

the influence of spacing on the behavior of the reinforced soft soil under raft footing. Figure 2 depicts the 

settlement versus load relationships at a point under the center of the footing for the non-reinforced and the 

reinforced soft soil with different spacing distances between granular piles. As can be observed the soil without 

reinforcement has the largest amount of settlement, which is 858 mm. Utilizing a 0.5m-mat layer beneath the 

raft footing leads to decrease the settlement to the value of 713 mm. By using granular piles with spacing ratio 

of s/d = 4 the amount of settlement decreases to 79 % from that of the non-reinforced soil. In addition, among 

the granular piles with different spacing ratios, the case of spacing ratio of s/d = 2 has the best performance, 

decreasing the settlement to 480 mm which represents 56 % from that of the non-reinforced soil. Thus, it can be 

concluded that by decreasing the spacing of the piles and by increasing area replacement ratio the amount of 

settlement will be decreased. 

                                   
Figure 2: Load – settlement for the non-reinforced and reinforced soft soil with different spacing ratios 

Figure 3 shows the bending moment distribution of the raft footing for the non-reinforced and the reinforced soft 

soil with granular piles using different spacing distances. The variation of bending moment for all cases is 
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approximately the same. The maximum negative bending moment value is in the center of the raft. Beyond this 

value, the bending moment decreases gradually and it reaches zero at the edge. The existence of mat layer under 

the raft footing causes an increase in the bending moment in comparison to the case of non-reinforced clay and 

the case of reinforced soil with granular piles having S/d = 4. This is attributed to the influence of the 

differential settlement. 

  

 

 

 

 

 

 

 

 

 

 

Figure 3: Bending moment distribution along footing for non-reinforced and reinforced soft soil with different 

spacing ratios 

Using granular piles with spacing ratio smaller than S/d = 4 in the soft soil decreases the bending moment of the 

raft footing. The bending moment decreases as decreasing the spacing between piles and as increasing area 

replacement ratio. In addition, among the granular piles with different spacing, the case of spacing ratio of s/d = 

2 has the best performance, decreasing the bending moment to 64 % and to 61 % from that of the non-reinforced 

soil at the footing center and at 2.5 m from the footing center, respectively. 
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Figure 4: Load – settlement for the non-reinforced and reinforced soft soil with different diameters 
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Figure 5: Bending moment distribution for the non-reinforced and reinforced soft soil with different pile 

diameters 

It is observed from figure 4 that, the case of d = 1.0 m has somewhat greater bearing capacity when compared 

with the studied cases of d = 0.8 m and d = 1.2 m at the same spacing ratio of 2. Additionally, both cases of d = 

0.8 m and d = 1.2 m have the same load-settlement relationship in spite of they have different number of piles. 

This is because of that the both cases have the same area replacement ratio, Ar. Both of the cases of d = 0.8 m 

and d = 1.2 m imply smaller bending moment values than the case of d = 1.0 m as shown in Fig. 5. This is 

attributed to that the case of d = 1.0 m has the greatest differential settlement in comparison with the other 

studied cases.  The cases of d = 0.8 m and d = 1.2 m have approximately the same values of bending moment. 

The reasons of that are both cases have the same area replacement ratio and approximately the same differential 

settlement. Therefore using granular piles with d = 0.8 m and S/d = 2 is effective in reinforced soft soil. 

 

Effect of Pile Length  

Cases of reinforced soft soil with granular piles having d = 0.8 m, S/d = 2 and different piles lengths. The used 

length to soil layer thickness ratios are l/H = 1.0, 0.75, 0.5 and 0.25 to investigate the behavior of the end 

bearing and the floating granular piles in reinforcing soft soil. The case of the end bearing granular piles has the 

best performance in reducing the amount of settlement as depicted in Fig. 6.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Load – settlement for non-reinforced and reinforced soft soil with different pile lengths 
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The amount of settlement increases as the decrement in pile length. The rate of raising settlement increases 

beyond the length ratio of l/H = 0.75. It can be noticed that the settlement values of the case of l/H = 0.75 is 

close to those of the case of l/H = 1.0. 

Figure 7 shows the distribution of the raft footing bending moment for pile length ratios of 0.25, 0.5, 0.75 and 

1.0. The cases of length ratios of 0.25 and 1.0 imply approximately the same bending moment values. While the 

case of length ratios of 0.5 and 0.75 appear bending moment values smaller than that of the cases of length 

ratios of 0.25 and 1.0. Additionally, the floating granular piles with length ratio of 0.75 have the smallest 

bending moment values in comparison with the other studied cases. The case of the floating granular pile with 

length ratio of 0.75 has smaller bending moment values and convergent settlement values in comparison with 

the end bearing case. Therefore, the floating granular piles with length ratio of 0.75 can be used to combine the 

good performance and economic. 

 

 

 

 

 

 

 

 

Figure 7: Bending moment distribution along footing for reinforced soft soil with different pile lengths 

Conclusions 

The non-reinforced and the reinforced soft with granular piles under raft footing were studied numerically using 

Plaxis 3D program. The soft soil was reinforced with granular piles having different numbers of piles and area 

replacement ratios. The influence of spacing between piles, pile diameter and pile length on the behavior of the 

reinforced soft soil was investigated. The results show that using 0.5 m- mat layer only reduces the settlement to 

83 % from that of the non-reinforced soil. While this mat layer causes an increase in the bending moment value.  

The amounts of settlement and bending moment reduce as the decrease of spacing ratio and the increase of the 

area replacement ratio. The diameter of the granular pile has a slight effect on the settlement of the reinforced 

soft soil at the same spacing ratio of 2. The case of the diameter of d = 0.8 m implies bending moment values 

smaller than those of the case of d = 1.0 m. Therefore, using granular piles with d =0.8 m and S/d = 2 has better 

performance in reinforcing soft soil than the other studied cases. The end bearing granular piles imply good 

performance in reducing settlement. The settlement decreases with increasing pile length. The floating granular 

piles with length ratio of 0.75 have somewhat a greater settlement amount and a smaller bending moment in 

comparison with end bearing granular piles. Therefore, using floating granular piles with d = 0.8 m, S/d = 2 and 

l/H = 0.75 is effective in improving soft soil under raft footing to gather between the good performance and 

economic 
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