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Abstract
Stone columns are widely used as an effective and environmental friendly improvement method for increasing the load-
carrying capacity of soft clay soils. In very soft clay soils, reinforced stone columns are used because of the lack of the lateral 
confinement created by the surrounding soil. To provide lateral additional confinement, geosynthetics are usually used. This 
study intends to evaluate the use of vertical steel bars and horizontal steel discs as an alternative way to geosynthetics to 
investigate the effect of reinforcement on the footing load-carrying characteristics. Therefore, some large-scale laboratory 
tests were conducted on stone columns with diameters of 80 and 100 mm and a length to diameter of 5. The results show 
that changing the arrangement of the bars to a higher stiffness leads to increase in load-carrying capacity. Reinforcing the 
full-length of the stone columns with the bars in comparison to half-length reinforced has significant influence in capacity. 
However, in the case of horizontal discs, this increase is negligible. Also by decreasing the space of the discs, load-carrying 
capacity increases. Moreover, the performance of the vertical reinforced stone column seemed to be better than the horizontal 
reinforced stone column. The increase of load-carrying capacity in reinforced stone columns with vertical bars or horizontal 
discs is higher than geotextile reinforcement in the same conditions.

Keywords Stone column · Laboratory study · Vertical reinforcing bars · Horizontal reinforcing discs · Improvement factor

Introduction

There are various techniques to improve the mechanical 
behaviour of soft clay soils. The use of stone columns is 
one of the methods to improve soft soils. The construction 
of stone columns involves the replacement of some clay soil 
with crushed stone aggregates or sand in a cylindrical cav-
ity to form a series of stone columns in clay bed. Using 
granular materials than soft clay with more stiffness and 
friction resistance leads the stone columns to transfer verti-
cal loads to more depth and also increase the load-carrying 
capacity due to the combination of frictional resistance and 
the end bearing [1–6]. Moreover, granular materials have a 
high permeability of clay, thus stone columns act as drains 
that reduce the length of the path consolidation of the clay 
[7–10]. Therefore, the use of the stone columns will increase 
the load-carrying capacity, accelerate the rate of consolida-
tion and reduce the total and relative settlements [11, 12] in 
soft clay soils. The stone columns under the vertical com-
pression loads have three failure mechanisms of bulging [3, 
13], shear failure [14] and punching [4].
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Early studies show that the capacity of the stone columns 
is mainly due to the lateral supporting strength provided by 
the surrounding soil of the stone column [5, 13]. In very soft 
clay soils with undrained shear strength less than 15 kPa, 
due to lack of adequate lateral support of surrounding soil, 
the lateral bulging occurs in the upper part of the stone col-
umn. In addition, using the reinforced stone columns (RSCs) 
prevents this failure [15]. RSCs with additional confinement 
created by reinforcement, increase the stiffness and reduce 
the lateral bulging of the stone columns [16, 17].

There are different ways to increase the load-carrying 
capacity and reduce the settlement and prevent the lateral 
bulging in ordinary stone columns (OSCs), including geo-
synthetic encased, vertical and horizontal elements. One of 
the solutions is the use of vertical reinforcement as geotex-
tile [18–28] and geogrid [29–35]. The use of bar elements, 
with increasing stiffness of the stone column, can also have 
an effective role in increasing the capacity of stone columns. 
Shivashankar et al. [36, 37] present a series of small-scale 
laboratory tests using unit cells with 189- and 283-mm 
diameters tank with a stone column located in the centre 
of the soft soil. The effects of vertical circumferential bars 
on the strength, stiffness and lateral bulging of the stone 
columns also were studied. The results show that RSCs with 
circumferential bars have more resistance and stiffness com-
pared to OSCs. Moreover, in the case of small area ratio, the 
effect of such bars is greater.

