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Abstract 

A study was performed to investigate the bearing capacity of foundations reinforced by soilbags filled with 

excavated soft soils by conducting field load tests and numerical analysis. The effect of the number of 

reinforcement layers on bearing capacity of the soilbag-reinforced foundation was investigated. Both the 

experimental and numerical studies indicated that soilbag reinforcement with reused excavated soft soils as the 

contained soilbag material can substantially improve the bearing capacity of the soft foundation and reduce 

settlement under vertical loading conditions. The bearing capacity was also found to increase with increasing 

number of soilbag reinforcement layers. The numerical analysis indicated that stress dispersion occurred through 

the soilbag reinforcement to reduce the load transferred to the underlying soft soils. High-quality compaction of 

the soilbag layers during construction is very important to improve bearing capacity. In addition, the excess pore 

water pressure generated in the soft foundation was less with the soilbag reinforcement and decreased with 

increasing number of reinforcement layers due to the relatively high permeability of the soilbag reinforcement. 

Keywords: Geosynthetics, Soilbag-reinforced soft foundation, Bearing capacity, Field load test 
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Introduction 

Soilbags are expandable three-dimensional (3D) geosynthetic containers made from 

bags made of high-density polythene (PE) or polypropylene (PP). They were originally used 

to prevent soil flow due to floodwater and to build temporary structures in case of emergency 

(Kim et al. 2004). Studies by Matsuoka et al. (1999, 2000a, 2003, 2006) revealed the many 

advantages of soilbags, such as their environmental friendliness, and ability to improve the 

bearing capacity of soft ground, reduce traffic-induced vibration, and prevent frost heave. It 

was also found that bags made of polythene (PE) or polypropylene (PP) are stable in both 

acidic and alkali environments. Furthermore, bags protected from exposure to sunlight (via 

burial) are very durable. Because of these attributes, the use of soilbags has been extended to 

permanent or semi-permanent projects, such as soft soil foundation reinforcement (Matsuoka 

and Liu 2006; Liu and Matsuoka 2007; Xu et al. 2008; Li et al. 2013), expansive soil 

treatment (Liu et al. 2012, 2015; Wang et al. 2015), base vibration isolation (Liu et al. 2014), 

retaining wall construction (Lee et al. 2013; Wen et al. 2016; Miyata et al. 2015), coastal 

protection projects (Martinelli et al. 2011; Hornsey et al. 2011; Kim et al. 2015; Moreira et al. 

2016), and soil railway embankment reinforcement (Matsuoka and Liu. 2006; Indraratna et 

al. 2014). 

Bearing capacity and soft soil foundation settlement are great concerns for engineers and 

researchers working on geotechnical and civil engineering projects. Over the last few 

decades, due to increasing infrastructural development demands and land use restrictions, 

geosynthetic reinforcement has been accepted as an effective way to allow structural 

construction on soft foundation soils (Basudhar et al. 2008; Bergado and Teerawattanasuk. 

2008; Rowe and Taechakumthorn. 2008, 2011; Indraratna et al. 2010). Recently, soilbags 

were found to improve the bearing capacity of soft foundations because when a soilbag is 

exposed to external forces or building loads, tensile forces occurs along the bag, which in 

turn provide significant lateral confinement to the wrapped soils and enhance the bearing 

capability of the soilbag. Matsuoka and Liu (2003) found that soilbags have a high 

compressive strength (up to nearly 3 MPa approximately one-tenth that of typical concrete) 

and increase the bearing capacity of soft ground 5-10 times. Shao et al. (2005) and Xu et al. 

(2007) used soilbags to fill ponds for highway embankment construction and found that they 

could effectively reduce the settlement of subgrade and significantly decrease costs. Xu et al. 

(2008) investigated the strength properties of soilbags using unconfined compression tests 

and bearing capacity tests on real soilbags. However, in the above studies, the infilled 

materials of soilbags are mainly coarse granular materials or low-cohesion soils like sands 

and gravels, which are always lacked at the construction site and have to be taken from other 

places. This will significantly increase the engineering cost and induce some expropriation 

and environmental problems. Recently, Liu et al. (2019) used soilbags filled with excavated 

clayey soils to construct retaining wall and found they have high compressive strengths 

resulting from the tensile forces of woven bags. This indicated that soilbags filled with soft 

soils could also be used to improve the soft foundation. Recently, the bearing capacity 

improvement by using soilbags was investigated using small scale tests and 3D numerical 
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modelling (Hataf and Sayadi. 2018). Nevertheless, the bearing capacity of soilbag-reinforced 

foundation using excavated soft soil has rarely studied according to the field load test. 

