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ABSTRACT 
  
Stone-columns is a useful method for increasing bearing capacity and reducing settlement of foundation soil subjected to structure 
loading. For stone-column construction, 15 to 35 percent of weak soil volume is usually replaced with stone-column material. Such 
columns may be constructed with various diameters, lengths, and center-to-center distances. This paper presents a simple method to 
determine the seismic bearing capacity of stone-column reinforced shallow foundation. For this purpose, a simple failure surface is 
assumed to characterize the failure stage of the stone column and soil materials using the concept of lateral active and passive earth 
pressures. The well known Mononobe-Okabe approach is used to represent seismic effects of soil lateral earth pressures. The results 
show that with increasing the earthquake intensity, the foundation bearing capacity decreases. Parametric studies will be presented to 
illustrate the role of contributing parameters such as geotechnical data of stone column material, foundation geometry, native soil 
specification, and earthquake details. 
 
 
INTRODUCTION 
 
The use of stone-columns is a useful method for increasing 
bearing capacity and also for reducing settlement of soil under 
structures. In stone-column construction, usually 15 to 35 
percent of weak soil volume is replaced by stone-column that 
usually has a special diameter and length and center-to-center 
distance. Design loads on stone-columns normally vary 
between 20 to 50 tons. The confinement of stone-column 
material is provided by the lateral stress induced by the 
surrounding weak soil. Upon application of the vertical stress 
at the ground surface, the stone and soil move downward 
together, resulting in stress concentration in the stone-column 
due to higher stiffness induced into the stone material than that 
induced in the soil. Stone-columns are constructed usually in 
triangular pattern or sometimes in square pattern. The 
equilateral triangle pattern gives more dense packing of stone-
columns in a given area as shown in Figure 1.  
Three type of failure mechanism may occur in stone-columns. 
These are bulging failure, shear failure, and punching shear 
failure. In end bearing or free floating stone-columns, bulging 
failure extends to or greater than about than three times the 
stone diameter in length (Huges et al., 1974 &1976). The 
shear failure mechanism occurs in very short columns resting 
on a firm support either a general or local bearing capacity 
type failure at the surface (Madhav et al., 1978). The punching 

shear failure occurs in floating stone-column at a length of less 
than about two to three times the stone diameter. This failure 
type may occur in end bearing stone columns embedded in 
weak soil underlying layer before a bulging failure can 
develop (Aboshi et al, 1979). 
 

 
 

Fig1. Equilateral triangle pattern of stone columns 
 
In this research by using an "imaginary retaining wall 
assumption", it has been tried to develop a simple analytical 
method for estimation of the seismic bearing capacity of 
stone-columns assuming bulging failure mechanism. 
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BULGING FAILURE MECHANISIM 
 
Stone-columns have length to diameter ratios equal to or 
greater than 4 to 6 and are embedded in homogeneous soil, the 
bulging failure occurs at a depth of about 2-3 times the 
diameter of the stone-column. This failure type was explored 
by performing field tests on stone columns (Hughes et al., 
1974). A number of theories have been presented for 
predicting the ultimate capacity of an isolated, single stone-
column supported by soft soil. Most of the early analytical 
solutions assume a triaxial state of stress which exists in the 
stone-columns while both surrounding soil and the stone-
column material are at failure. The lateral confining stress 
( 3σ ) which supports the stone-columns is usually taken in this 
methods as the ultimate passive resistance offered by the 
surrounding soil. This passive stage is reached upon 
mobilization of the stone-column bulges which occur outward 
against the soil. Since the column is assumed to be in a state of 
failure, the ultimate vertical stress ( 1σ ) which the stone-
column (stone-column assumes to be cohesion less) can 
tolerate is equal to the coefficient of passive pressure on the 
stone-column (

sPK ) times the lateral confining stress ( 3σ ). 
This means: 

sP3
s

s
3

s2
31 K

φsin1
φsin1

)
2
φ

45(tan σ=
−
+

σ=+σ=σ                          (1) 

where sφ  is the internal friction angle of stone-column 
material. 
A number of relations for estimation bearing capacity of 
stone-columns have been presented by Greenwood (1970), 
Vesic (1972), Hughes et al. (1974), Datye et al. (1975), and 
Madhav et al. (1979) in the form of 

sP31 Kσ=σ . These 
relations are similar to Eq. (1). Most of researchers have only 
tried to enhance the ability and reliability of relations in 
predicting the surrounding confinement pressure ( 3σ ) in Eq. 
(1). For example, Vesic (1972) introduced the following 
expression for determination of the ultimate lateral resistance 
of the soil: 
 