Moreover, the use of horizontal reinforcing discs 
increases the load-carrying capacity and reduces the set-
tlement of the stone columns [38]. Some studies have been 
carried out to investigate the effect of the number of hori-
zontal layers of geogrid and geotextile on the load-carrying 
capacity and lateral bulging of the stone column [39–42]. 
Ali et al. [43, 44] perform laboratory experimental tests on 
RSCs with horizontal geogrid and geotextile circular discs. 
The results show that the geogrid encased is better than the 
geotextile-encased since geogrid stiffness is higher. On the 
other hand, due to the lesser stiffness of the geotextile, the 
columns have more lateral bulging and more settlement. 
Ayadat et al. [45] conducted a laboratory study to evaluate 
the performance of the sand columns with diameter 23 mm 
internally reinforced with horizontal discs made of plastic, 
steel and aluminium materials located in the upper part of 
the column. The results show that, by increasing in the num-
ber of internal reinforcements, the performance of the stone 
column increases significantly.

Some previous studies [36, 37, 43–45] indicated that 
vertical and horizontal elements are appropriate methods to 
increase the load-carrying capacity and reduce lateral bulg-
ing and settlement. In addition, the behaviour of RSCs with 
bar elements was studied in a unit cell in small-scale tests. 
There are also limited studies in RSCs with horizontal steel 
discs.

As mentioned for enhancing the performance of the stone 
columns in weak soils, it is essential that the tendency of 
the column to bulge should be restricted. This situation is 
overcome by encasing the stone columns with suitable geo-
synthetics to impart the necessary confinement to improve 
their strength and stiffness, although the external reinforce-
ment in the form of encasing the column with a geosyn-
thetic will prevent the column failing by bulging or shear. 
Thus, this encasing will not allow the column to dilate and 
leads to increase the in situ stresses [36, 37, 45]. Moreover, 
the use of geotextile is limited to sand and fine gravel and 
installation methods and coarser aggregates can damage the 
geotextile. In addition, to minimize the potential damage 
caused to the geotextile encasement, columns receive little 
compaction during installation. Finally, hoop strains in the 
order of 1–4% are required to mobilize the hoop forces in 
the encasement [31], resulting in significant radial expansion 
of the columns during loading. These combined factors can 
result in greater settlements than desired for some cases. 
Hence, there is a need to identify effective and alternative 
methods which should be practically feasible to enhance the 
performance of the stone columns in very soft soil. Using 
vertical steel bars along the circumference of the stone col-
umn can be a good alternative to enhance the performance 
of stone columns. On the other hand, internal reinforcement 
leads to increase in the stiffness of the stone column and the 
lateral stresses in the surrounding soil, and accordingly its 
bearing capacity.

This paper presents the results and findings of some large 
body experimental loading tests carried out on single float-
ing stone columns with various diameters reinforced with 
vertical bars and horizontal discs. The main objective of this 
research is to investigate the effectiveness of vertical steel 
bars reinforcement with the various arrangement, lengths 
and numbers on load-carrying capacity. In addition, the 
effect of horizontal circular steel discs reinforcement with 
different numbers and spacing along the stone column and 
the comparison of the behaviour of RSCs with vertical bars 
and horizontal discs with a geotextile reinforcement will be 
studied.

Description of the Experiment

Material Properties

The soil used in this study was kaolin clay and crushed 
stone aggregates. Kaolin clay was used for soil bed that the 
stone columns were constructed inside it. To determine the 
moisture content corresponding to 15 kPa undrained shear 
strength of the kaolin clay, a series of unconfined compres-
sion tests [ASTM D 2166] were carried out on remolded 
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soil samples with different moisture content by strain rate of 
0.8 mm/min. The results of these tests are shown in Fig. 1.

As seen, the moisture content corresponding to 15 kPa 
undrained shear strength was found to be 23%. This amount 
of moisture content was kept the same in all tests. Other 
properties of kaolin clay are shown in Table 1.

In practice, OSCs with a diameter (D) of 0.60 to 1.00 m 
were constructed and the diameter of the stone particles (d) 
used for these columns was 25 to 50 mm. Therefore, the 
ratio of the diameter of the stone column to the diameter of 
the stone particles (D/d) was between 12 and 40 [46]. In the 
present study, for construction of the stone columns, crushed 
stone aggregates with a particle size ranging 2–10 mm were 
used. Also, the diameters of the stone columns were 80 and 
100 mm. Thus, the ratio D/d in the model tests had values 
ranging from 8 to 50. So, the scale effects of particle size 
were minimized in the present study. The particle size dis-
tribution for kaolin clay and stone aggregates is shown in 
Fig. 2. The properties of crushed stone aggregates are listed 
in Table 2.

