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ABSTRACT: Stone column ground improvement method is not applicable in very soft soils since the stone col-
umns with lack of lateral support bulge with time and this causes settlements. Therefore, it has been recom-
mended to apply grouted stone columns instead of conventional stone columns at the preliminary design stage of 
the project considered. The details of a grouted stone column of ground improvement method recommended for 
a shopping centre project, for which the subsoils are very soft clays, is presented in this paper. Preliminary soil 
investigations have shown that the subsoils at the related site are composed of very soft organic clays for which 
high secondary consolidation settlements are expected. Standard Penetration Test (SPT) results are the main pa-
rameters utilized at the preliminary design stage. Out of 25 SPT blow counts in the clay layer, the blow count 
number was N=0 (zero) in 18 of them. This means that the clays at the site are extremely soft. The calculations 
and evaluations have shown that a conventional stone column of ground improvement technique is to be insuffi-
cient due to bearing capacity and settlement considerations in this one-storey shopping centre. Bearing capacity 
and secondary consolidation settlement calculation results are given. After all evaluations, the principles of a 
feasible preliminary design by grouted stone columns are given in the paper. 

1 INTRODUCTION 
 
It was planned to construct a shopping centre in 
Muğla-Milas region of Turkey. A preliminary design 
of foundation systems of the superstructure, for the 
purpose of quantity survey and cost estimate, was 
claimed. Six boreholes (BH-1, BH-2,.....) could be ex-
ecuted for the preliminary design of foundation sys-
tems. The borehole locations are given in Figure 1. 
There are several blocks to be constructed within the 
project. It was intended to locate the boreholes so that 
all the subsoils at construction area could be idealized. 
But due to an inundation problem, borehole machine 
could not work in A and B blocks area (Figure 1). 
Standard Penetration Test (SPT) was the main tool in 
this preliminary site investigation. This was also due 
to time limitation of the work claimed. There were 
generally one-storey buildings to be constructed with-
in the scope of the project. According to borehole re-
sults it was understood that the subsoils are composed 
of very soft clays and they are called as "mud" in this 
preliminary investigation. Two alternatives were eval-
uated for a satisfactory foundation design. Stone col-
umn ground improvement method was the first alter-
native. A preliminary design of precast driven piles 
was done in the second alternative. The latter is out of 
the scope of this paper. Stone column method of 

ground improvement method has been examined in 
this paper. After bearing capacity and settlement cal-
culations it has been understood that the application of 
conventional stone columns without a precaution like 
cement grouting or similar is not applicable due to ex-
tremely soft clay subsoils. Therefore, a preliminary 
design of grouted stone columns has been done. The 
principles and general calculation results are evaluated 
and the conclusions are presented in this paper.           

2 SOIL PROFILES 
 
Six boreholes were carried out at the related site as 
given in Figure 1. SPT was the main site test in this 
preliminary investigation. Soil profiles and site test 
(SPT) results are given in Figure 2. As understood in 
Figure 2, after a crust layer of 2.5m in thickness as an 
average there are very weak layers called "mud" dur-
ing site investigation. This layer is quite unfavorable 
with regard to bearing capacity and settlement criteria. 
The thickness of the weak layer changes between 4 
and 9m. The color of the "mud" is dark grey. Totally 
25 SPT tests were executed in this layer. The recorded 
SPT blow counts revealed that the layer is extremely 
soft. Out of 25 SPT blow counts in weak clay layer, 
the blow count number was N=0 (zero) in 18 of them.
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Figure 1.   Borehole locations (BH-1, BH-2, BH-3, BH-4, BH-5, BH-6) 
 
SPT numbers were N=2 in 6 of them and N=3 in one 
of them. This simple statistics shows that a very 
weak clay layer exists under the construction area. 
Since the clay layer is extremely soft, it was not pos-
sible to get enough soil samples for laboratory test-
ing in this preliminary site investigation. It is known 
from past experience and information for the inves-
tigation area that the so called "mud" at this site is 
probably organic and the type of soil is peat. The 
undrained shear strength of the "mud" at the site is 
presumed as cu=5-10 kPa at most. The stable gravel 
and/or weathered phyllite layers start under the weak 
mud layer at site as given in Figure 2. 

3 SITE AND SUPERSTRUCTURE 
INFORMATION 

Site area is almost flat topographically. The eleva-
tion of the Bodrum-Milas highway near site is about 
1.5m higher than the elevations at the site area. One-
story prefabricated and reinforced concrete buildings 
are to be constructed generally at the related site. 

