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The main objective of this paper is to find an experimental base for the value of the stress concentration ratio by

manufacturing a model of a single stone column with rigid instrumented loading plates such that the total load

applied to the model footing, and the load applied to the stone column can be measured alone. Model tests of soil

treated with a single stone column and groups of two, three and four stone columns were tested. In addition, model

tests were prepared with 10% cement as additive to backfill material for the columns. The backfill material was also

modified by mixing 30% sand by weight with 70% crushed stone. It was found that the addition of the sand to the

crushed stone indicated a marginal effect on stress concentration ratio in soil of shear strength cu 5 12 kPa, but no

clear effect was noticed during addition of sand to stone in treated soil having a shear strength cu 5 6 kPa.

Notation
ar area replacement ratio

Ac area of the surrounding clay

As cross-sectional area of stone column

B foundation width

CL clay of low plasticity

Cu coefficient of uniformity

cu undrained shear strength

D diameter of stone column

D10, D30, D60 particle size corresponding to 10%, 30%

and 60% finer, respectively

h depth of container

L length of stone column

Gs specific gravity

n stress concentration ratio

q bearing capacity

S foundation settlement

mc ratio of stresses in clay sc

ms ratio of stresses in clay ss

s average stress

sc stress in the surrounding soil

ss stress in the stone column

1. Introduction
When the composite ground is loaded, studies have shown that

concentration of stress occurs within the stone column

accompanied by reduction in stress in the less stiff surrounding

clayey soil (Bergado et al., 1996). This is attributable to the

approximately same vertical settlement of the granular

material and the surrounding soil.

Model tests have been performed by Wood et al. (2000) to

determine the mechanisms of response for beds of clay

reinforced with stone columns subjected to surface footing

loads. An exhumation technique has been used to discover the

deformed shapes of the model stone columns and to deduce the

way in which the columns have transferred load to the

surrounding clay. Tests have explored the effect of varying

the diameter, length and spacing of the model stone columns.

These parameters control whether the columns act as some-

what rigid inclusions transferring load to their tips and

eventually deforming either by bulging or by the formation

of a failure plane, or whether they are able to compress axially

or even, if sufficiently slender, to ‘bend’ and undergo

significant lateral deformation. Miniature pressure transducers

International Journal of Physical Modelling
in Geotechnics
Volume 13 Issue 3

Experimental evaluation of stress
concentration ratio of model stone
columns strengthened by additives
Fattah, Shlash and Al-Waily

International Journal of Physical Modelling in Geotechnics,

2013, 13(3), 79–98

http://dx.doi.org/10.1680/ijpmg.12.00006

Paper 1200006

Received 15/06/2012 Accepted 04/01/2013

Keywords: columns/models (physical)/stress analysis

ICE Publishing: All rights reserved

79



Offprint provided courtesy of www.icevirtuallibrary.com 
     Author copy for personal use, not for distribution

have been used to reveal the distribution of contact pressure

between columns and clay at various stages during the loading

of the footings. It appeared that the columns at mid-radius of

the footing are typically the most heavily loaded. Results from

numerical analysis are used to provide qualitative support for

some of the findings from the physical model tests.

A physical model test of a composite foundation in a steel

cylindrical mould was carried out by Yin and Fang (2006) in

order to understand the consolidation behaviour of the

composite foundation treated by the deep cement mixing

(DCM) method. The pore water pressures at different locations

in the untreated soft clay (USC) and the earth pressure and

load acting on the USC and the DCM column in the composite

foundation model were measured throughout the testing. The

results from the test were presented, interpreted and discussed.

Finally, the failure mode of the composite foundation was

examined. It was found that under the approximately rigid

loading condition, the pressure carried by the DCM soil

column and USC changed with time and external loading. For

a specified loading stage, with the progressive increase of

degree of consolidation of USC, the DCM soil column carried

a progressively greater proportion of loading than the USC.

The failure of the composite foundation was caused mainly by

the local failure of the DCM soil column.

The acceleration of consolidation rate by stone columns was

mostly analysed within the framework of a basic unit cell: that

is, a cylindrical soil body around a column. A method of

converting the axisymmetric unit cell into the equivalent plane-

strain model is required for two-dimensional numerical

modelling of multicolumn field application. Tan et al. (2008)

proposed two simplified conversion methods to obtain the

equivalent plane-strain model of the unit cell, and investigated

their applicability to multicolumn reinforced ground. In the

first conversion method, the soil permeability is matched

according to an analytical equation, whereas in the second

method, the column width is matched based on the equivalence

of column area. The validity of these methods was tested by

comparison with the numerical results of unit-cell simulations

and with the field data from an embankment case history. The

results showed that for the case of linear-elastic material

modelling, both methods produce reasonably accurate long-

term consolidation settlements, whereas for the case of

elastoplastic material modelling, the second method was

preferable as the first one gives erroneously lower long-term

settlements.