Steel bars and discs were used for vertical and horizontal 
reinforcing, respectively. For reinforcing vertical reinforced 
stone column (VRSCs), steel plain bars with diameters of 2 
and 3 mm were used. Moreover ,in the Horizontal reinforced 
stone column (HRSCs), circulate steel discs with the thick-
ness of 2 mm and the same diameter of the stone column 
with different spaces were placed.

Presentation of the Experimental Model

In this study, in order to perform physical model tests on 
the stone columns, a loading device was designed and con-
structed similar to that used by Ghazavi and Afshar [22]. 
The test setup consists of a large rigid steel box with a size 
of 1.20 × 1.20 m in plan and a height of 1.0 m, with a rigid 
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Fig. 1  Variation of undrained shear strength of kaolin clay with water 
content

Table 1  Properties of kaolin clay

Parameter Value

Liquid limit (%) 48
Plastic limit (%) 25
Plasticity index (%) 23
Optimum moisture content (%) 19
Maximum dry unit weight (kN/m3) 15.50
Specific gravity 2.61
Bulk unit weight at 23% moisture content (kN/m3) 19.10
Undrained shear strength (kPa) 15
USCS classification symbol CL

Fig. 2  Particle size distribu-
tion for kaolin clay and stone 
aggregates
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steel frame on it and loading system by a hydraulic jack in 
the centre of the box (Fig. 3). The dimension of the steel box 
was chosen in such a way that the results of the tests were 
not affected by the boundaries of the box. The values of 
loads and vertical displacement were measured by the load 
cell and the displacement gauge. A rigid loading steel plate 
was used with the diameter of 200 mm and thickness 30 mm.

According to Barksdale and Bachus [5] in order to control 
the lateral bulging failure, the minimum ratio of length to 
diameter of the stone column was 4. Therefore, the ratio of 
length to diameter of the stone column in all tests was 5. In 
this study, 19 tests were carried out on single floating stone 
columns with diameters 80 and 100 mm and heights 400 and 
500 mm, respectively. The schematic representation of steel 
bars and discs arrangements is shown in Fig. 4.

A summarized list of performed tests is shown in Table 3. 
It should be mentioned that some tests were repeated to 
ensure repeatability and compatibility and as a result, tests 
were in good agreement between each other.

To study the effect of the diameter of the vertical steel 
reinforcement, stone columns D = 80 and 100 mm were rein-
forced with steel bars with d = 2 and 3 mm in four types of 
arrangement (Fig. 5). The geometric percentage of the bars 
used in stone columns was defined as ρ = As/Ac × 100, where 
As was the total cross-section of the bars, and Ac was the area 
of the stone column. The stone columns in all tests were 
approximately reinforced with ρ = 0.50%.

To investigate the effect of horizontal reinforcing, the 
stone columns D = 80 and 100 mm with horizontal discs 
with the diameters equal to the diameter of the stone column 
(80 and 100 mm) at intervals of S = D and S = D/2 were rein-
forced. To evaluate the effect of the reinforced length, stone 
columns were reinforced once full-length and then again in 
half-length in both the VRSCs and HRSCs.

Table 2  Properties of crushed stone aggregates

Parameter Value

Specific gravity 2.7
Maximum dry unit weight (kN/m3) 16.90
Minimum dry unit weight (kN/m3) 14.30
Bulk unit weight for test at 70% relative density (kN/m3) 16.0
Internal friction angle at 70% relative density (degree) 46
Uniformity coefficient (Cu) 2.25
Curvature coefficient (Cc) 1.62
USCS classification symbol GP

Fig. 3  Loading frame and large test box

Fig. 4  Different types of stone 
column. L length of stone 
column, D diameter of stone 
column, Lr length of reinforced 
(Lr = L, 0.5L), S spacing of 
discs (S = D, 0.5D)
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Preparation of Kaolin Clay Bed

