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ABSTRACT: This paper presents a case study of a field test performed on a set of 16 stone columns (4 × 4 square mesh, 1.85 m spacing, 1.0 
m diameter, and 11.25 m length) loaded with iron rails applied during approximately one month. Extensive instrumentation comprising 28 
instruments was used for monitoring the field test area. The objective of this study was to verify the performance of foundation 
improvements with stone columns for a future ore stockyard. The field test was also useful to calibrate a numerical model for predicting the 
behaviour of the permanent stockyard. Two- and three-dimensional finite element analyses were carried out and the results of field 
measurements and numerical calculations were compared. In general the numerical calculations of vertical and horizontal displacements 
reproduced the field measurements with satisfactory accuracy up to limit state conditions. Calculations of excess pore pressure and total 
horizontal stresses had less satisfactory agreement, and some reasons are provided for this. The yield of stone columns provided by 3D 
analysis appears to be more realistic than that provided by 2D analysis. 
 
 
1. INTRODUCTION 

Stone columns are one of the most versatile and frequently used 
ground improvement techniques worldwide, due their capacity to 
reduce and accelerate settlements, increase soil bearing capacity, 
and improve global stability.  

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 located in an estuary (Hu, 1995). The 
FHWA (1983) published a report with the basic principles, column 
types, equipment, and other details about construction and quality. 
The vibro replacement method of constructing stone columns is 
described by Hu (1995), Raju et al. (2004), and Yee and Raju 
(2007). 

Among the classical methods of analyzing stone columns, the 
calculation methods presented by Greenwood (1970), Hughes and 
Withers (1974), Thorburn (1975), Aboshi et al. (1979), Balaam and 
Booker (1981, 1985), and Priebe (1995) can be highlighted. More 
recently Pulko and Majes (2005), Castro (2008), and Castro and 
Sagaseta (2009) have presented calculation methods that consider 
the yielding of stone columns. 

Aiming at a better understanding of the behaviour of its 
stockyard soft soil foundation, the ThyssenKrupp Company 
(TKCSA), located in Itaguaí District, Rio de Janeiro, Brazil, decided 
to perform a field study. The ground improvement technique 
prescribed was stone columns, with vibro replacement, and the 
study combined field studies and 2D and 3D finite element analyses. 

To achieve this, a full-scale field test was carried out inside the 
stockyard area on the clay foundation, which was improved with 
stone columns. This field test aimed to reach stress levels of similar 
order of magnitude as those used in the actual stockyard. 
 
2. GEOTECHNICAL PROFILE AND SOIL PROPERTIES 

The geotechnical soil profile of the area is shown in Figure 1. An 
upper soft soil layer, 6.5 to 7.5 m thick, characterizes this profile. A 
sand layer (1.0 to 3.0 m thick) is found underneath followed by 
another soft clay layer whose thickness varies from 3.0 to 5.0 m. 

The remaining soil profile consists mainly of sand layers, quite often 
without continuity.  

A similar stratigraphy has been observed at other coastal areas in 
Brasil, in Santos (Massad, 1994) and at Barra da Tijuca, Rio de 
Janeiro (Almeida and Marques, 2011). 
  

 

Figure 1 Typical geotechnical profile of the field test area                 
(Lima, 2012) 

 
The geotechnical site investigation campaign involved 14 

standard penetration test boreholes (SPT), 20 cone penetration test 
(CPTu) verticals with pore pressure dissipation, three vane test 
verticals, six dilatometer test (DMT) verticals, and 16 undisturbed 
samples extracted with stationary Shelby piston tubes. This 
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campaign was carried out in a larger area covering the test area               
(In Situ Geotecnia, 2006). Although performed (in mid-2000) within 
a design-performance scope, the geotechnical investigation provided 
the necessary soil parameters to be used in the numerical analyses. 

SPT boreholes reached a maximum depth equal to 51.6 m and 
piezocone tests achieved depths of up to 36.2 m. Vane tests were 
performed in the first and second clay layers with depths varying 
from 1.0 to 12.0 m. CPTu dissipation tests were performed to 
determine the horizontal consolidation coefficient (ch) at depths 
ranging from 1.50 to 18.50 m. 

A summary of the index parameters of the three soft soil layers 
is shown in Table 1. Campos (2006) found an organic matter value 
equal to 3.6% for a nearby area, justifying the low value of Gs 
obtained.  
 

