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Abstract. Ground improvement techniques are commonly required for construction 
on soft clays. In general, the most traditional construction techniques use a 
combination of prefabricated vertical drains, temporary surcharge, reinforcement, 
stabilising berms or staged construction. In order to achieve shorter construction 
times, alternative techniques may be adopted. Examples of these include: 
lightweight fills, vacuum preloading, temporary surcharge, geosynthetic-reinforced 
pile-supported embankments, stone columns, geosynthetic-encased columns and 
cement injection techniques such as deep mixing. This keynote lecture will present 
the results of two recent case studies in which vibro stone columns and encased 
columns were used to strengthen a soft clayey foundation supporting embankment 
loading. 

Keywords. Stone columns, embankment, soft clay, geosynthetics, field test 

1. Introduction 

Stone columns and encased columns are increasingly used as ground reinforcement to 

support a wide variety of structures such as buildings and embankments. They accelerate 

the consolidation of soft soil resulting from a shortened drainage path, and can increase 

load-bearing capacity and reduce settlement [1].  

Stone columns were probably first used by French military engineers in 1830, to 

provide heavy foundation support for cast iron resting on soft soil deposits in an estuary 

[2]. FHWA [3] published a report presenting their basic principles, the column types and 

equipment used, and other details of their construction and quality. More information 

about the vibro-replacement method of constructing stone columns can be found in [3-

5]. 

In very soft soil (su < 15 kPa), encasing granular columns with suitable geosynthetics 

improves the lateral column confinement, thus increasing the load-bearing capacity and 

reducing the total deformation of the supporting subsoil [6-9]. Additionally, encasement 

prevents the lateral squeezing of stones and aggregates into the surrounding soft soil, and 

vice versa.  

                                                           
1 Corresponding author, COPPE/UFRJ, RJ 21941-972, Brazil, e-mail: mssal@gmail.com. 
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With regard to the practical application of encased columns, many successful case 

histories with geotextile-encased gravel and sand columns for the stabilisation of 

embankments on soft soils have been reported [9-10]. 

To understand the behaviour of soft soil foundation under embankment loading, two 

instrumented field load tests were performed in a steel power plant located in the State 

of Rio de Janeiro, Brazil. In Case Study A, vibro stone columns (VSCs) were installed 

and in Case Study B geotextile-encased columns (GECs) were installed [11]. The 

monitored area was a small part of a large stockyard where stone columns and encased 

columns were installed in 2008 [12]. An aerial view of the complex, which occupies an 

area of 9.0 km², is shown in Figure 1. In Case A finite element (FE) analysis was also 

performed using Plaxis software to assess the field measurements and to provide further 

insight into the technique. 

 

Figure 1. Aerial view of the project site. 

 

The main purposes of the ground treatment at the stockyard were to control the 

stability, reduce the settlement and speed up the construction process. Accordingly, 

instrumentation was used to investigate the behaviour of the composite ground in terms 

of settlement, soil horizontal deformation, vertical and horizontal stresses, excess pore 

water pressure, and hoop strain in the geotextile encasement. 

2. Case Study A 

A field load test was performed inside the stockyard of ThyssenKrupp CSA with the 

purpose to investigate the performance of the installed columns under vertical loading 

(Figure 2).  

The detail of the soil profile is shown in Figure 3. The upper soft soil layer extends 

up to 6.5 m to 7.5 m deep. A sand layer (1.0 m to 3.0 m thick) is found underneath, 

followed by another soft clay layer whose thickness varies between 3.0 m and 5.0 m. The 

remaining soil profile consists mainly of sand layers, often without continuity. A large 

working platform of 2.0 m to 3.0 m thick was constructed by means of a hydraulic fill 

on the ground surface to start the construction process. 

The geotechnical site investigation involved 14 standard penetration tests (SPTs), 

20 cone penetration test (CPTu) with  pore pressure measurement, three vane shear test 

(VST) and six dilatometer test (DMT) Total 16 undisturbed samples were extracted using 

stationary Shelby piston tubes for laboratory testing.  
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The details of Case Study A are shown in Figures 2, 3 and 4. The surcharge was 

composed of rails laid over a concrete slab with four concrete beams (6.50 m × 0.40 m 

× 0.40 m) to create a span between the rails and the ground surface. The field test was 

performed on a mesh of 4 × 4 VSCs, with plan dimensions of 6.5 m × 6.5 m. The columns 

were 1.0 m in diameter and spaced 1.85 m with a total length of 11.25 m, as shown in 

Figure 3.  

 

Figure 2. Field test with rails surcharge [12]. 