Preparation of kaolin clay bed in a large test box was 
done. Initially, the amount of water required for dry 
kaolin clay with a dry unit weight of 15.5 kN/m3 was 
obtained to reach a moisture content of 23%, which is 
equivalent to the undrained shear strength of 15 kPa and 
was mixed in a plastic box with kaolin clay. Then the 
inner surface of the box wall was covered with a thin layer 
of silicone grease and then covered with thin polyethylene 
nylon to reduce the friction between the soil and the wall 
of the box. As seen in Fig. 6, the kaolin clay masses were 
filled each 50 mm layers by weight in the tank to reach 

a certain bulk unit weight of 19.1 kN/m3. A tamper with 
150 × 150 mm in plan and 10 kg mass was used for kaolin 
clay compaction similar to the tamper used in the study of 
Debnath and Dey [29]. The drop height of the tamper was 
200 mm and the compaction energy applied to the kaolin 
clay bed was 261 kJ/m3. This will continue until the box 
was filled up to 900 mm high. The prepared kaolin clay 
bed was covered with a thick nylon and left for 7 days for 
uniforming moisture content. To ensure the constancy of 
moisture content, it was checked at the end of all the tests 
that a variation of moisture content was less than 1.1% in 
the kaolin clay bed.

Table 3  List of the single stone 
column tests

L and 0.5L denote full-length and half-length of reinforcement, respectively, d diameter of reinforcement, 
Lr length of reinforced, n number of reinforcement, S spacing of discs, D diameter of stone column

Number of 
tests

Test type d
(mm)

Lr n S
(mm)

D
(mm)

100 80

1 Kaolin clay bed – – – – – –
2 OSC – – – – ✓ ✓
8 VRSC 1 3 L 4 – ✓ –

VRSC 2 3 0.5L 4 – ✓ –
VRSC 3 2 L 8 – ✓ –
VRSC 4 2 0.5L 8 – ✓ –
VRSC 5 3 L 6 – – ✓
VRSC 6 3 0.5L 6 – – ✓
VRSC 7 2 L 12 – – ✓
VRSC 8 2 0.5L 12 – – ✓

8 HRSC 1 80 L 6 80 ✓ –
HRSC 2 80 0.5L 4 80 ✓ –
HRSC 3 80 L 11 40 ✓ –
HRSC 4 80 0.5L 6 40 ✓ –
HRSC 5 100 L 6 100 – ✓
HRSC 6 100 0.5L 4 100 – ✓
HRSC 7 100 L 11 50 – ✓
HRSC 8 100 0.5L 6 50 – ✓

Fig. 5  Various arrangement of VRSCs with circumferential bar for 
the same ρ = 0.50%

Fig. 6  Preparation of the kaolin clay bed in large test box
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Construction of Reinforced and Unreinforced Stone 
Column

In all the tests, stone columns were constructed by the 
replacement method in the centre of a large test box. 
Seamless steel pipes with an outer diameter equal to the 
diameter of the stone column (80 and 100 mm) and the 
wall thickness of 2 mm were used to make stone columns. 
The inner and outer surfaces of the steel pipe were coated 
with a thin layer of oil to facilitate the penetration of the 
pipe into the kaolin clay bed and also to decrease the dis-
turbance to the surrounding soil around the penetration 
area of the pipe. Then, the steel pipe was driven into the 
bed by the jack to the height of the length of the stone 
column. This method was used in the study of Hamidi and 
Lajevardi [47].

Two different types of helical steel augers were 
designed and used to scoop out the clay from the inner part 
of the steel pipe. The augers diameters were slightly less 
than the internal diameters of the steel pipes for excava-
tion of the clay. Drilling was continued until reaching the 
depth that required to build a stone column. To reduce the 
suction effects, 50 mm of kaolin clay was removed at each 
stage. The steel pipe was slowly and carefully pulled out 
to prevent any distribution of the soil around the steel pipe 
on completion of the drilling. The amount of crushed stone 
aggregates for constructing a stone column was calculated 
based on a unit weight of 16.00 kN/m3. The construction 
of a stone column at each stage was done by filling a dis-
tance of D/2 (half of the stone column diameter) and this 
continued until the cavity was filled. To achieve a uniform 
density, a compaction operation was performed with the 
metal hammer in diameter of 20 mm and a weight of 2 kg 
from a height of 100 mm and 15 blows [22]. This compac-
tion was chosen to have no effect on the distribution of the 
surrounding soil and lateral bulging during the construc-
tion of the stone column. This procedure was continued 
until the whole stone column was built. Figure 7 shows the 
construction steps of VRSC.