Single footings and mat foundations have been de-
signed at the preliminary design stage for these one-
storey buildings. It is planned to excavate about 
25cm vegetable soils and make controlled soil fills 
of thickness 50cm first and construct mat founda-
tions later. The mat foundation areas of different 
buildings in the project can be given as 730 m2, 930 
m2 and 2200 m2. Maximum foundation pressures for 
these buildings are given about 40 to 65 kPa. It has 
been found suitable to make 50cm strip off excava-
tions and settle foundations for the other single foot-
ings over which the prefabricated buildings are to be 
constructed. The dimensions of single footings are 
4.8mx4.8m and 5.5mx5.5m generally. The spaces 
between these single footing areas will be filled with 
soil with an average depth of 2m.  Maximum foun-
dation pressure under single footings is given as 56 
kPa. All the site will be filled with soil at the spaces 
between buildings and other car park areas with an 
average depth of 1.5 to 2m. 
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Figure 2. Soil profiles and site test (SPT) results 
 

4 PRELIMINARY DESIGN OF FOUNDATION 
SYSTEMS 

It is anticipated that stone column method of ground 
improvement is a feasible alternative when the site 
and cost conditions are taken into account. However, 
it is known from past experience that conventional 
stone columns are not applicable in clay soils having 
undrained shear strengths lower than about cu=15 
kPa (Barksdale and Bachus 1983, Moseley and 
Kirsch 2004). Because, in very soft soils the stone 
columns with lack of lateral support bulge with time 
and this causes settlements. 

4.1 Bearing capacity evaluations 

Average undrained shear strength of the "mud" layer 
at the site is cu=5-10 kPa at most considering SPT 
blow counts. The bearing capacity of conventional 
stone columns can be computed by the Equation 1 
below given in Bowles (1996). 

 
qu=tan2(45+Ø'/2)*6cu                                             (1) 
 
where qu= ultimate bearing capacity of stone col-
umns-kN/m2; Ø'=internal friction angle of stone col-
umn material-40º~45º). 

If a computation is carried out with cu=10 kPa 
and considering 60cm diameter stone columns, the 
allowable bearing capacity of a conventional stone 
column is Qu=57 kN (Safety factor=1.5). Although 
the undrained shear strength of the "mud" layer has 

been taken at the upper limits, the allowable bearing 
capacity of a conventional stone column is quite low 
as noticed. Therefore, designing with conventional 
stone columns seems not feasible. 

4.2 Settlement evaluations 

It is obvious that the very soft clay layers at the site 
have quite high compressibility. It is possible at this 
preliminary design stage that the coefficient of vol-
ume compressibility used in settlement computations 
can be estimated by considering the values for simi-
lar clays found in the past or by utilizing the typical 
values given in literature. It is inferred from this sur-
vey that coefficient of volume compressibility can be 
taken between, mv=0.001-0.0015 m2/kN. There are 
some values larger than the upper limit especially for 
organic and peat type of clays reported in literature 
(Carter and Bentley, 1991). Settlement calculations 
have been carried out for shallow foundations by us-
ing the lower limit of coefficient above, the acting 
loads due to buildings and fills, and the compressible 
layer thickness. It has been found that the estimated 
primary consolidation settlement for the building 
with mat foundation of 2200 m2 is about s=35cm. 
The calculated settlements for prefabricated build-
ings with single footings are at the order of s=5-
10cm excluding the fills between them. After filling 
the large areas with 2m of soils, approximately 
s=25cm settlements are expected. All the estimated 
settlements are unacceptable; and it is known that 
conventional stone columns can  generally reduce 
these settlements by about 60% of untreated settle-
ments at most.  
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Then, it is noticed that the settlements are still unac-
ceptable for some buildings even conventional stone 
columns are designed.  

Secondary settlements are known to be critical for 
organic clays. Therefore, these type of settlements 
have also been investigated for this project. Second-
ary settlements are generally estimated by the Equa-
tion 2 below given in Terzaghi et al. (1996). 

 
ssec.=C'α*H*log(t/tp)                                                (2)                                                                                                          

  
Here, C'α is the secondary compressibility index. 

It is given by a graph depending on natural water 
content in Mesri (1973). Although there is no data 
about water content, C'α is generally between 0.007 
and 0.025 as shown in Figure 3. 