 

As shown in Figure 5, the surcharge was applied in steps, and the maximum load of 

180 kPa was achieved after 27 days. The loading was reduced to about 100 kPa after 

70 days. The instrumentation included 28 sensors as described below: 

• Eleven settlement plates (S) were installed at a depth of 0.50 m (settlement plate 

S6 was damaged); 

• Two inclinometers (I) with lengths of 23.0 m, positioned on the west side of the 

test area 0.75 m and 6.05 m from the edge of the concrete slab; 

• The installation depths of the nine vibrating wire piezometers (P) were 4.0 m, 

4.5 m, 6.0 m (two sensors), 7.0 m, 7.5 m, 8.3 m (damaged sensor), 11.7 m, and 

12.0 m; 

• Magnetic extensometers (EX) were installed at depths of 6.0 m, 11.0 m, 14.0 m, 

23.5 m, and 27.0 m.  

•  Four total stress cells (EP) inserted vertically, with the objective of measuring 

the variation in horizontal effective stress. These were installed at depths of 

4.5 m, 6.0 m, 7.5 m, and 8.3 m (damaged sensor). 

The soil profile was determined via CPTu tests performed after the installation of 

VSCs and working platform (three months before the beginning of field loading). In the 

test area the water table was at 0.80 m below ground level [12]. 

The field test was also useful in calibrating the numerical model for predicting the 

behaviour of the permanent stockyard. Two-dimensional (2D) and three-dimensional 

(3D) FE analyses were carried out and the results of field measurements and numerical 

calculations were compared for better understanding. 
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Figure 3. Cross sectional view of the test area with instrumentation [12]. 

 

Figure 4. Plan view of the test area [12]. 

2.1. Numerical Modelling 

Numerical analyses under plane strain (2D) and three-dimensional conditions were 

performed using PLAXIS software with the purposes of better understanding the field 

behaviour a to assess the capability of the numerical models. Clay layers were modelled 

with the soft soil constitutive model [13]. All column granular materials, sand layer and 

hydraulic fill were modelled using Mohr-Coulomb constitutive model [14]. To simulate 

the smear damage due to the installation of VSCs coefficient of permeability of the clay 

were reduced [15]. 

The geometric relationship between the smear zone and the stone column was equal 

to 2.0 [14]. Due to the effect of the installation of columns, the pressure coefficient was 

increased (K*), and parametric analyses provided the best fit with a value of 1.25. 
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Figure 5. Loading sequence during the test [12]. 

 

Table 1 summarises the parameters used for the clay layers, while Table 2 presents 

the parameters used for granular materials. . 
 

Table 1. Parameters of the clay layers [14]. 

Material Clay layer 1 Clay layer 2 Clay layer 3 

γ[kN/m3] 13.4 16.0 15.6 

φ�[º] 25.0 25.0 25.0 

c’[kPa] 0.0 0.0 0.0 

K* or K0[–] 1.25 0.60 0.60 

Cc [–] 1.92 1.07 1.00 

Cs [–] 0.29 0.13 0.12 

Cα [–] 0.04 0.04 0.04 

e0[–] 3.05 1.68 1.85 

OCR [–] 1.08 1.08 1.08 

kh [m/day] 7.9 × 10-5 7.8 × 10-5 14.0 × 10-5 

kv [m/day] 3.9 × 10-5 3.9 × 10-5 7.0 × 10-5 

Ck[–] 1.27 0.60 0.60 

γ = soil bulk weight; φ’ = friction angle obtained from CIU tests; c’= cohesion; 
Cc = compression index; Cs = swelling index; Cα = secondary compression 
index; e0 = initial void ratio; OCR = overconsolidation ratio; kh and kv = 
coefficient of horizontal and vertical permeability, respectively; Ck = slope of 
the e versus log kv data 

 

Table 2. Parameters of the granular materials. 

Material 
γ 

[kN/m³] 

K* or K0 

[–] 

φ�  

[°]

E’ 

[kPa] 

ν��

[–] 

Stone column 20.0 0.35 40.0 80.000 0.3 

Hydraulic fill 18.0 1.25 30.0 2.000 0.3 

Sand 01 18.0 1.25 30.0 30.000 0.3 

Sand 02 and 03 18.0 0.50 30.0 30.000 0.3 

E’ = Young’s modulus; ν’ = Poisson ratio 
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In case of 2D plane strain analysis, the cylindrical columns were transformed into 

trenches [16] of 0.4 m wide. The drainage capacity of the VSCs in the plane strain model 

is same as the axi-symmetric unit cell model.  

