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Prevention of soil liquefaction using stone columns  
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ABSTRACT 

In order to prevent soil liquefaction there are various ground improvement measures such as the 
soil cementation, soil compaction or the use of drainage. Although stone columns were frequently 
used for the prevention of soil liquefaction in the last few years, there is not much research that 
explains how it works. Both numerical calculations with conventional constitutive models and small 
scale laboratory experiments cannot represent the improving mechanisms. The interaction 
between the soil and the columns and between the pore water and the soil skeleton under seismic 
effects makes the understanding of this method difficult. In this work, the application of stone 
columns as a prevention to soil liquefaction is numerically investigated with a hypoplastic 
constitutive model. The focus of the study is on the influence of stiffness and permeability of the 
columns. Furthermore, the effects of columns group was studied. Finally, it was proved that the 
columns installation should be considered in the initial state of the numerical model. 
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1. INTRODUCTION 

Earthquakes cause enormous economic 
and humanitarian damage, especially if 
the earthquake cause soil liquefaction. 
Soil liquefaction is the loss of soil stiffness 
and shear resistance due to the build-up 
of pore water pressure and the decrease 
of effective stress. This loss of soil 
stiffness and strength appears as ground 
failures in the form of sand boils, 
differential settlements, flow slides, lateral 
spreading, and loss of bearing capacity 
beneath buildings [Adalier et al. 2004]. In 
order to prevent soil liquefaction there are 
various ground improvement measures 
such as the soil cementation, soil 

compaction or the use of drainage. Soil 
compaction using deep vibrator has a high 
effectiveness in cohesionless soils. 
However, this effectiveness decreases 
rapidly with an increase of the fine 
fraction. In this case, the soil improvement 
can be achieved using stone columns. As 
an effective method for reducing the risk of 
liquefaction the vibro replacement was 
used frequently in the last years. The 
advantage of this method is the 
combination of a drainage effect, soil 
compaction and a rigid support which 
prevent the liquefaction.  

 The high permeability of the stone 
columns prevents the build-up of pore 
water pressure (pwp) in the columns. This 
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causes a pressure difference between the 
columns and the surrounding soil. The 
pressure difference produces water flow in 
the direction of columns, and thus a 
decrease in the pwp in the soil. Since the 
permeability of sand and gravel is greater 
in the horizontal direction than in the 
vertical one, the benefit of the stone 
columns is not only the shortening of the 
drainage path, but also the change in the 
direction of water flow to the more 
permeable direction. Furthermore, the 
installation of stone columns causes a 
compaction of the surrounding soil, which 
also reduces the risk of liquefaction 
[Madhav et al. 2008]. In addition, the 
stone columns are much stiffer than the 
surrounded soil. Therefore, the 
earthquake-induced or already existing 
loads are redistributed towards the 
columns. This means that the earthquake 
produces smaller stress changes in the 
soil [Priebe 1990]. 

 Although stone columns were often 
used for the prevention of soil liquefaction 
in recent years, there is not much 
research explaining how they work. Both 
numerical calculations with conventional 
constitutive models as well as small-scale 
laboratory tests cannot reproduce the 
mechanisms of preventing soil liquefaction 
using stone columns. In the numerical 
models, it is difficult to simulate the 
column preparation and the resulting soil 
compaction and stress redistribution. 
Furthermore, the interaction between the 
soil and the columns cannot be simulated 
with simple constitutive models. In 
addition, the dynamic coupled calculations 
are extremely costly in terms of 
computation time and computer capacity. 
In small-scale laboratory experiments, it is 
again impossible to reproduce realistic 
stresses and drainage path. 

 In this paper numerical calculations 
using a hypoplastic constitutive model are 
performed to investigate the effects of 
stone columns as a countermeasure 
against soil liquefaction. The applied 
hypoplastic constitutive equation 
corresponds to the model by [Von 
Wolffersdorff 1996] with the intergranular 

strain extension according to [Niemunis 
and Herle 1997]. 

2. NUMERICAL MODEL 

The finite element program TOCHNOG 
PROFESSIONAL [Roddeman 2013] was 
applied for the numerical simulation (2D 
model). The plane strain mesh was 
generated with constant strain triangular 
elements using the software GiD [GiD 
2013]. The boundary conditions were 
defined so that an unrealistic wave 
reflection was prevented at the model 
boundaries. The left edge was connected 
to the right edge in order to obtain the 
same velocity at the same height of the 
vertical boundaries. The bottom boundary 
was fixed in the vertical direction, while no 
kinematic constraints were prescribed at 
the top boundary. 

