
Table 2. Material properties of the subsoil 

Parameter 

Na

me 

Clay 

(CL) 

Peat 

(OL) 

Clay 

(CL) 

Silt 

(ML) 

Clay 

(CH) 

Clay 

(CL) Unit 

Material 

model 

Mo

del SSC SSC SSC SSC SSC SSC - 

Type of 

material 

behaviour 

Typ

e 

Undrai

ned 

Undrai

ned 

Undrai

ned 

Undrai

ned 

Undrai

ned 

Undrai

ned - 

Soil unit 

weight above 

p.l. 

γun

sat 15.5 14.8 15.5 13.4 12.6 11.1 kN/m3 

Soil unit 

weight below 

p.l. γsat 17 18 16 18.6 17.7 15 kN/m3 

Horizontal 

permeability kx 3E-5 3.5E-4 1E-4 3.8E-4 

6.65E-

4 

3.09E-

4 m/day 

Vertical 

permeability ky 3E-5 3.5E-4 1E-4 3.8E-4 

6.65E-

4 

3.09E-

4 m/day 

Modified 

compression 

index λ* 0.06 0.12 0.07 0.075 0.064 0.098 - 

Modified 

swelling 

index k* 0.015 0.037 0.02 0.02 0.015 0.019 - 

Secondary 

compression 

index μ* 0.0025 0.003 0.0028 0.0031 0.0029 0.0033 - 

Cohesion c 10 5 10 3 12 14 kN/m2 

Friction 

angle φ 22 30 20 22 14 24 degree 

Over 

consolidation 

ratio 

OC

R 1 1.27 1 1 1 1.54 - 

 

Table 3.  Material properties of the columns 

 

Parameter Unit Cement-column Lime-column 

Material model - Elastic Elastic 

Type of material behavior - Non-porous Non-porous 

Axial stiffness kN/m 1.26E+04 2520.5 

Flexural rigidity kNm2/m 132.35 26.47 

Poisson�s ratio - 0.3 0.3 

 

Numerical simulations by means of finite element method (FEM) have become a 

valuable tool in geotechnical engineering to predict and understand the behavior of 

complex structures. In the current study, by finite element (FE) code PLAXIS, the 

embankment material and subsoil were studied by 2D model under drained and 

undrained conditions, respectively. Modeling techniques in this 2D FE simulation 
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Conclusion  

   In this study, two-dimensional finite element analyses were used to investigate the 

consolidation behavior of a road embankment constructed on a multi-column 

composite foundation with or without geosynthetic reinforcement.  

   Three systems, CC (soil-cement columns), LC (soil-lime columns), and CC-LC (a 

combination of soil-lime and soil-cement columns) were used to support the 

embankment fill and to mobilize the strength and stiffness of the soil at shallow 

depths.  

    Multi-column ground treatment can significantly reduce total and differential 

settlements of the embankment and increase embankment stability. Optimal 

arrangement of columns in CC, LC, and CC-LC systems was different so that CC and 

CC-LC systems with fewer columns had better performance than LC system.  

    CC and CC-LC systems are made the same settlement reduction, however 

production cost of CC-LC system may be less than CC system.  
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Abstract: In this study, an ideal compaction grouting technique was designed by 

injecting grout into a special designed Latex balloon. In this way, the bleeding and 

penetration of grouts was avoided, and the extension of fractures could be limited. A 

large scale model test was accordingly developed to investigate the responses of the 

surrounding soils. After the application of an overburden pressure, pressure grouting 

was performed on sand samples, meanwhile, the evolution of grouting pressure, soil 

surface displacement, earth pressure as well as the void ratio at different distance from 

the injection point are monitored by various transducers. The results show that (i) the 

pressure grouting induced compaction effect in this study did not reach the up 

boundary of the model test; (ii) the earth pressure is obvious larger for the soil closer 

to the injection point; (iii) the densification effect decreases as the distance from the 

injection point increase, presenting clearly the density gradient around the injection 

point. 

 

INTRODUCTION 

   A compaction grouting, also called displacement grouting, is a process where a high 

viscous grout is injected into the subgrade soil under pressure, during which the 

surrounded soil is displaced and at the same time compacted (Graf 1969, Warner and 

Brown 1974, Wang et al. 2013). However, in practice the radial and tangential stress 

redistribution, as well as excess pore water pressure generation, makes the actual 

mechanism of compaction grouting more complex, and careful control of the injection 

rate and pressure is needed to prevent fracture. On the other hand, due to the bleeding 

behavior in this process, it may not be feasible to exert pressure on the high viscous 

grout for extended time periods; the effect of compaction grouting is thus localized.  