The 2D FE mesh was made of 5,213 triangular elements with 15 displacement nodes 

and 12 stress calculation integration points. The 3D FE mesh used 28,930 tetrahedral 

elements (10 displacement nodes and four Gauss points). More information about these 

FE analyses can be found in [14]. The results of the FE analysis are presented below 

along with the field measurement data. 

2.2. Results and Discussion 

The results of the 2D and 3D FE analyses are presented for comparison with field 

measurements, including the displacements, pore pressure, and horizontal stresses.  

������ Displacements 

 

The settlement versus time results (settlement plates S5, S6, S7, and S8) are compared 

with the 2D and 3D numerical analyses (named MFE 2D and MFE 3D, respectively) in 

Figure 6, and a good agreement can be seen between the numerical results (2D and 3D) 

and the measured data. After the 22nd day, the vertical displacements increased rapidly, 

indicating that the limit state condition was achieved. The agreement between the 2D 

and 3D results suggests that the procedure for geometric transformation was satisfactory. 

 

Figure 6. Vertical displacements versus time. 

 

The numerical results for the horizontal displacements and the field measurements 

given by inclinometers I1 and I2 at depths of 3.5 and 8.0 m are compared in Figure 7. It 

can be seen that the results of the 3D and 2D analyses are quite close and both match 

well with the data obtained from the Inclinometer 1 [14]. Similarly, for the vertical 

displacements, good agreement is obtained between the predicted and measured values 
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of the horizontal displacements, and the displacements at 3.5 m increase after the 22nd 

day. Limit state conditions appeared to be reached on the 22nd day of loading, when the 

displacement values found to increase rapidly (observed both in the field and in the FE 

analyses). The numerical analysis was assumed to be qualitative, since it was not possible 

to simulate the discontinuous soil mass caused by failure in continuum FE analysis.  

 

Figure 7. Variation of horizontal displacement with time. 

������ Pore Pressures and Total Stresses 

The excess pore pressures measured by the piezometers located at depths of 4.0 m, 6.0 m, 

and 7.0 m are compared in Figure 8. Although the values obtained from numerical 

calculation are greater than the measured values, the curve patterns are similar.  

The differences may arise both from the positioning of piezometers in relation to the 

VSCs and the differences in the values of the coefficients of permeability used in the 

numerical analyses, compared to the actual field values. The effect of piezometer 

position was verified by, comparing the FE results with points adjacent to the column 

and at the centre of two columns (location used on results presented here). The above 

comparison showed that the field data lay between the two results.  

 

 

Figure 8. Variation of excess pore pressure with time. 
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Figure 9 shows the values for the excess pore pressure obtained from the 3D FE 

analysis at a depth of 6.0 m on the 20th day. As expected, the obtained values are higher 

in the centre of the loading application area (left-hand columns, Figure 9), and decreases 

towards the central loading area, with a pronounced gradient (differences of up to 50 kPa 

surrounding the stone columns). A small difference in the position of the piezometer may 

therefore cause a significant difference in the value of the measured pore pressure. 

 

Figure 9. Excess pore pressure at a depth of 6.0 m, 20th loading day. 

 

Total stress cells were installed in the vertical position in the first clay layer to 

measure the increase in the total horizontal stress (Δσh) during loading. Figure 10 

compares the measurements of the numerical values of Δσh at depths of 4.5 m, 6.0 m, 

and 7.5 m. It can be seen that the numerical analyses reproduce the measured values 

fairly well, and in particular the trends showing increasing and decreasing values with 

time. From the 11th day onwards, particularly at a depth of 7.5 m, the predicted 2D and 

3D results are fairly close to the field data. The differences in the results can be due to 

the deviation of the cell from its designated position during the installation. 

 

Figure 10. Variation of total horizontal stresses with time.  
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The soil profile in the test area was mainly characterised by a 10 m-thick soft clay 

deposit stabilised by 36 GECs installed in a square pattern. The granular columns were 

11 m in length, 0.8 m in diameter, and had an average centre-to-centre spacing of 2.0 m. 

The geosynthetic used for the encasement was a seamless woven geotextile with a ring 

tensile stiffness of 1750 kN/m.  

Prior to construction of the embankment, a detailed site investigation was carried 

out and the geotechnical parameters of the soft clay were obtained by means of in-situ 

and laboratory tests. The site investigation consisted of SPTs, VST, and CPTu performed 

in three boreholes. Due to the high water table, a blanket of sand 1.5 to 2.0 m thick was 

placed over the ground surface to allow access for construction equipment. The variation 

in the compressibility ratio (CR= Cc/ (1+e0)) indicated an average ratio of 0.3 along the 

soil profile, which is a common value for Brazilian soft clay [19]. The undrained strength 

(su) determined from the VST data also showed an average value of around 15 kPa.  