Table 1 Soil parameters of soft soil in the three layers 

Parameter Value 

Ip 30 to 120 % 

wn
 32.6 to 142.9 % 

Percentage of clay (grain size analysis) 44 to 76% 

Gs 2.50 to 2.62 

Organic matter content (Campos, 2006) 3.6% 

* Ip = plasticity index; wn = natural water content; Gs = specific 
weight of solid particles 
 

The clay strength was obtained from vane tests, UU and CIU 
triaxial tests, and piezocone tests (correlated with vane tests). The 
results of the vane tests are presented in Figure 2. The high values of 
Su presented in Figure 2 are associated with sand lenses. The 
increase in Su with depth, a well-known behaviour, is observed in 
Figure 2. The corrected Su design strength profile combining CPTu 
and vane tests is shown in Figure 3. Values of Nkt were calculated 
for each depth at which vane tests were performed, and the average 
value of Nkt obtained was equal to 10.7. The Bjerrum (1973) 
correction factor used in Figure 3 was µ= 0.65, corresponding to IP 
= 97%. Although less relevant for stone column projects, the 
corrected strength profile is presented here for completeness. 
 

 
 

Figure 2 Undrained strength Su obtained by vane and                              
UU triaxial tests (Lima, 2012) 

 
The quality of TKCSA samples was assessed using the criteria 

proposed in Coutinho (2007) adapted from Lunne et al. (1997) for 
Brazilian clays and in general, the tested samples showed good 
quality. The data presented in Table 2 summarize the parameters 
obtained from samples taken in the three clay layers. 

 
Figure 3 Corrected undrained strength Su profiles: vane and 

piezocone tests (Lima, 2012) 
 

Table 2 Soil parameter values for layers 1 to 3 (Lima, 2012) 

Parameters Layer 1 Layer 2* Layer 3* 

CR 0.387 0.367 0.345 
RR 0.065 0.040 0.036 
Cc 1.59 1.07 1.00 
Cs 0.27 0.13 0.12 
e0 3.11 1.91 1.90 
cv 

[m²/sec]×10-8 2.50 4.45 4.45 

OCR 2.7 1.2 1.2 
γ [kN/m³] 13.3 15.5 15.5 

φ’ [degrees] 25.0 25.0 25.0 
* Data from Marques et al. (2008). CR = Cc/(1+e0); RR = Cs/(1+e0); 
Cc = compression index; Cs = swelling index; e0 = initial void ratio; 
cv = vertical consolidation coefficient; OCR = overconsolidation 
ratio, γ = soil bulk weight; φ’ = friction angle obtained from CIU 
tests 

 
The correlation between Cc and wn obtained for the three clay 

layers was found to be Cc = 0.0125wn, quite close to Cc = 0.013wn 
obtained by Almeida et al. (2008).  

Geotechnical parameters reported in Table 2 were compared 
with other deposits within TKCSA (Marques et al., 2008) and 
nearby (Campos, 2006; Aragão, 1975) and overall consistency was 
found. 

The coefficient of vertical permeability (kv) was calculated 
based on values of cv obtained from oedometer tests. Figure 4 shows 
the variation in kv with the voids ratio for layer 1. The slope of the e 
versus log kv data is the parameter Ck, which is equal to 1.27 for 
layer 1 and 0.65 for layers 2 and 3. These values are smaller than 
that given by the correlation Ck = 0.5⋅e0 (Tavenas et al., 1983). 
 

 
 

Figure 4 Relation between the vertical coefficient of permeability kv 
and the void ratio eo (Lima, 2012). 

 
3.  FIELD TEST AND INSTRUMENTATION 

The test field was located in an area inside the future Stockyard 
area, and the main purposes were to verify the performance of the 
installed stone columns. Thus, the tested columns had the same 
design and characteristics of the others columns installed on the 
Stockyard area. 
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The field test is shown in Figures 5, 6 and 7, where the 
surcharge composed of rails laid over a concrete slab may be seen. 
The field test was performed on 16 stone columns within the ore 
yard, in a mesh of 4 × 4 columns, with plan dimensions of 6.5 m × 
6.5 m. The columns have a diameter of around 1.0 m and are spaced 
1.85 m apart, as shown in Figure 6. As the test field was part of the 
quality measures for the constructed soil improvement the test was 
located within an area where the soil improvement for the stockyard 
was initially started. All dimensions as grid and column length 
therefore derived from the stockyard design, which was based on the 
investigative reports and the clients load assumption for the 
stockyard. 