 The ground model consists of a loosely 
deposited sand layer with two soil 
improvement columns at the lateral edges. 
The model size is 10 * 10 m and the water 
table is 0.5 m below the ground surface 
(Figure 1). In the initial state, geostatic 
stresses were prescribed and activated 
with start of the calculation. In addition, a 
constant initial void ratio was considered 
for the stone columns regardless of the 
depth. After that, an idealized seismic load 
was applied as a sinusoidal horizontal 
velocity at the bottom of the model. The 
velocity signal has a frequency of 2 Hz 
and an amplitude up to 0.1 m/s. The 
acceleration generated by the velocity 
signal can be determined by differentiating 
the velocity time history. For example the 
differentiation of the velocity history with 
an amplitude 0.1 m/s and a frequency of 2 
Hz yields an acceleration with an 
amplitude of approximately 1.25 m/s2 and 
an unchanged frequency. 

 The numerical calculations have been 
conducted using the hypoplastic model 
from [Von Wolffersdorff 1996], linked with 
the intergranular strain approach 
according to [Niemunis and Herle, 1997]. 
The hypoplastic parameters of Leighton 
Buzzard sand have been used, 
determined from cyclic and dynamic 
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laboratory tests. Detailed description of 
the determination of the parameters is 
presented in [Hleibieh et al. 2014]. The 
parameters for the hypoplastic model 
according to [Von Wolffersdorff 1996] and 
the parameters for the description of the 
intergranular strain model are listed in 
Tables 1 and 2. 

 
Figure 1. Geometry of the numerical model 

 

Table 1. Parameters for the constitutive 
model [Von Wolffersdorff 1996]. 

φc 
[º] 

hs0 
[MPa] 

n0 ed0 ec0 ei0 α β 

33 100 0.6 0.513 1.014 1.17 0.1 1.0

 

Table 2. Additional parameters for the 
intergranular strains after [Niemunis and 

Herle, 1997]. 

R mR mT βr χ 

0.0003 10.0 4.0 0.3 1.0

 

3. CALCULATIONS OF A SAND LAYER 
WITHOUT COLUMNS 

Fig. 2 shows the development of the pore 
water pressure within the sand in 
dependence on the seismic events 
(different amplitudes of the velocity). 
These results refer to a point in the middle 
of the model in 5 m depth. In these 

calculations, the permeability of the sand 
amounts    5*10-4 m/s. The larger the 
amplitude of the velocity, the greater the 
generated pwp. If the amplitude of the 
velocity achieves the value 0.08 m/s or 
more, the generated pore water pressure 
rises strongly and finally produces a non-
convergency of the calculation. On the 
contrary, as long as the amplitude of the 
velocity remains less than 0.08 m/s, the 
pwp reaches an asymptotic value after a 
slight peak.  

 
Figure 2. Pore water pressures generated at 

different velocity amplitudes 

 

4. CALCULATIONS OF A SAND LAYER 
WITH STONE COLUMNS 

The influence of the soil improvement 
columns for the prevention of soil 
liquefaction was investigated using two 
improvement columns at the lateral edges 
of the model (Figure 1). The influences of 
the column stiffness and of the column 
permeability, respectively, were 
investigated separately. First, the columns 
were simulated having the same 
permeability as the sand but a higher 
stiffness (the shear modulus G0 for the 
columns was 7 times higher than G0 for 
the sand). Afterwards, the columns were 
simulated having the same stiffness as the 
sand but a higher permeability. 
Permeability of the columns was 100 
times greater than the permeability of the 
sand. 

 The development of the pore water 
pressure in the sand with and without 
columns is presented in Figure 3. The 
permeability of the sand is 5*10-4 m/s and 
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the velocity amplitude is 0.1 m/s. The 
results show, that the liquefaction is 
prevented by both an increase in stiffness 
as well as an increase in permeability. 

 

 
Figure 3. Pore water pressures in sand for the 

configuration with and without columns 

 

 The drain effect of the columns with a 
high permeability is illustrated in Figure 4. 
Within the sand the water flows 
horizontally in the direction of the columns 
and vertically towards the ground surface. 
The horizontal flow dominates in the 
deeper areas of the sand, while the 
vertical flow is observed in the near-
surface areas. In the columns the water 
flows only towards the ground surface. 
The velocity of the water flow in the 
columns is much larger than in the sand 
because of the increased permeability of 
the columns.  