'
q

'
cc3 qFFc +=σ                                                                   (2) 

 
where cc  is cohesion of the surrounding soil and q is the 
mean (isotropic) stress 3/)( 321 σ+σ+σ  at the equivalent failure 

depth, '
qF and '

cF  are cavity expansion factors given in a graph 
as functions of the angle of internal friction angle of the 
surrounding soil and the rigidity index, rI . According to Vesic 
(1972), the rigidity index is expressed as: 
 

)φtanqc)(1(2
EI

cc
r +ν+
=                                             (3) 

 
where E is the modulus of elasticity of the surrounding soil in 
which cavity expansion occurs and cc  is cohesion of the 

surrounding soil, υ is the Poisson's ratio of surrounding soil, q 
is mean stress within the zone of failure.  
In the above equations, in addition to the ultimate lateral stress 
( 3σ ) and some geotechnical parameter such as c and φc , other 
parameters such as the modulus of elasticity and Poisson's 
ratio of the surrounding soil are also required to determine the 
stone column bearing capacity. In addition, all above methods 
consider the static ultimate bearing capacity of stone columns. 
The authors are unaware of any developed analytical methods 
to determine the seismic bearing capacity of stone columns. In 
this article, a very simple expression is developed for 
calculating the seismic ultimate bearing capacity of single 
stone-columns undergoing a bulging failure type only by 
having common shear strength parameters of soils. The 
developed method is simply used for static analyses as well . 
 
 
NEW SIMPLE ANALYTICAL METHOD 
 
An imaginary retaining wall (AB) is used for estimation the 
bearing capacity of shallow foundation rested on sand as 
shown in Fig. 2. An active zone beneath the footing on the left 
hand side of the wall and a passive zone on the right hand side 
of the wall are assumed. This method was first introduced by 
Richards et al. (1993) for determination of the bearing 
capacity of shallow foundations resting on a homogeneous 
sand. 

 

 
 

 
 
 

Fig2. Imaginary retaining wall conception 
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In this paper, as shown in Fig. 2, the active zone consists of 
stone frictional material and the passive zone consists of 
natural soil to be improved by stone columns. The imaginary 
wall AB is between these active and passive zones. Due to 
exerting load on the stone-column, granular material of stone-
column tends to move down and outward. Because of this 
movement, the lateral stress in the surrounding weak soil 
increases and the soil will go to the passive state (Fig. 2.a). It 
is assumed that rigid imaginary retaining wall moves only 
horizontally and thus the stability equations may be written for 
this wall. 

 
In seismic condition, the active induced force on the 
imaginary wall is determined using the pseudo static approach 
(Fig. 2b). In this method, the horizontal and vertical seismic 
forces defined as Fh=khW and Fv=kvW where w is the weight 
of active wedge shown by Ws. Characters kh and kv represet 
the horizontal and vertical seismic coefficients, respectively. 
The passive wedge weight shown by Wc. Characters kh and kv  
are seismic coefficients in the horizontal and vertical direction, 
respectively (Fig.2b).  
The column material is granular and the surrounding native 
soil is cohesive. The active and passive wedges make aeη and 

Peη angles with the horizontal direction, respectively as shown 
in Fig. 2.a). This angles are given by:   
 








 +ψ−−
+ψ−=η −

2

1s1
sae C

C)φtan(
tanφ                                      (4a) 

 
where: 
 

)]φcot()tan(1)][φcot()φ)[tan(φtan(C s1sss1 ψ−ψ+δ+ψ−+ψ−ψ−= 
[ ])]φcot()φ)[tan(tan(1C ss12 ψ−+ψ−ψ+δ+= 

 
where ψ is seismic inertia angle and can be calculated by 
following equation: 
 

v

h1
k1

k
tan

−
=ψ −                                 (4b) 