With the objective of creating a span between the rails and the 
ground surface and preventing contact of the rails with the soil, four 
concrete beams (6.50 m × 0.40 m × 0.40 m) were inserted above the 
steel plate (Figures 5 and 6). The surcharge was applied in steps, and 
after 27 days the maximum load of 180 kPa was achieved. 
Unloading, also in steps, followed loading. 

The field instrumentation, composed of 28 instruments (see 
Figures 6 and 7), consisted of: 

•  Eleven settlement plates (S), installed in one vertical, at 
0.50 m depth, below three concrete beams (settlement 
plate S6 was damaged); 

•  Two inclinometers (I), with lengths of 23.0 m and 
readings every 0.50 m, positioned on the west side of the 
test area 0.75 and 6.05 m from the concrete slab edge; 

 
 

•  Nine vibrating wire piezometers (P). Four piezometers 
were installed together with a total stress cell (EP). The 
installation depths were 4.0, 4.5, 6.0 (two sensors), 7.0, 
7.5, 8.3 (damaged sensor), 11.7, and 12.0 m; 

•  Two magnetic extensometers (EX). Sensors were at 
depths of 6.0, 11.0, 14.0, 23.5, and 27.0 m. Three 
boreholes were used for this. 

•  Four total stress cells (EP) inserted vertically, with the 
objective of measuring the variation in horizontal effective 
stress. These instruments were installed at depths of 4.5, 
6.0, 7.5, and 8.3 m (damaged sensor). 

 

 

Figure 5 Field test with rails surcharge (TKCSA, 2007) 
 

 
 

Figure 6 Soil profile, column spacing and diameter, and test area instrumentation (TKCSA, 2007) 
 
 

 
 

Figure 7 Layout of the test area (TKCSA, 2007)
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Table 3 presents the chronological sequence of the events related 
to the test area, including the time required to build the working 
platform and column installation. The working platform was 
constructed by means of a hydraulic fill to allow the works to be 
carried out over a superficial soft soil layer. Stages named 
“Consolidation” in Table 3 refer to periods without load increase. 
Figure 8 shows the load schedule (vertical applied stress) and its 
magnitude in the test area. 
 

Table 3 Field test loading schedule (TKCSA, 2007) 

Stage Description 
Loading 

[kPa] 

Duration 

[days] 

0 Initial conditions – – 

1 
Working platform construction 
(dredged sand fill) 

– 182 

2 Consolidation (fill layer) – 90 

3 Column installation – 5 

4 Consolidation (column installation) – 60 

5 Concrete slab installation – 18 

6 
Loading 01 (beginning 19 June 
2008 – day 0 in this analysis) 

102.25 16 

7 
Consolidation 01 (beginning 5 July 
2008) 

102.25 2 

8 Loading 02 (beginning 7 July 2008) 112.23 1 

9 
Consolidation 02 (beginning 8 July 
2008) 

112.23 1 

10 Loading 03 (beginning 9 July 2008) 150 3 

11 
Consolidation 03 (beginning 12 July 
2008) 

150 1 

12 
Loading 04 (beginning 13 July 
2008) 

183.6 3 

13 
Consolidation 04 (beginning 16 July 
2008) 

183.6 1 

14 Unloading (beginning 17 July 2008) 126.0 4 

15 
Consolidation post-unloading 
(beginning 21 July 2008) 

126.0 16 

 

 
 

Figure 8 Loading sequence in the test area (TKCSA, 2007) 
 

4. MODELLING AND CONSTITUTIVE LAWS 

4.1 Geomechanical model of the field test area 

The field test area is presented in Figures 6 and 7. For better 
visualization only the central stone columns are drawn, but columns 
were installed in the whole stockyard.   

The soil profile consists of a 2.6 m sand fill (working 
platform/load transfer platform) followed by a 5.65 m thick clay 
layer, a 2.6 m thick sand layer, and another 2.95 m thick clay layer. 
This profile was determined through CPTu tests performed (three 
months before the beginning of field loading) after the installation of 
stone columns and working platform (TKCSA, 2007). 

Stone columns were driven through the working platform, first 
clay layer, and sand layer to a depth of 8.45 m, with a total length of 
11.25 m. After the installation of columns, the test area was cleaned 
and flattened. A gravel layer of 0.20 m was introduced to work as a 
drainage layer. 