Test Procedure

After the construction of the stone column, loading was done 
by a plate located at the centre of the stone column and 
kaolin clay bed. The load was applied based on the displace-
ment control method with a constant displacement rate of 
1 mm/min. The loading of each test was continued to a dis-
placement of up to 50 mm. The bearing pressure–settlement 
behaviour of kaolin clay bed and the bed treated with stone 
columns were studied. It should be noted that the bearing 
pressure is achieved from the division of load into the area 
of the load plate.

Results and Discussion

VRSCs with Steel Bars

Figure 8 illustrates the bearing pressure–settlement behav-
iour of kaolin clay bed, OSCs and VRSCs with D = 80 and 
100 mm by using different diameters and length of reinforce-
ment up to a settlement of 50 mm.

As it can be observed from Fig. 8, by reinforcing the kao-
lin clay bed with OSCs, the increase of load-carrying capac-
ity is compared to the kaolin clay bed 98.8% and 154.1%, 
respectively, for the diameters of 80 and 100 mm. Moreo-
ver, comparing of VRSC1 and VRSC5 (reinforced with steel 
bars) to kaolin clay bed shows that the increase of load-car-
rying capacity is 240.7% and 290.7%, respectively. There-
fore, reinforcing the kaolin clay bed with OSCs increases 
the amount of load-carrying capacity. By reinforcing the 
OSCs with vertical bars, more increases in the load-carrying 
capacity can be seen too.

Influence of Diameter of Stone Column

The results of the comparison between Fig. 8a, b in OSCs 
indicate that by increasing the stone column diameter 
from 80 mm to 100 mm, the load-carrying capacity of 
the column increased to 27.7%. Comparison of the results 
for the largest bearing pressure of RSCs with diameters 
of 80 and 100 mm (VRSC1 with VRSC5) represents an 
increase of 14.6% in load-carrying capacity. This increase 

Fig. 7  Construction steps of VRSC
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for VRSCs to OSC is in the range of 40.1–71.3%. As 
Fig. 8b shows, this range is 28.2–53.7%.

The result shows that in all cases with increasing 
the stone column diameter, the load-carrying capac-
ity increases. However, in VRSCs, the benefit of rein-
forcement decreases with increasing the stone column 
diameter, the reason for this is the development of larger 
additional confining stresses in smaller diameter encased 
columns. The VRSCs have developed much higher pres-
sures compared to the OSCs.

Influence of the Arrangement of Bars

D = 80 mm Figure 8a shows an increase of 15.9% on load-
carrying capacity for the full-length reinforced stone column 
by changing the arrangement from (b) to (a) for VRSC3 to 
VRSC1 (see Fig. 5). This increase for stone columns with 
half-lengths reinforced (comparing VRSC2 to VRSC4) is 
also visible at 4.5%.

Fig. 8  Bearing pressure–settle-
ment behaviour of kaolin clay 
bed, OSCs and VRSCs 0

10

20

30

40

50

0 20 40 60 80 100 120

Se
ttl

em
en

t (
m

m
)

Bearing pressure (kPa)

(a) D = 80mm

Kaolin clay bed
OSC
VRSC1, d=3 mm, n=4, Lr=L
VRSC2, d=3 mm, n=4, Lr=0.5L
VRSC3, d=2 mm, n=8, Lr=L
VRSC4, d=2 mm, n=8, Lr=0.5L

Kaolin clay bed
OSC
VRSC1, d=3 mm, n=4, Lr=L
VRSC2, d=3 mm, n=4, Lr=0.5L
VRSC3, d=2 mm, n=8, Lr=L
VRSC4, d=2 mm, n=8, Lr=0.5L

0

10

20

30

40

50

0 20 40 60 80 100 120

Se
ttl

em
en

t (
m

m
)

Bearing pressure (kPa)

(b) D = 100mm

Kaolin clay bed
OSC
VRSC5, d=3 mm, n=6, Lr=L
VRSC6, d=3 mm, n=6, Lr=0.5L
VRSC7, d=2 mm, n=12, Lr=L
VRSC8, d=2 mm, n=12, Lr=0.5L