Deb et al. (2010) presented a mechanical model to predict the

behaviour of geosynthetic-reinforced granular fill resting over

soft soil improved with group of stone columns subjected to

circular or axi-symmetric loading. The saturated soft soil has

been idealised by a spring-dashpot system. Pasternak shear

layer and rough elastic membrane represent the granular fill

and geosynthetic reinforcement layer, respectively. The stone

columns were idealised by stiffer springs. The nonlinear

behaviour of granular fill and soft soil was considered.

Consolidation of the soft soil owing to inclusion of stone

columns has also been included in the model. The results

obtained by using this model when compared with the reported

results obtained from laboratory model tests showed very good

agreement. The effectiveness of geosynthetic reinforcement to

reduce the maximum and differential settlement and transfer

the stress from soft soil to stone columns was highlighted. It

was observed that the reduction of settlement and stress

transfer process are greatly influenced by stiffness and spacing

of the stone columns. It has been further observed that for both

geosynthetic-reinforced and unreinforced cases, the maximum

settlement does not change if the ratio between spacing and

diameter of stone columns is greater than 4.

A two-dimensional finite-difference method was adopted by

Abusharar and Han (2011) to estimate the factor of safety (FS)

against deep-seated failure of embankments over stone

column-improved soft clay based on individual column and

equivalent area models. In the equivalent area model, the

equivalent parameters (unit weight, cohesion and friction

angle) for the improved area were estimated based on the area

average of the parameters from stone columns and soft clay.

The factors influencing the FS against deep-seated failure of

embankments over stone column-improved soft clay were

investigated including the spacing, size, and friction angle of

stone columns, cohesion of soft clay, friction angle and height

of embankment fill and existence of ground water. Based on

the numerical results, a reduction factor was proposed to

account for the difference in the FS when the individual

column model is converted to the equivalent area model. The

effects of the influence factors on the reduction factor were also

investigated. The comparative study showed that the FS values

obtained by the equivalent area model are higher than those by

the individual column model. The results of these analyses were

summarised into a series of design charts, which can be used in

engineering practice.

Laboratory experiments have been carried out by Fattah et al.

(2011) to study the value of the stress concentration ratio, n,

which is defined as the ratio of vertical stress acting on the

stone column to that acting on the surrounding soil. A

laboratory set-up was manufactured in which two proving

rings were used to measure the total load applied to the soil-

stone column system and the individual load carried directly by

the stone column. The foundation steel plates have 220 mm

diameter and 5 mm thickness. These plates contain one, two,

three and four holes. The spacing between all the holes equals

twice the stone column diameter, D, centre to centre. The stone

columns made of crushed stone were installed in very soft clays
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having undrained shear strength ranging between 6 and

12 kPa. Two length to diameter ratios L/D were tried, namely,

L/D 5 6 and 8. The testing programme consisted of 30 tests on

single, two, three and four columns to study the stress

concentration ratio and the bearing improvement ratio

(qtreated/quntreated) of stone columns. The experimental tests

showed that the stone columns with L/D 5 8 provided a stress

concentration ratio n of 1?4, 2?4, 2?7 and 3?1 for the soil having

a shear strength cu 5 6 kPa, treated with single, two, three and

four columns, respectively. The values of n were decreased to

1?2, 2?2, 2?5 and 2?8 when the L/D 5 6. The values of n increase

when the shear strength of the treated soil was increased to 9

and 12 kPa.

The finite-element method was utilised by Fattah and Majeed

(2012) as a tool for carrying out analyses of stone column–soil

systems under different conditions. A trial was made to

improve the behaviour of a stone column by encasing the

stone column with geogrid as reinforcement material. The

program CRISP-2D was used in the analysis of problems. The

program allowed prediction to be made of soil deformations

considering Mohr–Coulomb failure criterion for elastic–plastic

soil behaviour. A parametric study was carried out to

investigate the behaviour of standard and encased floating

stone columns in different conditions. Different parameters

were studied to show their effect on the bearing improvement

and settlement reduction of the stone column. These include

the length to diameter ratio (L/D), shear strength of the

surrounding soil and, the area replacement ratio (ar) and

others. It was found that the maximum effective length to

diameter (L/D) ratio is between 7–8 for cu between 20–40 kPa

and between 10–11 for cu 5 10 kPa for ordinary floating stone

columns while the effective L/D ratio is between 7–8 for

encased floating stone columns. The increase in the area

replacement ratio increased the bearing improvement ratio for

encased floating stone columns especially when the area

replacement ratio was greater than 0?25. The geogrid encase-

ment of stone column greatly decreased the lateral displace-

ment compared with ordinary stone column.