In the test area the ground level was +2.80 m and the water table 
level was +2.00 m to (TKCSA, 2007). 

The construction of the working platform (dredged sand layer) 
and the period that followed (see Table 3) resulted in consolidation 
of the clay layers. So, calculations based on Terzaghi theory and on 
numerical analyses were carried out to update some parameters of 
the clay layers. These new parameters are presented in Table 4. 

Numerical analyses indicated quite small values of excess pore 
pressure (around 2 kPa) in the clay layers at the beginning of the 
field test. Data from piezometers installed in clay layer 1 did not 
indicate any excess pore pressure before loading. Therefore, it was 
considered that at the beginning of the loading there was no excess 
pore pressure to be dissipated in the clay layers induced by the 
construction of the working platform.  
 
Table 4 Updated parameters for clay layers after construction of the 

working platform (Lima, 2012) 

Parameters 

Layer K0 e0 γγγγ 

[kN/m³] 
OCR 

kv×10-

5[m/day] 

kh×10-5 

[m/day] 

Clay 1 0.60 2.97 13.4 1.08 20.0 40.0 
Clay 2 0.60 1.68 16.0 1.08 3.9 7.8 
Clay 3 0.60 1.85 15.6 1.08 7.1 14.2 
 
4.2 Constitutive models and material modelling 

Clay layers were modelled in the program PLAXIS with the Soft 
Soil model (Brinkgreve, 2010), a Cam-Clay type model.  

Clay layer 1, through which the stone columns were driven, was 
considered smeared during columns installation; that is, the 
coefficients of permeability were reduced. The ratio between the 
diameter of the smear zone and diameter of the stone column was 
considered equal to 2.0 (Weber, 2008). 

Initially, a parametric analysis was carried out so that three 
parameters with some degree of uncertainty could be assessed: the 
friction angle of the stone column gravel material φ’, the earth 
pressure coefficient after column installation (K*), and the 
coefficients of vertical and horizontal permeability of the clay layers 
following column installation. This study was done due to the lack 
of data for these parameters (Lima, 2012). 

Model evaluation was done through comparison between 
numerical results and field measurements. The range of values for 
the friction angle of stone columns is 38o to 45º (FHWA, 1983; 
Besançon et al., 1984; Mitchell and Huber, 1985; Mestat et al. 2006; 
Bouassida et al. 2009; Foray et al. ,2009). The best fit provided by 
the parametric analysis (Roza, 2012) was a column friction angle φ’ 
= 40°, K* = 1.25 (up to a column installation depth of –8.45 m), and 
ratio of the permeability coefficient before and after installation 
equal to 5.0. The obtained value of K* = 1.25 is similar to the 
magnitude of K* provided by Pitt et al. (2003), Elshazly et al. 
(2006), Guetif et al. (2007), Elshazly et al. (2008), and Choobbasti 
et al. (2011). 

These values were used in the numerical analyses presented 
ahead. Table 5 summarizes the parameters used for the clay layers. 

The linear elastic perfect plastic Mohr-Coulomb model was 
adopted for all granular materials involved in the analyses. Table 6 
presents the parameters adopted for the stone column, hydraulic fill 
working platform and sand layers. 

The concrete slab material was assumed to be a linear elastic 
plate finite element and the parameters adopted are presented in 
Table 7. 
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Table 5 Parameters for clay layers - Soft Soil model (Lima, 2012) 

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 
Ca [–] 0.04 0.04 0.04 

e0[–] 2.97 1.68 1.85 
OCR [–] 1.08 1.08 1.08 

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

kx [m/day] 3.9 × 10-5 3.9 × 10-5 7.0 × 10-5 
Ck[–] 1.27 0.60 0.60 

 
Table 6 Parameters for granular layers – Mohr-Coulomb model 

(Lima, 2012) 

Material 
γ 

[kN/m³] 
K0 [–] 

φφφφ’        

[°] 

E’ 

[kPa] 
νννν’ 

[–] 

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 18.0 0.50 30.0 30.000 0.3 

Sand 03 18.0 0.50 30.0 250.000 0.3 

E’ = Young’s modulus; ν’ = Poisson ratio 

 
Table 7 Parameters for the concrete slab – Linear Elastic Model 

(Lima, 2012). 