In this paper, a series of field load tests are conducted to investigate the bearing capacity 

of soft foundations reinforced by soilbags filled with excavated soft soils. The bearing 

capacities of soft foundations with and without soilbag reinforcement are compared to 

illustrate the effectiveness of the soilbag-reinforced foundation with excavated soft soils 

reused. In addition, the effect of the number of layers of the soilbag reinforcement on bearing 

capacity are investigated. Along with numerical analysis, the development and distribution of 

the vertical earth pressure and pore water pressure during the loading process are also studied 

and compared with the experimental results. 

1. Brief introduction to the field bearing capacity tests 

The test site was located at the Xiaoqing River, north of Jinan in the Shandong Province, 

China, where a large conveyance culvert was to be constructed. This soft foundation was 

planned to be reinforced using cement mixing piles for the construction of the conveyance 

culvert initially. However, due to the tight construction schedule and the high cost of cement 

mixing piles, an alternative ground improvement method using soilbags with excavated soft 

soils infilled was proposed. Thus, a field load test was conducted to estimate the performance 

of the foundation reinforced by soilbags filled with excavated soft soils, and the results were 

compared with those achieved with an unreinforced foundation. Because of the conveyance 

culvert was buried under ground, the ground was excavated to the designing level during 

construction. The excavation depth was approximately 4-5 m from the original ground 

surface, the excavated soil was mainly made up of sandy clay. Therefore, the load tests were 

performed on an excavated soft foundation pit, the area of the test field is 60 × 20 m, the soils 

under the loading plate is soft silty clay with the thickness up to 10 m. The groundwater table 

was roughly 0.4-0.7 m below the excavated surface. The geotechnical properties of the silty 

clay, given in Table 1, were provided by the Shandong Survey and Design Institute of Water 

Conservancy based on laboratory tests on soil samples from the field. 

Tests were performed on an unreinforced soft foundation, a foundation reinforced by 

two layers of soilbag reinforcement (n = 2) and a foundation reinforced by four layers of 

soilbag reinforcement (n = 4). It is worth noting that the excavated sandy clay was reused as 

infilled materials of the soilbag in this project to save the cost and shorten the construction 

period. The bags used to contain sandy clays were made of a black woven polypropylene 

(PE) geotextile. The properties of the PE bags are as follows: the mass per square metre is 

100 g, the warp and weft tensile strengths are 23.4 and 18.8 kN/m, respectively, the warp and 

weft elongations are both less than 18%, and the warp and weft tensile modulus are 134 and 

112 kN/m, respectively. Approximately 45-50 kg of the excavated sandy clay with water 

content (18% ± 3%) was used to fill each bag, and the mouths of the bags were sealed with a 

manual sewing machine. After that, a shallow foundation pit with an area of 3 m × 3 m was 

excavated at the test position. Then, the soilbags were placed and compacted layer by layer 

using a plate vibrator. The soilbags had to be staggered to ensure structural integrity. After 

compaction, each soilbag has approximate dimensions of 50 cm × 50 cm × 10 cm (length × 
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width × height). After compaction, the sandy clay contained in the soilbags was sampled and 

tested according to the corresponding laboratory tests. The geotechnical properties of the 

sandy clay are also listed in Table 1. Due to the dynamic compaction, the pre-consolidation 

stress for the sandy clay in the soilbag is about 80kPa. 

The procedure of the field load tests is shown in Fig. 1. A square steel plate with a 

thickness of 30 mm and 1-m sides was used as the load plate. Fig. 1(a) shows the load test on 

the unreinforced soil foundation, and the load test on the foundation reinforced by soil bags is 

shown in Fig. 1(b). In order to reduce experimental error, three parallel tests were conducted 

for each case. The load was applied in stages. At each stage, the load was held constant until 

the resulting foundation settlement rate decreased to 0.5 mm/h (after which the next load 

increment was applied). In this test, the earth pressure and pore water pressure were also 

measured, the layout of transducers was shown in Fig. 2. To install the transducers in the 

natural soil, the soil was excavated and then backfilled after the transducers were placed, as 