In Equation 2 above, H is the compressible layer 
thickness, t is the time for secondary settlements (It 
can be taken as economical life of the structure) and 
tp is the time for primary consolidation settlement (It 
can vary from months to years depending on the soil 
and drainage conditions). It is seen that as t/tp ratio 
increases secondary settlements also increase. This 
ratio rarely exceeds 100 at site conditions and it is 
frequently lower than 10 (Terzaghi et al., 1996). On 
the other hand, in the projects where the time for 
primary consolidation settlements are accelerated by 
vertical drains, this ratio may increase dramatically. 
It is well known that conventional stone columns act 
as vertical drains at the same time. Therefore when 
conventional stone columns are designed in our pro-
ject, secondary settlement phenomenon will be more 
critical. When a quick computation is performed to 
estimate secondary settlements for untreated subsoils 
by taking C'α between 0.007 and 0.025, and t/tp be-
tween 40-50, about 10 to 30cm settlements are 
found. Thus, secondary settlements can even exceed 
primary consolidation settlements. It can be con-
cluded that the settlement problem is still quite criti-
cal when conventional stone columns are designed.  

4.3 Preliminary design of grouted stone columns 

After above evaluations, it has been decided to make 
a preliminary design with a modified type of stone 
column method in this project. Modified methods 
are generally classified into three: 

 
 Grouted stone columns 

 Vibro mortar columns 
 Vibro concrete columns 

 
Grouted stone columns have been chosen, when a 

feasibility study is made considering Turkey's condi-
tions. In this modified method, water-cement sus-
pension is grouted additionally in conventional stone 
column application. 

The bearing capacity calculations of grouted 
stone columns can be made by the  same principles 
of end-bearing pile calculations. The stable gravel 
and weathered phyllite layers beneath the weak sub-
soils at site  results in high bearing capacity of 
grouted stone columns. The diameter of grouted 
stone columns has been chosen as 60cm at the pre-
liminary design stage. It has been anticipated to form 
80cm enlarged bases at the tip of the columns. After 
calculations of bearing capacity of grouted stone 
columns by several approaches an average allowable 
bearing capacity of Q=400 kN has been found using 
a safety factor of 3. This is a reasonable load and a 
feasible preliminary design can be performed now. 

Considering the superstructure loads, the layouts 
of the grouted stone columns have been prepared. 
2.5mx2.5m and 3mx3m square patterns have been 
designed for the buildings with mat foundations. A 
symmetrical 4 no. grouted stone columns have been 
designed against probable rotational effects for foot-
ings. 3mx3m square patterns have been found to be 
suitable for the soil fill loads between single footings 
and under other car park fills (Fill heights are about 
2m). 

It has also been recommended to make good qual-
ity granular fills of 60cm thickness reinforced with 2 
layers of geogrids under the prefabricated buildings 
with single footings and at the bottom of car park 
fills. The purpose was to get an arching effect by 
means of reinforced fills so that all the superstruc-
ture loads are to be transferred to grouted stone col-
umns. Thus, the loading of weak subsoils will be 
prevented and the probability of forming negative 
skin frictions on grouted stone columns shall be 
minimized. 
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5 CONCLUSION 

At the preliminary design stage of foundation sys-
tems of a shopping centre project in Muğla-Milas 
region of Turkey, site investigations with boreholes 
have revealed that the subsoils are extremely soft. 
The weak layer is below the first crust layer at the 
site and its thickness is between 4m and 9m. The 
very soft clay is called as "mud". Standard Penetra-
tion Test (SPT) was the main tool in this preliminary 
soil investigation study. Out of 25 SPT blow counts 
in weak clay layer, the blow count number was N=0 
(zero) in 18 of them. This simple statistics shows 
that the clay layer is extremely soft. This was the 
main reason of unavailability of enough soil samples 
during the site investigation. 

 Although Client requested an economical alter-
native ground improvement method like stone col-
umns for the shopping centre, the calculations and 
evaluations resulted in that conventional stone col-
umn design was not possible for this project. There-
fore, grouted stone columns were designed. Precast 
driven piles were recommended as the second alter-
native which is out of the scope of this paper. The 
principles of grouted stone column preliminary de-

sign are given in this paper. The geotechnical con-
cepts like bulging of conventional stone columns, 
secondary consolidation settlement, controlled soil 
fills reinforced with geogrids and negative skin fric-
tion were taken into consideration during prelimi-
nary design. 

Although it is highly probable that the very soft 
clays are organic based on site observations and past 
experience at the related region, it has been recom-
mended to Client that more advanced site investiga-
tion techniques should be used for final design stage. 
By this way, it will be possible to get enough soil 
samples for definite descriptions of the soil layers 
and make strength and compressibility tests. It has 
been shown that determination of natural water con-
tent is even quite important to reasonably estimate 
the secondary settlements which may exceed the 
primary consolidation settlements in some cases.         
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