Figure 11 shows cross sectional view of the embankment and the positions of the 

instruments, as described below: 

• Three surface settlement plates, two of which are placed on top of the soft soil 

(S1; S2) and one on top of an encased column (S3) to measure the total and 

differential settlement; 

• Three piezometers installed in the soft soil at the depth of 3 m (PZ1), 6 m (PZ2) 

and 8 m (PZ3), respectively, positioned midway between two columns near the 

embankment centreline; 

• Four total stress cells to assess soil arching and to measure the embankment 

stresses transmitted to the surrounding soil (CP1, CP3) and to the GECs (CP2, 

CP4); 

• Three radial extensometers (EX) attached to the geotextile encasement at a 

depth of about 1.0 m below the top of the column to measure the geotextile hoop 

strain  

• Two inclinometers (IN) installed at the embankment toes to measure the 

distribution and magnitude of the maximum lateral deformation of the soil 

beneath the embankment.  

 

Figure 11. Test embankment: sectional view and positions of instruments [16]. 
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The embankment load test was performed in four stages, as defined by the 

consolidation interval between the stages. The final height of the embankment was 

5.35 m which corresponds to 150 kPa of vertical stress. The embankment was left in 

place for 180 days after the final layer was placed to allow the dissipation of excess pore 

water pressure.  

3.1. Measured Results 

In this section, the results from the field test are briefly described. It should be noted that 

due to the page limitation, the results of the numerical analyses for this case study are 

not reported here. The details about the numerical analysis can be found in [8, 18]. 

������ Settlements 

Figure 12(a) shows the settlements on top of the GECs (measured by S3) and the 

surrounding soft soil (measured by S1 and S2). It can be seen that these settlements 

increased sharply during the construction of embankment and show a gradual increase 

after the construction. It can be observed that 65% of the total settlement was found to 

achieved at end of the embankment construction. Both the settlement sensors placed on 

top of the surrounding soil (i.e. S1 and S2) showed quite similar behaviour during 

construction stages. The settlement measured by S2 was about 2% greater than that 

measured by S1 at the end of the monitoring period.  

The reason for this may be the location of these sensors; S2 was placed in a diagonal 

half span between the columns, where greater settlement was expected to occur, while 

S1 was located in the halfway between the columns. The differential settlement (DS) 

measured between the top of the column and the soft soil was normalised by the half of 

the diagonal span between the GECs, as shown in Figure 12(b). Similar to the trend 

observed in case of total settlement, the normalised differential settlement increased with 

the embankment height and continued to increase gradually during post-construction 

period, resulting in 6% of the normalised differential settlement at end of the monitoring 

period. 

 

Figure 12. Measured settlements and normalised differential settlement at the embankment base versus time. 
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Figure 13(a) shows the profile of the horizontal deformation during embankment 

construction. As expected, the maximum horizontal deformation increases with the 

height of the embankment. For instance, the results of measurement by inclinometers 

indicate that the horizontal displacement increased from 10 mm just after first loading 

stage to about 80 mm just after the embankment was completed. It is also seen that the 

maximum soil horizontal deformation occurred in the middle of the soft clay, as 

confirmed by both the inclinometers.  

The profile of the horizontal deformation post-construction is also plotted in 

Figure 13(b). It can be seen that the maximum horizontal deformation increases as excess 

pore pressure dissipates, although at a slower rate than during the construction period. 

The maximum value was about 150 mm, which is twice the value measured at end of the 

construction period.  

 

Figure 13. Measured soil horizontal deformation under the embankment toes. 

 

The maximum horizontal deformation measured in the middle of the soft clay layer 

was correlated with the maximum settlements measured at the centreline of the 

embankment, as shown in Figure 14. It can be observed that the horizontal deformation 

increased linearly, with settlement resulting in a slope (DR) varying from 0.16 to 0.2. 

From the analyses of 15 embankments on soft soil deposits without ground improvement, 

the authors of [20] reported an average DR ratio of 0.91 at yield conditions during 

construction and 0.16 during consolidation. It can be concluded that unlike embankments 

on non-improved foundations, GECs improved foundation resulted in a uniform DR 

during the construction and consolidation stages. 
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Figure 14. Measured relationship between vertical and horizontal displacements. 

 

Figure 15(a) shows the hoop strains developed in the geotextile encasement 

measured by three extensometers installed 1.0 m distance below the top of the GECs. 