illustrated in Fig. 3. However, the earth pressure and pore water pressure were only measured 

once for each case. The ultimate bearing capacity is determined according to the failure in the 

ground, and the results of the plate load tests are listed in Table 2. The ultimate bearing 

capacities of the three cases are 96, 135 and 170 kPa, respectively. The bearing capacity of 

the reinforced foundation is larger than that of the unreinforced foundation, and it increases 

with increased layers of soilbag reinforcement. Besides, an increase in the elastic modulus of 

the soilbag-reinforced foundation was given by back calculation using Boussinesq‟s solution 

and loading-settlement curve test results. It can be found that soilbags infilled with excavated 

soft soils used to reinforce the soft foundations can increase bearing capacity and reduce 

footing settlement. 

2. Numerical modelling 

2.1 Simulation method 

The objective of the numerical simulation was to reproduce the field load tests described 

in the previous section and further investigate the reinforcement mechanism of the soilbags 

filled with excavated soft soils. The simulation was conducted using a finite element method 

(FEM). So far, a few studies on the numerical modelling of soilbags have been conducted 

with the soil and bags modelled separately by FEM. (Muramatsu et al. 2007, 2009; Tantono 

and Bauer 2008; Ansari et al. 2011; Ye et al. 2011). In these studies, truss elements were used 

to model the tensile behaviour of PE or PP bags. Muramatsu et al. (2007, 2009) and Ye et al. 

(2011) analysed the settlement of soilbag foundations under vertical load and vibration 

damping effect of soilbags, respectively. Tantono and Bauer (2008) discussed the effect of 

the soil-geotextile interface (slip/rotation) on stress and strain for soils wrapped in a soilbag. 

Ansari et al. (2011) developed a 3D FE model, which allows for the consideration of large 

interfacial slips, surface separation and closure, and numerically analysed the mechanical 

behaviour of a soilbag subject to compression and lateral cyclic shear loading. However, due 

to the complexity interfacial relationship between contained soils and geotextile bag, 

geotextile bag and geotextile bag for above soilbag modelling methods, a limited analysis 
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was performed on the structures reinforced by soilbags in a real project. Hence, equivalent 

composite approach (ECA), which has been wildly used in many previous studies to model 

geocell-reinforced structures in different projects (Bathurst and Knight. 1998; Chen et al. 

2013a, b; Hegde and Sitharam 2013; Leshchinsky and Ling 2013; Mehdipour et al. 2013; 

Rahimi et al. 2018a, b; Song et al. 2017, 2018), was used in this study to model the 

soilbag-reinforced foundation for its simplicity and high computational efficiency. 

In the ECA method, the soilbag-reinforced soil was treated as a composite material with 

the improved strength and stiffness parameters, and its constitutive model is similar to the 

unreinforced soils. For the geocell-reinforced soil, the triaxial compression test results by 

Bathurst and Karpurapu (1993), Rajagopal et al. (1999) and Chen et al. (2013b) indicated that 

an apparent cohesion was induced in the reinforced granular soil due to geocell confinement, 

but the friction angle of the reinforced soil was basically the same as that of the unreinforced 

soil. This phenomenon was also found by the laboratory biaxial compression tests on model 

soilbags and their DEM simulation under compression without consider the particle crushing 

of the material warped inside the bags (Matsuoka et al. 2003, 2006; Cheng et al. 2016a, b; 

Liu et al. 2018). Considering the infilled material of soilbag was soft soils and a low vertical 

stress was applied in the load test, so the friction angle of the soilbag-reinforced soil was 

assumed to be the same as that of contained in the bag; only apparent cohesion cT was 

considered for the soil reinforced by soilbags. 

Fig. 4(a) shows a soilbag subjected to external principal stresses 1 and 3 in a 

two-dimensional manner (Matsuoka et al. 2000b, 2003, 2006; Xu et al. 2008; Liu et al. 2018). 