Kaolin clay bed
OSC
VRSC5, d=3 mm, n=6, Lr=L
VRSC6, d=3 mm, n=6, Lr=0.5L
VRSC7, d=2 mm, n=12, Lr=L
VRSC8, d=2 mm, n=12, Lr=0.5L



 International Journal of Geosynthetics and Ground Engineering (2019) 5:2

1 3

2 Page 8 of 14

D = 100  mm Figure  8b shows that the load-carrying 
capacity of stone column full-length reinforced with the 
arrangement (d) for VRSC5 increases by 15.6% as com-
pared to arrangement (c) for VRSC7. By comparing 
VRSC6 with VRSC8, this amount of increase for the half-
lengths reinforced column is 4.2%.

Therefore, the comparison of the results shows that the 
arrangement of (a) and (c) has more efficiency than the 
arrangement of (b) and (d), respectively. It is because of 
the increase in the stiffness of the reinforcing bars in these 
arrangements.

Influence of the Reinforced Length

D = 80 mm By comparing the results of VRSC1 and VRSC2 
shown in Fig. 8a, it is observed that by increasing the length 
of the bars from half-length to full-length, the load-carrying 
capacity increases by 16.9%. Moreover, the same compari-
son of VRSC3 and VRSC4 shows that the amount of this 
increase is 5.4%.

D = 100  mm Similarly from Fig.  8b, the increase of 
the load-carrying capacity by comparing VRSC5 with 
VRSC6 and VRSC7 with VRSC8 are equal to 15% and 
3.6%, respectively. Therefore, full-length bars have better 
performance than half-length bars for VRSCs.

In the case of reinforcing the stone column with ver-
tical steel bars with a low stiffness (2 mm diameter), it 
seems that, due to the low resistance of the bars, the bulg-
ing depth in half-length and full-length stone columns 
is almost the same, so the variation of the load-carrying 
capacity is negligible. However, by reinforcing the full-
length of the stone column with a high stiffness bar (3 mm 
in diameter), the depth of bulging occurs in the lower 
depth in comparison with the half-length reinforced, thus 
the increase of load-carrying capacity is more.

HRSCs with Steel Discs

Bearing pressure–settlement behaviour of kaolin clay bed, 
OSCs and HRSCs with D = 80 and 100 mm reinforced 
with horizontal discs by using different intervals of rein-
forcement up to a settlement of 50 mm is shown in Fig. 9. 
As seen, in all the cases, by reinforcing kaolin clay bed 
with HRSCs, load-carrying capacity increases.

Influence of the Number of Discs

D = 80 mm Figure 9a shows that by reinforcing of stone col-
umns with 11 discs and S = D/2 (HRSC1), compared with 

the HRSC3 with 6 number of discs with S = D, the load-
carrying capacity increases by 25.4%.

D = 100 mm In Fig. 9b, by comparing the results of HRSC5 
with HRSC7 if the number of discs rises from 6 to 11, the 
load-carrying capacity of the stone columns increased by 
25.2%.

The results show that the stone columns reinforced with 
11 discs with the space of S = D/2 give better performance 
than that of with 6 discs (S = D). When the stone columns 
are reinforced in spaces of S = D, due to the less friction 
between steel discs and stone aggregates, sliding occurs. By 
decreasing the space of discs to S = D/2, the load-carrying 
capacity increases more. This increase in load-carrying 
capacity, due to the confinement of crushed stone materials 
between the horizontal reinforced layers by mobilizing the 
shear stress between the discs and crushed stone materials, 
creates additional confinement. Moreover, reinforcing stone 
columns by 11 discs (S = D/2) lead to the formation of small 
stone columns between discs, so that the limited lateral bulg-
ing occurs and the load-carrying capacity increases.

Influence of the Reinforced Length

D = 80  mm The comparison of HRSC1 (full-length rein-
forced) and HRSC2 (half-length reinforced) in Fig.  9a 
shows that by increasing the number of discs from 4 to 6 
with S = D, the load-carrying capacity increased by 2.4% 
and by comparing HRSC3 (6 discs) and HRSC4 (11 discs) 
with S = D/2, by increasing the number of discs, load-carry-
ing capacity increased by 5.4%.