The geotextile hoop strain was determined by the ratio of increase in diameter measured 

by the extensometers to the original column diameter (i.e. 0.8 m). It can be seen that the 

hoop strains increased rapidly during the loading stages and then continued to increase 

gradually during consolidation. A sharper increase is seen in the first two loading stages, 

due to the greater total vertical stress applied in these stages.  

The variation in the column diameter (Δdc) was used to compute the ring force (Tmob) 

mobilised in the geotextile encasement using Tmob= Δdc. J/dc, where dc (diameter of 

granular column) and J (ring tensile modulus) were 0.8 m and 1750 kN/m, respectively. 

The mobilised ring tensile force in the geotextile encasement vs time is plotted in Figure 

15(b). An average value for the geotextile expansions measured by the three 

extensometers was used to calculate the mobilised ring force. Figure 15(b) shows that 

the mobilised ring tensile force increased upon the placement of each layer, and then 

continuously increase during post-construction period. It can be seen that the mobilised 

ring force at the end of the monitoring period is 33.6 kN/m, i.e. around 35% of the 

allowable tensile force.  

 

Figure 15. Measured tensile force in geotextile encasement. 
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The excess pore water pressures measured by the piezometers located at depths of 3 

m, 6 m and 8 m are shown in Figure 16(a). As expected, the excess pore pressure rises 

sharply due to increase in embankment height resulting a quick loading conditions 

induced in the soft clay. It is observed that the excess pore pressure dissipates during the 

construction intervals and during the post-construction consolidation (i.e. after the 

65th day) phase. The maximum excess pore pressure was measured by PZ2, located in 

the middle of the soft clay I, which had the longest drainage path. In contrast, PZ3 

showed the lowest excess pore pressure as it was located close to the sand zone between 

the two clay layers. Figure 16 (b) shows the incremental excess pore pressure (Δu), 

normalised by the increases in vertical stress in the surrounding soil (Δσvs) measured 

during the construction stages. The average value of the vertical stresses measured by 

the cell pressures CP1 and CP3, located on top of the surrounding soil, was used to 

normalise the excess pore pressure measured by PZ2, located in the middle of the soft 

clay.  

Figure 16(b) indicates that the ratio of Δu/Δσvs ranges from 0.65 to 0.9, and thus is 

not equal to unity, as expected for strictly undrained loading conditions. It is frequently 

reported in case histories that this ratio starts at a relatively low value for the initial 

loading stage, and increases to a maximum value close to unity during subsequent 

loading stages. Thus, the initial ratio of 0.78 for stage 1 loading and an increase to 0.91 

for stage 2 loading does not appear unreasonable. However, the decrease in the ratio of 

applied stress to pore pressure in stages 3 and 4 may be due to soil arching effect. 

 

Figure 16. Measured excess pore pressure in soft soil. 

4. Conclusions 

This paper describes the behaviour of a soft clayey foundation reinforced with VSCs and 

GECs using field load test. A numerical analysis of the VSCs was also performed to 

assess the field measurements. The main conclusions derived from the above studies are 

as follows:  

Case Study A: Vibro stone columns (VSCs) 

In general, the vertical and horizontal displacements obtained from the numerical 

prediction showed good agreement with the field measurements up to the 22nd day of 

loading; at this point, the limit state condition was observed close to failure, which was 

not adequately modelled in the numerical analyses. 
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The magnitudes of the excess pore pressures predicted by the numerical analysis 

were generally greater than the measured ones. This difference could be due to 

inadequacies in modelling the consolidation or due to uncertainties in the exact in situ 

position of the piezometers.  

The values of the horizontal stress measured in the field lie within the range of values 

provided by the numerical calculations. The differences may be related to the positions 

of the total stress cells, which could not be installed exactly perpendicular to the 

horizontal ground surface.  

Case Study B: Geotextile-encased columns (GECs) 

A differential basal settlement was observed at the embankment base, due to soil 

arching induced by the fill. This differential settlement was found to increase with the 

height of the embankment. 

 The ratio between the maximum horizontal and the maximum vertical 

displacements was in the range 0.16 to 0.2, and remained relatively constant throughout 

the loading and consolidation stages. 

The radial expansion of the geotextile increased when each layer was placed. This 

increase became slower as consolidation progressed, tending to a final asymptote 

achieved at about three months after end of the construction. 

The test embankment with a total applied vertical stress of around 150 kPa showed 

satisfactory overall performance, with maximum horizontal and vertical displacements 

of 0.15 m and 0.5 m, respectively. The pore pressure and the settlement value found to 

stabilise 6 months after the placement of final loading stage.  
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