Under the actions of 1 and 3, the soilbag usually tends to be flat, accompanied by the 

extension of the total perimeter of the bag. As a result, a tensile force T is produced along the 

bag, which in turn produces an additional stress on the soil particles inside the bag. The 

components of the additional stress are expressed as: 

01 0

2 2
3

T T

B H
  ；                          (1) 

where B and H are the width and height of the soilbag, respectively. Thus, the stresses acting 

on the soil wrapped in the bag are the combined result of the externally applied stresses and 

the apparently produced stresses by the bag tensile force T, as shown in Fig. 4(b). At failure, 

the following equation holds: 

1

2 2
p 3

T T
K

B H
 

 
   

 
                       (2) 

where Kp = (1 + sin)/(1 - sin) and  is the internal friction angle of the wrapped soil. As the 

width B is usually greater than the height H for soilbag, it is known from Eq. (1) that the 

tensile force T induced along the bag causes stronger confinement to the wrapped soil in the 

3 direction than in the 1 direction. Thus, the larger the ratio of B/H of the soilbag is, the 

more the reinforcement effect is. 
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By comparing Eq. (2) with the strength expression of 1 23 p pK c K    for a 

cohesive-frictional material, the following expression of the apparent cohesion of the soilbag 

resulting from the bag tension T is obtained. 

1T p

p

T B
c K

HB K

 
  

 
                         (3) 

Considering there is no relative shear deformation between the soilbags when they are 

used to reinforce the foundations. Thus, the soilbag reinforcement can be treated as a 

cohesive-frictional material with an apparent cohesion cT as expressed in Eq. (3) and a same 

internal friction angle φ as that of the soils contained in the bags. That is to say, the high 

compressive strength of the soilbags can be interpreted as the contribution of an apparent 

cohesion c resulting from the tension of the bag. For cohesive-frictional materials, a bonding 

stress σ0 (= cT·cotφ) was introduced to reflect the effect of cohesion to their stress-strain 

relationship by Matsuoka and Sun. (1995). Then, it was successfully applied to reflect the 

increase of cohesion of unsaturated soil with suction s and establish an elastoplastic model by 

Matsuoka et al. (2002). Based on this method, the translated stress ̂  tensor used in the 

constitutive model for soilbag-reinforced soil is defined as follows: 

0
ˆ

ij ij ij                                       (4) 

where ij is the stress tensor, ij is Kronecker‟s delta. 

The axial strain in the height direction of the soilbags is given by a=(H0-H)/H0, the 

volume of soilbags is assumed to be invariable and constant (Matsuoka and Liu 2006), i.e. 

B0H0 = BH, and B= B0/(1-a) is obtained, where H0 and B0 are the initial height and width of 

the soilbags, respectively. In this case, the circumferential extension strain of the woven bags 

can be obtained as: 

  

1

1 1

a
c a

a

m

m


 



 


 
                              (5) 

where m = B0/H0 is the ratio of the initial width of the soilbags to its height. The tensile force 

of the bags is written as T=kc, where k is the tensile modulus of PP or PE bags, which can be 

determined by the ratio of the tensile strength to the maximum extension strain of the bags. 

Thus, the apparent cohesion of soilbags in Eq (3) can be rewritten as: 

  0

1 1

1 1 1

a p a a
T

a a p

k K m m
c

B m K

  

 

   
  

    
                   (6) 

It is worth noting that axial strain and apparent cohesion in Eq. (6) for each soilbag 

should be updated with the settlement of foundation after each time step in the numerical 

simulation of the field load test. The distribution and evolution of the apparent cohesion in 

soilbag layers under compression condition is discussed in section 3.4. 
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2.2 Mesh and constitutive model 

Numerical predictions were made using the plane strain FE method with ECA to model 

the soilbag reinforcement. The FE mesh and the boundary conditions are illustrated in Fig. 5. 

Due to symmetry, only half the foundation was modelled; the modelled area had a horizontal 

width of 10.0 m and a vertical thickness of 6.0 m. At the left and right boundaries, horizontal 

displacement was fixed, but vertical displacement was variable. At the bottom boundary, both 

the horizontal and vertical displacements were fixed. The ground surface (drainage boundary) 

was considered completely permeable, and the left, right and bottom boundaries were 

considered impermeable. 

In the present study, the modified Cam-clay (MCC) model, which is a widely accepted 

elastoplastic model for describing the stress-strain behaviour of saturated clay, was adopted. 