Material 
γ 

[kN/m³] 

E.A 

[kN/m] 

E.I 

[kNm²/m] 
νννν    

[–] 

Concrete slab 25.0 1.2 × 107 1.6 × 105 0.2 
 

5. TWO-DIMENSIONAL NUMERICAL ANALYSIS 

The finite element (FE) model adopted (based on the profile shown 
in Figure 6) is presented in Figure 9. As the FE analysis was 2D the 
columns needed to be transformed in trenches. For that purpose, 
Method 2 proposed by Tan et al. (2008) was applied, in which the 
drainage capacity of the axi-symmetric unit cell and the 2D problem 
are maintained; thus in the 2D problem the stone columns were 
modelled as 0.40 m wide trenches.  
 

 
Figure 9 Finite element mesh adopted (Lima, 2012) 

The adopted FE mesh (Figure 9) was formed by 5,213 triangular 
elements with 15 displacement nodes and 12 stress calculation 
integration points. Boundary conditions considered vertical 
displacements restrained at the model base, vertical displacement 
restricted at the sides, and pore pressure flow restrained laterally in 
the clay layers (Roza, 2012). 

The loading and consolidation steps followed the construction 
steps presented in Table 3 and Figure 8 exactly, including the 
unloading followed by a consolidation stage. The results of 2D 
analysis presented in this section are restricted to yield conditions, 
as complete 2D results will be presented in the next section together 
with the 3D analysis. 

The yield of the stone columns (plastic behaviour) was assessed 
during the loading and unloading stages and its evolution along the 
column length is represented by the red points in Figure 10 for 
selected loading stages. 

Column yielding started at the top (Figure 10a) and reached 
deeper points as loading stages are applied. This behavior is in 
accordance with the predictions of Castro and Sagaseta (2009) and 
Six et al. (2012).  

In Figure 10b it is possible to notice that the yield state is 
reached along the whole column length and also that a plastic wedge 
is formed, which is characteristic of punching failure of superficial 
foundations. A plastic zone adjacent to this wedge also occurs, as 
presented by Vesic (1975). 

At the end of the unloading stage (Figure 10c) a reversion of 
columns to the elastic state occurs, but as load transference and 
consolidation occur, the columns yield again (Figure 10d). 
 
6. THREE-DIMENSIONAL ANALYSIS VERSUS TWO- 

 DIMENSIONAL NUMERICAL ANALYSIS 

With the aim of evaluating the results of the 2D analysis and the 
geometric transformation adopted (Tan et al., 2008) a series of 3D 
analyses was carried out. Both 2D and 3D results are presented in 
this section.   

Figure 11 shows the 3D numerical model, 0.925 m wide, 20.35 
m long, and 18.0 m high, used in the study. In order to reduce the 
computational effort the analysis was limited to a half space model 
of column spacing with symmetry passing through the column 
centres. The FE mesh used 28,930 tetrahedral elements                          
(10 displacement nodes and four Gauss points) for the soil layers 
and six node-displacement triangular elements for the concrete slab. 
Boundary conditions were similar to those adopted for the 2D 
analysis with regard to displacements and pore pressure flow. The 
material properties and loading conditions were the same as those 
adopted for the 2D analysis.  

The results of the 2D and 3D analyses to be presented for 
comparison with field measurements are the displacements, pore 
pressure, and horizontal stresses. The results of yielding points and 
total displacements (vertical and horizontal) will also be presented. 

Limit state conditions appeared to be reached on the 22nd day of 
loading, when displacements accelerated (observed in the field and 
in the numerical analyses). Therefore, after this day the numerical 
analysis may be considered qualitative, because it was not possible 
for the program to simulate the discontinuous soil mass caused by 
failure. The use of an elasto-plastic hardening model for the stone 
columns may overcome this difficulty. 

 
6.1 Displacement results 

The results of settlement versus time (settlement plates S5, S6, S7, 
and S8) are compared with the 2D and 3D numerical analyses in 
Figure 12. It can be observed that after the 22nd day the vertical 
displacements accelerated at the settlement plates, indicating that the 
limit state condition was achieved. Good agreement between the 
numerical analyses (2D and 3D) and measured data is observed 
during the loading phase up to the 22nd day. 
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(a) One quarter of the first loading – Stage 6 

 

 
(b) End of the second loading – Stage 8 

 

 
(c) End of the unloading– Stage 14 

 
(d) End of consolidation following unloading – Stage 15 

 
Figure 10 Yield points for different analysis stages (Lima, 2012) 

 
 

 
Figure 11 Three-dimensional finite element model and mesh              

(Lima, 2012) 
 

 

 
Figure 12 Vertical displacements at plates S5, S6, S7, and S8 – 2D 

and 3D analyses (Lima, 2012) 

Vertical displacements (numerical analysis and instrumentation) 
along the axis of the test field area are presented in Figure 13. Both 
numerical analyses, 2D and 3D, were able to reproduce with good 
accuracy the settlements for all points of measurements, including 
the soil heave (plates S3 and S9) outside the footprint of the loaded 
area. Agreement of settlement results between the 2D and 3D 
analyses suggests that the procedure for geometric transformation 
was satisfactory. 