 
For surrounding native soil peη  can be calculated by following 
equation: 
 








 ψ−
+ψ=η −

3

1
pe C

)tan(tan                                                          (5a) 

 
where : 
 

[ ])]cot())[tan(tan(1C3 ψ−+ψψ+=                                                (5b) 
 

In above equations, the column material internal friction angle 
is sϕ . 
The active force exerted by the stone-column material on the 
wall is equal to: 
 

HKq)K1(HK
2
1P

SS aeultv
2

saeae +−γ=                                         (6)  

 
The passive force exerted by the native soil on the rigid 
retaining wall is equal to: 
 

cH2)K1(Hq)K1(H
2
1P vv

2
cpe +−+−γ=                               (7) 

 
Where sγ  is unit weight of the stone-column material, cγ  is 
unit weight of the native soil, 

SaeK is active seismic pressure 

coefficient, q  is surcharge on passive region, c is cohesion of 
the native soil, and H is the failure wedge height (Fig. 2.a). 
The value of 

SaeK  can be calculated by: 
 

( )

( )
2

s1s
1

s
2

ae

)(δcos
)(φsin)δ(φsin

1δcoscos

ψφcos
K

s













ψ+
ψ−+

+ψ+ψ

−
=       (8) 

where 1δ  is the angle between the stone-column material and 
wall and 2δ  is the friction angle between the native soil and 
rigid retaining wall native soil on the one hand and with 
imaginary rigid retaining wall. Richard et al. (1993) suggested 
that ϕ=δ 5.0 .  
Stone-columns constructed with a special center to center (S) 
distance, for analysis in a plane strain condition (similar the 
condition of imaginary rigid retaining wall), it is necessary to 
convert one column to an equivalent continuous stone-column 
strip with width, W (Fig.3). 
 

S
A

W s=                                                                                 

(9) 
 
where: sA is horizontal cross section area of stone-column and 
S is center to center distance of stone-column. By using W 
parameter, it is stated that: 
 

ae
s

ae tan
S

A
tanWH η=η=                                                        (10) 

 
Fig 3. Stone-column strip idealization 
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If equilibrium equation in the horizontal direction is written on 
the face of the imaginary rigid retaining wall, then: 
 

2P1a cosPcosP δ=δ                                               (11) 
 

Substituting Eqs. (6)  and (7) into Eq. (11) gives: 
 

)K1(H
2
1

HK
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2
1
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q vs
ae

vv
2

c

1

2
ult

S
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
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
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δ
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                                                               (12) 

 
Since the native soil is cohesive, then 02 =δ . 
Having aetanWH η=  gives: 
 

)K1(H
2
1

K

c2)K1(q)K1(H
2
1

2
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1q vS
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s
ult

S
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




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Making a simplification in Eq. (13) yields: 
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(14)

  
Eq. (14) is similar to conventional shallow foundation ultimate 
bearing capacity expression. Thus, it can be re-written as: 
 

EEE
NW

2
1NqcNq cqcult γγ++=                                            (15a) 

 
where: 
 

2
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2N
s
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As mentioned before, the stone column material is only 
granular with the internal friction angle )( sφ . However, if the 
surrounding native soil is assumed to be cohesionless with 
internal friction angle of cφ , in Fig. 2.a, the value of peη  is 
calculated from: 
 








 +ψ−φ
+φ−ψ=η −

3
4c1

cpe C
C)tan(tan                                (16) 

 
where: 

 
[ ])]cot())[tan(δtan(1c cc23 ψ−φ+ψ−φψ++= 

)]cot()δtan(1)][cot())[tan(tan(c c2ccc4 ψ−φψ++ψ−φ+ψ−φψ−φ= 
 

The total passive force is obtained from: 
 

)K1(Hq)K1(KH
2
1P vvpe

2
cpe c

−+−γ=                                     (17) 

 
Where 

cPeK  is passive seismic pressure coefficient and given 
by: 
 