To represent the confinement of the bags to the infilled soil, the original stress variable in the 

MCC model was replaced by the translated stress defined in Eq. (5). Thus, according to the 

associated flow rule, the yield and plastic potential functions can be expressed as: 

 2 2 ˆ ˆ ˆ
cf g q M p p p                             (7) 

where p̂  and q are the translated mean effective stress and deviatoric stress, respectively, M 

is the slope of the critical state line (CSL) in the q - p̂plane, and ˆ
cp  is the pre-consolidation 

pressure, which is the hardening parameter of the model and can be expressed by: 

 0

0

1
ˆ ˆ exp

p

v

c c

e
p p



 

  
  

 
                          (8) 

where  and  are the plastic compression index and unloading-reloading index, respectively, 

e0 is the initial void ratio,  p

v  is the increment of plastic volumetric strain, and 0
ˆ

cp  is the 

translated pre-consolidation pressure at the beginning of plastic loading. 

The numerical analyses were performed using the fully hydro-mechanical coupling FE 

code developed by the Institute of Hydraulic Structures of Hohai University (Wang et al. 

2015; Liu et al. 2016). 

2.3 Determination of model parameters 

Table 3 shows the model parameters used in the numerical simulations, as estimated 

from the experimental results given in Table 1. Plastic compression index  was 

back-calculated from given compression index Cc using the relationship  = Cc/2.3. Ratio / 

generally varies in the range 5–10; 10 was chosen in these analyses so that  = 0.1. For 

triaxial compression conditions, the slope of the critical state line in the p-q plane, M = 

6sin/(3 - sin), was calculated. Poisson‟s ratio was assumed to be 0.3. In the elastic region 

of soil behaviour, Young‟s modulus was adopted as the usual function of mean effective 

stress and initial void ratio. Because the load test was conducted on the excavated foundation 
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pit with soils in the unloading state, a value of Young‟s modulus corresponding to p = 100 

kPa was assumed in these analyses when the initial effective mean stress was less than 100 

kPa. This assumption can help alleviate the possibility of predicting excessive settlement. For 

permeable natural soil, the vertical hydraulic conductivity kv was determined via laboratory 

permeability test and horizontal hydraulic conductivity kh was set as 2.0 times the value of kv 

from previous studies on soft soils (Chai et al. 2013, 2014). Because the compaction was 

conducted on the soilbag reinforcement before the load test, the tensile force has been 

generated along the bags, thus the initial axial strain of soilbags was set as 10%. The 

hydraulic conductivity of the soilbag reinforcement was found much larger than that of the 

soils contained in the soilbag because of the existence of gaps and contact surfaces between 

soilbags, as determined in a previous study by Liu et al. (2012), and kh was found to be nearly 

10 times higher than kv. Except for apparent cohesion and hydraulic conductivity, the other 

parameters of the soilbag-reinforced soils were the same as those of the sandy clay contained 

in the bags. The initial effective stress of the foundation was determined from the numerical 

simulation of the self-weight consolidation and excavation. The groundwater level was 

assumed to be 0.5 m below the excavated surface. 

2.4 Comparison of predictions and field measurements 

Figs. 6 show a comparison of the test results to the numerical results of the 

loading-settlement curve for unreinforced foundation and soilbag-reinforced foundations. For 

the unreinforced foundation, as shown in Fig.6a, the ultimate bearing capacity was less than 

100 kPa. A steep reduction in the slope of the loading-settlement curve was observed at the 

settlement of 2.4% of the footing width, indicating foundation failure. For the 

soilbag-reinforced foundations, there was no clear failure, even at large settlement, as shown 

in Fig.6 b-c. The maximum bearing capacity was observed for the foundation reinforced by 

four layers of soilbags, it was approximately 1.79 times larger than that without soilbag 

reinforcement. In addition, a reduction in the settlement of the foundation reinforced by the 

soilbag was also observed. However, from the loading-settlement curves of the 

soilbag-reinforced foundations obtained from the field load tests, settlement was found 

smaller than that calculated, especially in the early loading stage, possibly because the 

increase of the compression modulus of the soilbags was not considered in the numerical 

simulations. Overall, a good agreement was observed between the field test and the numerical 

results. 

The reduction in footing settlement due to the presence of reinforcement can also be 

quantified in terms of a parameter called Percentage Reduction in Settlement (PRS). PRS is 

defined as: 

0

0

100%rS S
PRS

S

 
  
 

                          (9) 

Downloaded by [ University College London] on [01/07/19]. Copyright © ICE Publishing, all rights reserved.