  For this purpose, many researches have been conducted to investigate the mechanism 

of compaction grouting. For example, Younis (1994) performed laboratory 

compaction grouting tests to study grout bulb development and soil densification; 

Oakland and Bachand (2003) conducted a compaction grouting program to densify a 

zone of loose sand and silts. Kelesh and Matsui (2003) studied the effects of soil 

parameters, soil compressibility, replacement ratio and injection sequence on the 

effectiveness of compaction grouting through a field test. Soga et al. (2004) 
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investigated the compaction efficiency by measuring the deformation of clay 

specimens under axi-symmetrical conditions. Wang et al. (2010) investigated the 

behavior of compaction grouting under triaxial conditions, where the void ratio and 

excess pore water pressure were measured. However, all these studies considered just 

the global compaction behavior of the soil, the local response of soil around the 

grouting point is rarely investigated, although it reflects the real mechanism of the 

compaction grouting. 

   Therefore, in this study, an ideal compaction grouting technique is proposed by 

injecting grout into a special designed Latex balloon, during which the bleeding and 

penetration of grouts is avoided, and the extension of fractures could be limited. A 

large scale model test is accordingly developed to perform the test. By using a series 

of transduces, the responses of the surrounding soils in terms of surface displacement, 

the earth pressure as well as the void ratio changes were investigated. The results 

allowed the analysis of those parameter changes at different locations during grouting 

pressure increase, thus the earth pressure and densification effect gradients around the 

injection point were obtained.  

 

EXPERIMENTAL METHODS  
 

Materials tested 

   The soil tested is silica sand obtained from Stockton Beach, Newcastle, Australia. It 

consists 98.82% of quartz, 0.8% of rock fragments, 0.21% of Zircon, 0.11% of 

Ilmenite and 0.06% of Rutile (Ajalloeian et al. 1996).  With a specific gravity of 2.67 

Mg/m
3
, its maximum and minimum densities are 1.71 Mg/m

3
 and 1.46 Mg/m

3
, 

respectively. It is classified as poorly graded sand by a uniformity coefficient Cu of 

3.56 and a D50 close to 0.9 mm.  

 

Experimental setup 

   The instruments used for the test are presented in Fig. 1. It consists of a model box 

and a pressure injection device. The model box is in 1000 mm long, 600 mm width 

and 730 mm height. This large volume of soil allows both the boundary effect being 

reduced and the monitoring of pressure and density changes gradient at different 

distance from the injection point. A drainage layer (10 mm thickness) made up of 

compacted gravel was used for the water/air release at bottom. While the top cover of 

the model box includes a Latex air bag, which was used to apply the overburden 

pressure. Two LVDTs were passed through the air bag and fixed with a PVC board to 

measure the soil surface displacement during both the overburden pressure application 

and pressure grouting process.  

   In order to perform the compaction grouting under an ideal condition, i.e. no 

bleeding and penetration condition, a special injection steel bar was designed. It was 

made of a hollow steel tube with inflatable balloon equipped (Fig.1). Two PVC tubes 

were passed through the hollow bar, one for the grout injection and another for the air 

release at the beginning of the injection process.    

   Around the balloon, five series of sensors were installed to monitor the soils 

response during the compaction grouting. Each series includes an earth pressure 

sensor and a volumetric water content sensor. Due to that there is no leakage of water 

from the inflatable balloon, the gravity water content of soil could be considered as 
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(a)  Overburden pressure                                      (b) Grouting pressure 

FIG. 2. Overburden pressure and grouting pressure applied 
 

RESULTS AND DISCUSSION 

     Fig. 3. presents the soil surface displacement measured by the two LVDTs (see Fig. 

1) during the test. It can be seen that as the 100 kPa of overburden pressure was 

applied, the soil surface settled rapidly and reached the stability after 1 hour. The final 

values are 32.76 mm and 31.34 mm at the two positions respectively (see Fig. 1 for the 

position), indicates an even surface settlement, and thus a good performance of the 

loading systems designed. However, no soil surface displacement was observed during 

the pressure grouting process. It implies that the pressure grouting induced compaction 

effect did not reach the soil surface (i.e., the up boundary of the model test) in this 

study.  

 

 

FIG. 3. Evolution of soil surface displacement 
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