 
Figure 4. Water flow within the sand and the 
columns for the calculation with permeable 

columns 

 The horizontal flow of water in the 
direction of the columns prevents a strong 
build-up of excess pore water pressure, 
preventing thus liquefaction. The stiff 
columns increase the stiffness of the 
entire system, consisting of the sand and 
the columns. Due to the high column 
stiffness, a seismic event produces less 
shear strain in the sand than in case of an 
unimproved soil. In turn, the smaller shear 
strains lead to lower excess pore water 
pressures and thus reduce the liquefaction 
risk, too.  

5. GROUP OF COLUMNS WITH A 
REALISTIC GEOMETRY 

In the already introduced calculations the 
column diameter and the distance 
between the columns was selected to be 
very large to illustrate the drainage effect 
and the stiffness effect. In order to 
examine the effects of a group of stone 
columns, a modified model with a realistic 
geometry was used. The geometry of the 
modified model is shown in Figure 5. On 
the lateral edges only half columns were 
simulated due to the symmetry (periodicity 
of the area). The model corresponds to 
sand with stone columns, each having a 
diameter of 0.6 m and a distance of 2 m. 
The seismic loading is applied as a 
sinusoidal acceleration of a frequency of 1 
Hz and a maximum amplitude of 3 m/s2. 
The permeability is 1*10-4 m/s for the sand 
and 1*10-2 m/s for the stone columns. 

 Figure 6 presents the evolution of 
excess pwp in the sand with and without 
columns for different acceleration 
amplitudes (point A in Figure 5). In sand 
without columns the pwp increases with 
increased number of cycles up to  95% of 
the geostatistical vertical stress already 
after 6 cycles with the acceleration 
amplitude of 1.5 m/s2. In the calculations 
with stone columns, the pwp in the sand 
reaches about 50% of the geostatic 
vertical stress after several cycles (3 to 4) 
and then remains constant, regardless of 
the acceleration amplitude. Nevertheless, 
Figure 7 shows that the effective vertical 
stress at the point A decreases for various 
accelerations down to the value zero. 
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Thus the effective stress decreases, 
although the PWD is not increasing 
analogously, which results in a decrease 
of the total 
stress.

 
Figure 5. Geometry of the model with a 

columns group  

 
Figure 6. Pore water pressure in the sand 

(point A) at different acceleration amplitudes 
for the model with and without columns 

 

A decrease in the total vertical stress in 
the sand is also observed in Figure 8. At 
the same time, the total stress in the 
columns increases (Figure 9). 

 Due to the higher stiffness of the stone 
columns in comparison to the surrounding 
sand a redistribution of the vertical 
stresses occurs in the direction of the 
columns. A portion of the own weight of 

the sand is then carried by the columns 
and and can be interpreted as a Siloeffekt. 
This leads in  

 

 
Figure 7. Effective vertical stress in the sand 
(point A) for different acceleration amplitudes 

 
Figure 8. Total vertical stress in the sand 
(point A) at an acceleration amplitude of         

2 m/s2 

 
Figure 9. Total vertical stress in the columns 

(point B) at an acceleration amplitude of         
2 m/s2 

 

deeper layers to a decrease of the total 
stresses in the sand and to an increase of 
the total stresses in the columns. This 
stress redistribution is realistic. However, 
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one can assume that it takes place 
already during the installation of the stone 
columns [Priebe 1995]. Therefore, the 
consideration of the columns installation 
and the resulting stress redistribution in 
the initial state of the numerical model play 
a decisive role in the numerical 
investigation of the stone columns for the 
prevention of soil liquefaction. 

6. CONCLUSIONS 

In this paper the build-up of excess pore 
water pressures due to seismic events in a 
liquefiable soil was investigated using 
numerical simulations by means of a 
hypoplastic constitutive model with 
intergranular strains. The liquefaction 
hazard increases with an increased 
magnitude of the seismic loading. The risk 
of liquefaction can be reduced using a soil 
improvement by stone columns. The 
columns act against the liquefaction by 
both their high stiffness as well as their 
high permeability. The numerical 
calculations with advanced constitutive 
models can be used successfully to 
investigate the effects of stone columns. 
However, the installation of the columns 
should be considered in the generation of 
the initial state of the model in order to get 
realistic stress distribution. 
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