Accepted manuscript doi: 
10.1680/jgein.19.00036 

 

where S0 is the settlement of the unreinforced foundation corresponding to its ultimate 

bearing capacity, and Sr is the settlement of reinforced foundation corresponding to footing 

pressure equal to the ultimate bearing pressure of the unreinforced foundation. The PRS 

values observed are 19% and 40%, respectively, for soilbag-reinforced foundations with n = 

2 and n = 4. The maximum PRS (40%) was observed for the soilbag-reinforced foundation 

with n = 4, where PRS = 40% indicates a 40% reduction in settlement from the reinforced 

foundation to the unreinforced clay. Hence, the presence of soilbags in the soft foundation 

can not only increase the bearing capacity, but also substantially reduce the settlement. 

Figs. 7 shows the comparison of the tested and numerical loading-vertical stress curves 

for points at various depths. There is an excellent agreement between the numerical results 

and the test measurements at E1, E2, and E4, indicating the effectiveness of the numerical 

method with ECA to model soilbag-reinforced soils. It was found that agreement of earth 

pressure at E3 inside soilbag layers in the foundation with four layers of soilbag 

reinforcement is not as well as that inside the natural soils. This may be induced by the 

soilbag reinforcement layer under the earth pressure transducer was not compacted 

thoroughly. Fig. 8 shows the variations of normalized vertical stress with depth for various 

types of case. These values correspond to the points exactly below the centre of the footing at 

various depths. The vertical stress v at different depth was normalized by applied pressure p. 

Here, the applied pressure was equal to the ultimate bearing capacity of the unreinforced 

foundation, and the normalized vertical stress measured at locations E1 to E4 were plotted for 

comparison. A remarkable reduction in the vertical stress of the soilbag reinforcement was 

found. The maximum stress reduction was observed for the soilbag-reinforced foundation 

with n = 4. For the soilbag-reinforced foundations, the calculated stress reduction was a little 

less than that measured in the field tests, which may be attributed to the increase of the 

compression modulus of the soilbag not considered in the numerical model. 

Figs. 9 shows the numerical results of the vertical stress contour for various test cases. 

The reported stress contours correspond to the vertical pressure equal to the ultimate bearing 

capacity of the unreinforced foundation. For the unreinforced foundation, higher stress was 

observed below the loading plate and transferred to the deeper soils. However, stresses are 

transferred laterally to the wider areas through the reinforcement for the soilbag-reinforced 

foundations, reducing the stress in the subgrade. Furthermore, vertical stress was dispersed to 

the larger areas with increased thickness of soilbag reinforcement. Hegde and Sitharam 

(2015) observed a similar phenomenon in geocell-reinforced foundation. Matsuoka and Liu 

(2006) explained the dispersion of vertical stress in foundations reinforced by soilbags, as 

shown in Fig. 10. The stress dispersion area is directly proportional to the thickness of the 

soilbag reinforcement embedded in the foundation (Hs) and the stress dispersion angle (). 

With the load distributed to the wider area, the overall stress intensity in the subgrade soils 

decreases. Thereby, the effect of the thickness of soilbag reinforcement is significant, which 

would improve the overall performance of the reinforced foundation. However, because the 

thickness of the soilbag reinforcement did not vary signifcantly in this study, this effect was 

less obvious. 
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Fig. 11 presents the distributions of apparent cohesion in the soilbag layers for 

foundations with two and four layers of soilbag reinforcement when 200 kPa vertical pressure 

is applied. It can be seen that apparent cohesion of the soilbag layers is largely induced by the 

dynamic compaction before compression. Thus, the denser the soilbag layer after 

compaction, the larger the bearing capacity of the soilbag-reinforced foundation. With 

increase of applied pressure, the compression deformation of the soilbags under the loading 

plate is larger than at other locations, and so a larger apparent cohesion is generated in this 

zone. In addition, apparent cohesion is a little larger for the foundation reinforced by two 

layers of soilbags than by four layers. The compression deformation of the soilbags using 

four layers of soilbag-reinforced foundation is smaller. Fig. 12 shows the development of 

apparent cohesion with applied pressure for the soilbag in the second layer under the loading 

plate. It can be seen that the apparent cohesion increases slowly with the applied pressure at 

the beginning of the field load test. The compression deformation of the soilbag is small at 

this stage. With the increase of applied pressure, a turning point appears, and apparent 

cohesion increases markedly thereafter. The applied pressures corresponding to the turning 

points are close to the bearing capacities of the soilbag-reinforced foundations with  n = 2 

and n = 4 layers, which means the larger compression deformation occurred once the applied 

pressure approaches the bearing capacity. Thus, the results of this analysis confirm the 

importance of the high-quality compaction of the soilbag reinforcement during construction. 