The uniform pattern of vertical displacements shown in              
Figure 13 can be compared with the results of total displacements 
from the 3D analysis shown in Figure 14 at the end of stage 4. It can 
be observed that the maximum magnitudes of total displacements 
and vertical displacements are almost the same (0.64 cm for 3D 
analysis and 0.72 cm for 2D analysis). 

The vertical displacements obtained on the magnetic 
extensometers, at 6,0 and 11,0 m depth, were also compared with 
the numerical results with good agreement (Lima, 2012). 

The numerical results of horizontal displacements and 
measurements (at inclinometer I2 at depths of 3.5 and 8.0 m) are 
compared in Figure 15. It is observed that the results of the 3D and 
2D analyses are quite close. This result was also obtained on the 
comparison from the Inclinometer I1 data (Lima, 2012).  

Similarly to vertical displacements, horizontal displacements 
exhibit good agreement between predicted and measured values, and 
on the 22nd day the displacements at 3.5 m depth accelerate.  
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Figure 13 Vertical Displacements along the axis of the field test area  

 
 

Figure 14 Total displacements along the axis of the field test area 
3D analysis – end of stage 4 before consolidation (Lima, 2012)

 
6.2 Pore pressures and total stresses 

The excess pore pressures measured by piezometers located at 4.0, 
6.0, and 7.0 m depth are compared in Figure 16 with the 
corresponding values obtained by numerical analysis. The values 
obtained by numerical calculations are greater than the measured 
values, but the curve patterns are quite similar.  

The numerical values of excess pore pressure were obtained at 
the midpoints located exactly between columns. However, in the 
field this midpoint condition may not exist as the columns and the 
piezometers may become closer for a number of reasons related to 
installation issues. Thus, differences could result both from the 
positioning of piezometers in relation to the stone columns and due 
to differences in the values of the coefficients of permeability used 
in the numerical analyses compared to actual field values. 
(2012) carried out an analysis considering the points adjacent to and 
in the mid-space between the columns and showed that the 
measured values lay between these two.  

Figure 17 shows the values of excess pore pressure obtained 
from the 3D analysis at 6.0 m depth on the 20
the obtained values of excess pore pressure are higher in the central 
positions of the loading application area (left hand columns,           
Figure 17), and decrease towards the points far from the central 
loading area. It can be seen that the gradient of excess pore pressure 
is very pronounced in this situation, with differences of up to 50 kPa 
(in the region surrounding the stone columns). Therefore, a small 
difference in the position of the piezometer may cause significant 
differences in the values of the measured pore pressure.
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Figure 13 Vertical Displacements along the axis of the field test area  – 2D analyses (Roza, 

 

along the axis of the field test area in 
end of stage 4 before consolidation (Lima, 2012) 

The excess pore pressures measured by piezometers located at 4.0, 
6.0, and 7.0 m depth are compared in Figure 16 with the 
corresponding values obtained by numerical analysis. The values 
obtained by numerical calculations are greater than the measured 

 
The numerical values of excess pore pressure were obtained at 

the midpoints located exactly between columns. However, in the 
field this midpoint condition may not exist as the columns and the 

come closer for a number of reasons related to 
installation issues. Thus, differences could result both from the 
positioning of piezometers in relation to the stone columns and due 
to differences in the values of the coefficients of permeability used 

e numerical analyses compared to actual field values. Roza 
(2012) carried out an analysis considering the points adjacent to and 

space between the columns and showed that the 

excess pore pressure obtained 
from the 3D analysis at 6.0 m depth on the 20th day. As expected, 
the obtained values of excess pore pressure are higher in the central 
positions of the loading application area (left hand columns,           

crease towards the points far from the central 
loading area. It can be seen that the gradient of excess pore pressure 
is very pronounced in this situation, with differences of up to 50 kPa 
(in the region surrounding the stone columns). Therefore, a small 

ifference in the position of the piezometer may cause significant 
differences in the values of the measured pore pressure. 