D = 100 mm Comparing HRSC5 with HRSC6 and HRSC7 
with HRSC8 in Fig. 9b shows that the increase is 2.5% and 
11.3%, respectively.

The results show that reinforcing the top of the stone col-
umns, that are more susceptible to lateral bulging, have more 
influence on load-carrying capacity. However, by reinforcing 
the full-length of the stone columns, the increase of load-
carrying capacity is negligible.

Due to the fact that the bulging failure mode in OSCs 
governed at the depth of D to 2D, so reinforcing the stone 
column with horizontal discs in the higher depth, compared 
to reinforcing the full-length of the column, has little effect 
on increasing the load-carrying capacity. So, it could be said 
that using half-length reinforcing stone column is economi-
cally beneficial to the project.

Improvement Factor

The increase in load-carrying capacity is defined by the 
dimensionless parameter of the Improvement Factor (IF), 
which is defined as the ultimate capacity of the reinforced 
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kaolin clay bed to the bearing capacity of the kaolin clay 
bed. This parameter helps to determine the efficiency of 
stone columns on improving the load-carrying capacity of 
the soft clay. In Fig. 10, the IF variation with the settlement 
for stone columns with diameters of 80 and 100 mm with 
different types of vertical reinforcing is shown.

As it can be seen in Fig. 10, the IF value varies in the 
range of 1.30–1.68 and 1.42–4.33 for stone columns with 
diameters of 80 and 100 mm, respectively, in 50 mm set-
tlement. The minimum IF is for OSCs and maximum is for 
VSRC5 (with 6 number of bars in diameter of 3 mm and 
Lr = L).

Figure 11 shows the value of IF for HRSCs. As seen, 
the IF varies in the range of 1.30–3.10 for stone columns 
D = 80 mm, and 1.42–3.48 for stone columns D = 100 mm. 
For HRSCs, the IF value increases by increasing the rein-
forced length of the stone columns. This is because the discs 
create an additional lateral confinement on the stone col-
umns and lead to decrease in the amount of lateral bulging.

Figures 10 and 11 show that in vertical reinforced cases, 
with increasing the load up to about 16 mm settlement, the 
value of IF increases. Beyond about 16 mm settlement, the 
IF value decreases or is constant, due to the occurrence of 
lateral bulging and the column reaches its final strength. 

Fig. 9  Bearing pressure–settle-
ment behaviour of kaolin clay 
bed, OSCs and HRSCs 0
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Also, for horizontal reinforced cases by getting to 20 mm 
settlement, the value of IF increases.

Comparison of VRSCs and HRSCs

In this section, for comparison of VRSCs and HRSCs, in 
each case, best conditions are chosen which have the great-
est load-carrying capacity. For comparison of load-carrying 
capacity and value of IF, VRSC5 and HRSC7 are selected.

Figures 8, 9, 10 and 11 show that VRSC5 with the 
arrangement of (c) has a bearing pressure of 111 kPa and 
the maximum value of IF is 4.33 that occurs in 22 mm 

settlement. Moreover, for HRSC7 with S = D/2 and Lr = L, 
the amount of load-carrying capacity is 100.5 kPa and the 
maximum value of IF is 4.33 that occurs in 30 mm set-
tlement. Results show that reinforcing with vertical bars 
works better than horizontal discs.

In the early stages (about 10% of settlement) of all the 
cases, by applying the load, the stone aggregates tend to 
compress. So load capacity increases. By continuing this 
process, the tendency to the occurrence of lateral bulging 
is seen and due to the low resistance of kaolin clay to the 
bulging, the increase of bearing capacity is negligible.

Fig. 10  Variation of IF versus 
settlement for OSCs and VRSCs
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Comparison of Steel Bars and Discs with Geotextile 
Reinforcement

In this part, for comparison of VRSCs and HRSCs, in each 
case, best conditions are selected which had the greatest 
load-carrying capacity for comparison of geotextile-encased 
stone column. Considering that the use of geotextiles to cre-
ate the additional confinement is common in stone columns, 
it is needed to compare the results with vertical geotextile-
encased stone columns (VGESCs) and horizontal geotextile 
reinforced stone columns (HGRSCs). It should be noted that 
in vertical mode (full-length reinforced), comparing VRSC1 

and VRSC5 with VGESC1 and VGESC2, is done, respec-
tively. In the horizontal mode (S = D/2), HRSC3 and HRSC7 
with HGRSC1 and HGRSC2, are compared, respectively, 
too. The properties of nonwoven geotextile used in the cur-
rent study are listed in Table 4.