This is because of the increase of apparent cohesion with applied pressure is limited before 

failure of the foundation. 

Comparisons of the measured and predicted excess pore water pressure at locations P1 

to P3 (see Fig. 2 for the locations) are shown in Fig. 13, respectively. Good excess pore water 

pressure agreement at locations P1 to P3 can be obtained using the numerical method with 

ECA. Additionally, the estimated vertical and horizontal hydraulic conductivities of the 

soilbag reinforcement seemed reasonable. It is worth to point out, the soilbag reinforcement 

was placed above the groundwater level, the soilbag-reinforced soil was in the condition of 

unsaturated, and the excess pore water pressure inside soilbag layers has not been measured. 

Thus, the comparison of excess pore water pressure inside the soilbag reinforcement was not 

given in this study. Fig. 14 shows the variation of excess pore water pressure with depth for 

three tests. The values in this figure correspond to the points exactly below the centre of the 

footing at various depths. Vertical pressure was equal to the ultimate bearing capacity of the 

unreinforced foundation. A significant reduction in excess pore water pressure was observed 

at the depth of 0 to 2 m for the soilbag-reinforced foundation. Moreover, the reduction of 

excess pore water pressure becomes clearer as the thickness of the soilbag reinforcement 

increases. This is mainly attributed to the dispersion of the ground stress through the soilbag 

reinforcement, which decreases the additional stress transferred to the deeper foundation and 

reduces the excess pore water pressure. Besides, for the foundation reinforced with four 

soilbag layers, it can be found that excess pore water pressure at the depth of 0.1 to 0.4m was 

more uniform and smaller than that without reinforcement or with two layers of soilbag 

reinforcement. This can be explained by the high permeability of the soilbag reinforcement, 
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which reduces the excess pore water pressure in the reinforcement under external load 

conditions. Thus, with the increasing thickness of soilbag reinforcement, the smaller and 

more uniform distribution of the excess pore water pressure were generated in the 

reinforcement. According to this study, it is found that soilbag reinforcement in soft 

foundations can not only increase bearing capacity, but also reduce the excess pore water 

pressure generated in the soft foundation under loading condition. 

3. Conclusions 

This paper presents the results of field load tests and numerical simulations to evaluate 

the reinforcement effect of soilbags filled with excavated soft soils and the number of soilbag 

layers, which can be used to improve the bearing capacity of the soft foundation. It was found 

that soilbag reinforcement with the reused excavated soft soils as the contained material can 

increase the bearing capacity of soft foundations and reduce settlement under external loads. 

The bearing capacity and elastic modulus of the reinforced foundation can increase with the 

greater thickness of the soilbag reinforcement. This was related to the generation of the stress 

dispersion through the soilbag reinforcement. The larger the thickness of the soilbag 

reinforcement, the smaller the load transferred to the underlying soft soils. High-quality 

compaction of the soilbag layers during construction is important to improvement the bearing 

capacity. In addition, the excess pore water pressure generated in the soft foundation was 

found to decrease significantly with the help of soilbag reinforcement. Due to the high 

permeability of the soilbag-reinforced soil, smaller excess pore water pressure and more 

uniform load distribution was observed in the soilbag reinforcement with the increasing 

soilbag layer thickness. Comparison of the simulated results to the experimental results of the 

field load tests showed that the equivalent composite approach (ECA) method introduced in 

this paper can simulate the deformation of foundations reinforced by soilbags filled with 

excavated soft soils under vertical loading conditions. 
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Notation 

Basic SI units are shown in parentheses. 