 

Figure 15 Horizontal displacements 
m depth – 2D and 3D analyses (Lima, 2012)

Figure 16 Excess pore pressures 
P2-2 – 2D and 3D analyses (Lima, 2012)

 

Figure 17 Excess pore pressure at 6.0 m depth 
(Lima, 2012)
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2D analyses (Roza, 2012) 

 

 
Figure 15 Horizontal displacements – Inclinometer I2 at 3.5 and 8.0 

2D and 3D analyses (Lima, 2012) 

 
pore pressures – piezometers P1, P2-1, and                     

2D and 3D analyses (Lima, 2012) 

 
Figure 17 Excess pore pressure at 6.0 m depth – 20th loading day 

(Lima, 2012) 
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Total stress cells were installed in the vertical position in the 

first clay layer to provide values for the increase in total horizontal 
stress (∆σh) during loading. Figure 18 compares measurements of 
numerical values of ∆σh at 4.5, 6.0, and 7.5 m depth. It can be seen 
in Figure 18 that the numerical analyses reproduced the measured 
values fairly well, in particular the trend of increasing and 
decreasing values with time. From the 11th day ‘onwards, 
particularly at 7.5 m depth, the results of 2D and 3D predictions 
were fairly close to the field data. The differences can be related to 
the installation procedure resulting in a cell’s position not exactly 
vertically in relation to the horizontal. 

 

 
Figure 18 Increase in total horizontal stresses – 2D and 3D analyses 

Lima (2012). 
 
6.3 Yield for 3D analysis 

Yield points determined by 3D analysis are shown in Figure 18 at 
stages 8 and 14 (see Table 3). Similarly to the 2D analysis at stage 8 
(Figure 19a), the stone columns yield along their entire length under 
the loaded area and a failure wedge can also be observed. Similar 
behaviour was found in numerical studies performed by Castro and 
Sagaseta (2009) and Six et al. (2012). 

At the end of stage 14 (Figure 19b), it can be seen that there are 
more yield points than those found in the 2D analysis shown in 
Figure 10d. This difference is probably due to the fact that arching 
effects occurring in 3D and 2D analysis are different. Therefore, the 
proposed method of geometric transformation (3D to 2D) did not 
correctly reproduce the plastic state in the unloading stage. In 
previous stages before unloading, the plastic points are very similar 
in 2D and 3D analyses (Lima, 2012). 

 
7. CONCLUSIONS 

This paper described a field test study related to soft ground 
improved by stone columns loaded up to 180 kPa, which included 
2D and 3D finite element analyses. The effects of the working 
platform and column installation caused variation in the soil 
properties of the layers and could not be neglected.  

In general, vertical and horizontal displacements obtained by 
numerical predictions showed good agreement with field 
measurements up to the 22nd day of loading, when the limit state 
condition was observed, close to failure, which was not adequately 
modelled in the numerical analyses. Differences between numerical 
predictions and measurements increased after the 22nd day.  

The magnitudes of excess pore pressure predicted by the 
numerical analyses were generally greater than the measured ones. 
This difference could be due to inadequacy in modelling the 
consolidation or due to uncertainties in the exact in situ position of 
the piezometers.  

 
 
 
 

 

 
 

(a) End of the second loading – Stage 8 
 

 
 

(b) End of the unloading – Stage 14 
 

Figure 19 Yield points of the stone columns – 3D analysis                  
(Lima, 2012). 

 
Values of horizontal stress measured in the field lie in the range 

of values provided by the numerical calculations. Differences can be 
related to the position of total stress cells, which could not be 
installed exactly perpendicular to the test field axis.  

It was observed in the numerical analyses that yielding in the 
columns started at the top and reached greater depths as loading was 
applied. The plastic points occurred along the whole column depth 
at the end of the loading stage. In general, the plastic points were 
similar in the 2D and 3D procedures. 

The results of the 2D analysis, based on geometric 
transformation, were in general similar to those of the 3D analysis, a 
finding also obtained by Tan et al. (2008). 

The present studies showed that field tests could be a powerful 
tool in large projects when the results are combined with finite 
element calculations.  

The behaviour of the field test could be reproduced quite well 
which is promising considering that there is not much experience 
with stone columns in very soft soils. 
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