2

2

c2c
2

c
2

pe

))δcos(
)(sin)δsin(

1)δ(coscos

)(cos
K

c













ψ−−
ψ−φ−φ

−ψ−−ψ

ψ−φ
=     (18) 

 
where 1δ  and 2δ  are defined as before.  
The horizontal equilibrium of forces exerted on the imaginary 
wall yields: 
 

(19) 

)K1(H
2
1

HK

)K1(HKq)K1(KH
2
1

cos
cos

q vS
ae

vpevpe
2

c
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2
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S
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





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δ
δ

=  

Assuming s1 5.0 ϕ=δ  and c2 5.0 ϕ=δ  and aetanWH η= , the 
ultimate seismic bearing capacity of the stone column will be 
expressed by: 
 

)K1(tan

2
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K

K
W

2
1)K1(

2
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2
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K

K
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c
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











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ϕ

ϕ
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 (20) 
 
Eq. (20) is similar to common shallow foundation ultimate 
bearing capacity relation. Thus, again: 
 

(21a)                                              

EE
NW

2
1Nqq cqult γγ+= 

 
where: 
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APPLICATION EXAMPLE  
 
To show how the developed method is used to determine the 
seismic bearing capacity of stone columns, it is assumed 

0k v = . The horizontal seismic force assumed for four 
different values of 0, 0.15, 0.25 and 0.35 for kh. It is further 
assumed 3

c m/KN17=γ , 3
s m/KN19=γ . The stone-column 

diameter is 1D =  m, the center to center distance of stone-
columns is 3S = m, and the internal friction angle of the stone 
column material varies 35-45o. The undrained shear strength 
of the native cohesive saturated clay is assumed to be 40 kPa. 
Because native soil is cohesive then for calculation (Equation 
15a) is used. The results are shown in Fig. 4. As seen, with 
increasing the horizontal seismic force, the ultimate bearing 
capacity of the stone column decreases. The effect of internal 
friction angle of the stone column material has little effect on 
the ultimate bearing capacity of the stone column for higher 
seismic force values.  
 

 
 
Fig 4. Effect of seismic force on ultimate bearing capacity of 

stone column 
 
The effect of stone-column diameter is depicted in Figs. 5 and 
6 for 25.0k h = and 0.35, respectively. In producing Figs. 5 and 
6, 5.2S = m and other parameters are the same as above. Figs. 
5 and 6 shows that the ultimate bearing capacity of the stone 
column increases by increasing the internal friction angle of 
the stone column material and diameter of the stone-column. 
Also with increasing the seismic force, the effect of increasing 
the stone-column diameter is more efficient than increasing 
the internal friction angle of the stone column material.  
The effect of s (stone column spacing) on the bearing capacity 
is illustrated in Figs.7 and 8 for which 25.0k h =  and 35.0k h = , 
respectively. The stone-column diameter is 1D =  m and other 
parameters are the same as above. As seen, by increasing the 
column spacing, the bearing capacity tends to decrease 
slightly. However, it has no effect on the bearing capacity of 
the stone-column. 

 
 
 

 

 
 

Fig 5. Effect of stone-column diameter on column ultimate 
bearing capacity ( 25.0k h = ) 

 

 
 

Fig 6. Effect of stone-column diameter on column ultimate 
bearing capacity ( 35.0k h = ) 

 

 
 

Fig 7. Effect of stone-column spacing on column ultimate 
bearing capacity ( 25.0k h = ) 
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Fig 8. Effect of stone-column spacing on column ultimate 
bearing capacity ( 35.0k h = ) 

 
 
CONCLUSIONS 
 
A simple method has been introduced for determination of the 
bearing capacity of stone columns. The method is based on the 
lateral earth pressure theorem and requires conventional shear 
strength parameters of the stone column material and the 
native soil to be reinforced. It has been shown that with 
increasing the seismic force, the ultimate bearing capacity of 
the stone column decreases. In addition, with increasing the 
friction angle of the stone column material, the bearing 
capacity of the column increases particularly at low to 
moderate seismic intensities. However, this effect is 
insignificant at higher seismic intensities. It has been shown 
that the increase of the diameter of the stone-column is more 
efficient than increasing the internal friction angle of stone-
column material or with decreasing center to center distance of 
stone-columns.  
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