B: width of soilbag (m) 

B0: initial width of soilbag (m) 

Cc: compression index (Pa-1) 

Tc : apparent cohesion of soilbag (Pa) 

e0: initial void ratio (dimensionless) 

H: height of soilbag (m) 

H0: initial height of soilbag (m) 

k: tensile stiffness of woven bag (N/m) 

kh: horizontal hydraulic conductivity of foundation soil (m/s) 

kv: vertical hydraulic conductivity of the foundation soil (m/s) 

M: slope of the critical state line (dimensionless) 

m: initial width to height ratio of soilbag B0/H0 (dimensionless) 

n: number of soilbag reinforcement layers (dimensionless) 

p̂ : translated mean effective stress (Pa) 
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cp : pre-consolidation pressure (Pa) 

0cp : initial pre-consolidation pressure (Pa) 

q: deviatoric stress (Pa) 

S0: settlement of the unreinforced foundation corresponding to its ultimate bearing capacity 

(m) 

Sr: settlement of the reinforced foundation corresponding to footing pressure equal to the 

ultimate bearing pressure of the unreinforced foundation (m) 

T: bag tensile force (N) 

ij: Kronecker‟s delta (dimensionless) 

a : axial strain in the vertical direction of the soilbags (dimensionless) 

c :circumferential extension strain of the woven bags (dimensionless) 

p

v : plastic volumetric strain (dimensionless) 

 :internal friction angle of the material inside the bags (°) 

: swelling index (dimensionless) 

: compression index (dimensionless) 

0 : bonding stress induced by cohesion (Pa) 
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1 : vertical major principal stress of the soilbags (Pa) 

3 : horizontal minor principal stress of the soilbags (Pa) 

01 : additional major principal stress produced by the tension of the bag (Pa) 

03 : additional minor principal stress produced by the tension of the bag (Pa) 

ij : stress tensor (Pa) 

Abbreviations 

ECA  equivalent composite approach 
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Table Captions 

Table 1. Geotechnical properties of foundation soils. 

Table 2. Results of field load tests. 

Table 3 Model parameters for numerical simulations. 

 

 

Table 1. Geotechnical properties of foundation soils 

Geotechnical property Silty clay Infilled sandy clay 

Initial water content, w0 (%) 46.5 20.1 

Liquid limit, wL(%) 43.9 29.1 

Plastic limit, wp (%) 24.2 18.2 

Plasticity index, Ip (%) 19.7 10.9 

Initial void ratio, e0 1.4 0.6 

Specific gravity, Gs 2.74 2.67 

Compression index, Cc 1.5 0.12 

Hydraulic conductivity, kv (10
-8 

m/s) 5 40 

Pre-consolidation pressure, pc0 (kPa) 100 80 

 

Table 2 Results of field load tests 

Types of foundation Ultimate bearing 

capacity qcr (kPa) 

Ultimate 

settlement scr 

(mm) 

Elastic 

modulus E0 

(MPa) 

Unreinforced foundation 96 24.1 3.55 

Soilbag-reinforced foundation with n = 2  135 26.4 4.92 

Soilbag-reinforced foundation with n = 4 170 31.8 6.26 

 

Table 3 Model parameters for numerical simulations 

Soil type M    e0 c 

(kPa) 

γt 

(kN/m
3
) 

kv kh 

(10
-8

m/s) 

Silty clay 1.0 0.65 0.065 0.3 1.4 20 16.8 5 10 

Infilled sandy clay 1.2 0.02 0.002 0.3 0.6 203 18.1 500 5000 
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Figure Captions 

Fig. 1. Plate load tests for (a) undisturbed soil foundations and (b) foundations reinforced by 

soil bags. 

Fig. 2. Transducer sketch map. 

Fig. 3. Installation of transducers in natural soil during the (a) excavation step and (b) 

backfilling step. 

Fig. 4. Stresses acting on two-dimensional model soilbag and on particles inside the soilbag: 

(a) Stresses acting on soilbag; (b) Stresses acting on particles inside soilbag. 

Fig. 5. Mesh and boundary conditions. 

Fig. 6. Comparison of loading-settlement curves for different types of foundation. 

Fig. 7. Comparison of loading-vertical stress curves. 

Fig. 8. Variation of normalized vertical stress with depth. 

Fig. 9. Contours of vertical stress: (a) unreinforced; (b) reinforcement with two layers of soil 

bags; (c) reinforcement with four layers of soil bags. 

Fig. 10. Schematic view of vertical stress dispersion under reinforcement with soil bags. 

Fig. 11. Contours of apparent cohesion in the soilbag layers with applied pressure 200kPa. 

Fig. 12. Development of apparent cohesion with applied pressure for soilbag under loading 

plate in the second layer. 

Fig. 13. Comparison of excess pore water pressure-loading curves. 

Fig. 14. Variation of excess pore water pressure with depth for various cases. 
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