The VGESCs and HGRSCs are constructed in the same 
way as constructing VRSC and HRSC, respectively. Fig-
ure 12 shows the bearing pressure–settlement behaviour of 
the VGESCs and HGRSCs with 80 and 100 mm in diameter.

In order to compare the results, the dimensionless param-
eter (β) is defined, where β is the bearing pressure of VRSC 
and HRSC by the corresponding bearing pressure of the 

Fig. 11  Variation of IF versus 
settlement for OSCs and HRSCs
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same state as the geotextile reinforcement VGESCs and 
HGRSCs, respectively. In Fig. 13, the values of β for D = 80 
and 100 mm diameter of vertical and horizontal reinforced 
column are given for a 50 mm settlement.

This figure implies the value of β for the vertical case 
in the range of 1.16, 1.21 and for the horizontal case in the 
range of 1.07, 1.19. The high amounts of β are because of 
more stiffness of the steel bars and discs in comparison with 
the geotextile reinforcement. So, the VRSCs and HRSCs 
worked better than the VGESCs and HGRSCs.

Conclusions

In this large-scale laboratory study, the effects of vertical 
reinforced stone columns and horizontal reinforced stone 
columns with the various arrangement on load-carrying 
capacity in D = 80 and 100 mm are studied. To investigate 
the effect of the reinforced length in all the cases, the stone 

Table 4  Properties of geotextile

Parameter Value

Yarn material Polypropylene
Ultimate tensile strength (kN/m) 14.6
Strain at ultimate strength (%) 28
Secant stiffness at ultimate strain (kN/m) 40
Thickness (mm) 2.4
Mass (g/m2) 300

Fig. 12  Bearing pressure–set-
tlement behaviour of VRSCs, 
HRSCs, VGESCs and HGRSCs
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column is also reinforced full-length and half-length. A 
comparison is done between the vertical reinforced stone 
column and horizontal reinforced stone column with vertical 
geotextile-encased stone column and horizontal geotextile 
reinforced stone column, respectively. The following results 
are obtained:

1. The load-carrying capacity of kaolin clay bed increases 
by using ordinary stone columns. By using reinforce-
ment bars and discs, due to the higher stiffness of the 
column and additional lateral confinement, load-carry-
ing capacity can be increased. This increase in vertical 
reinforced stone columns is more than horizontal rein-
forced stone columns.

2. In vertical reinforced stone columns considering the 
constant of geometric percentage of the bars, an arrange-
ment with more bar diameters have better performance. 
It is because of that by increasing the diameter of the 
bars, the stiffness of the columns increases and prevents 
lateral bulging.

3. In vertical reinforced stone columns, the performance 
of the full-length reinforced column is better than the 
half-length reinforced column. However, in horizontal 
reinforced stone columns, reinforcing the full-length of 
the column in comparison with half-length reinforced 
column does not have much effect on the load-carrying 
capacity.

4. The load-carrying capacity of the horizontal reinforced 
stone columns with 11 numbers of discs (S = D/2) 
is more than the capacity of the 6 numbers of discs 
(S = D). In the intervals D/2, by forming shorter columns 
between the discs, the lateral bulging amount decreases. 
While the failure mechanism reinforced column with D 

intervals is more likely to slide, it is because of the less 
friction between the stone aggregates and the discs.

5. In the early stages, by applying the load to the stone 
column, the stone aggregates tend to compress. So the 
load-carrying capacity is highly increased. However, by 
continuing the process of loading, due to the occurrence 
of lateral bulging, the increase in bearing capacity is 
negligible.

6. The use of vertical reinforced stone column and horizon-
tal reinforced stone column offers more load-carrying 
capacity than vertical geotextile-encased stone column 
and horizontal geotextile reinforced stone column in the 
same condition, respectively.
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