2. Stress concentration ratio n

Upon placing an embankment or foundation over the stone

column reinforced ground, an important concentration of

stress occurs in the stone column, and an accompanying

reduction in stress occurs in the surrounding less stiff soil

(Aboshi et al., 1979; Greenwood, 1970). As the vertical

settlement of the stone column and surrounding soil is

approximately the same, stress concentration occurs in the

stone column because it is stiffer than a cohesive or a loose

cohesionless soil.

Now consider conditions for which the unit cell concept is valid

such as a reasonably wide, relatively uniform loading applied

to a group of stone columns having either a square or

equilateral triangular pattern. The distribution of vertical stress

within a unit cell can be expressed by a stress concentration

ratio n.

Owing to the higher stiffness, stress concentrates on the column

material and causes a difference in vertical stress within the

column and in the surrounding soil. Such a disparity or stress

concentration is also evident from the results of the analysis.

The stress distribution is generally defined in terms of a stress

concentration ratio, n, as

1. n~
ss

sc

where ss is stress in the column and sc represents stress in the

surrounding soil.

The area replacement ratio (ar) representing the area of the clay

foundation replaced by a stone column is given by (Cheung,

1998)

2. ar~
As

AszAc

where As represents the cross-sectional area of stone column,

and Ac denotes area of clay per each sand column.

The average stress s which must exist over the unit cell area at

a given depth must, for equilibrium of vertical forces to exist

within the unit cell, equal for a given area replacement ratio, ar

3. s~sszsc(1{ar)

Solving Equation 3 for the stress in the clay and stone stress

using the stress concentration ratio (factor) n gives (Aboshi

et al., 1979; Barksdale, 1981)

4. sc~
s

½1z(n{1)ar�
~mcs

5. ss~
s n

½1z(n{1)ar�
~mss

where mc and ms are the ratio of stresses in the clay sc and stone

ss, respectively, to the average stress s over the tributary area.

For a given set of field conditions, the stress in the stone and

clay can be readily determined using Equations 4 and 5 if a

reasonable value of the stress concentration factor is assumed

based on previous measurements. The above s, ss and sc

stresses are attributable to the applied loading. In addition, the
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initial effective (and total) overburden and initial lateral stress

at a given depth are also important quantities.

Equations 4 and 5, which give the stress due to the applied

loading in the stone column and surrounding soil, are

extremely useful in both settlement and stability analysis.

The assumptions made in the derivation of these equations

are

(a) the extended unit cell concept is valid

(b) statics is satisfied

(c) the value of stress concentration is either known or can be

estimated.

Even where the extended unit cell concept is obviously not

valid, use of Equations 4 and 5 in settlement calculations

appears to give satisfactory results, probably because the

average. change in vertical stress with horizontal distance is not

too great. As the number of stone columns in the group

decreases, the accuracy of this approach would be expected to

also decrease (Barksdale and Bachus, 1983).

3. Experimental work

Soil samples were collected from a depth of 0?50 m below the

ground surface of a site in Babylon west of Baghdad city in

Iraq. The soil was subjected to routine laboratory tests to

determine its properties. These tests include

& grain size distribution (sieve analysis and hydrometer tests)

according ASTM D422 standard (ASTM, 2002a)

& Atterberg limits (liquid and plastic limits) according to

ASTM D4318 standard (ASTM, 2002b).

The test results show that the soil consists of 10% sand, 42%

silt, and 48% clay as shown in Figure 1. According to the

unified soil classification system, the soil is inorganic sandy

silty clay designated as (CL). Table 1 shows the physical

properties of the soil.

The natural calcium carbonate, CaCo3 (limestone), crushed

stone was used as a backfill material. The size of the crushed

stone was chosen in accordance with the guidelines suggested

by Nayak (1983), where the particle size is about 1/6 to 1/7 of

the diameter of stone columns. The minimum particle size is

4 mm and the maximum particle size is 10 mm. Figure 2

illustrates the grain size distribution of the crushed stone used

in the tests.

Uniform fine river sand with an average diameter of 2 mm was

mixed with crushed stone to prepare (stone + sand) columns.

Sulfate-resisting Portland cement was also used in this

investigation as a stabiliser. Table 2 shows the properties of

the cement used.

4. The test set-up

The model tests were carried out in a test tank manufactured of

steel with dimensions of 1100 mm 6 1000 mm 6 800 mm,

made of steel plates (6 mm in thickness). The container is

sufficiently rigid and exhibited no lateral deformation during

the preparation of the bed of soil and during the tests.

Figure 3 shows details of the complete set-up, which consists

mainly of steel container, loading frame, dial gauges and

accessories.

5. The foundation plates and accessories

Figures 4 and 5 show details of the foundation plates and

accessories used for carrying out the loading tests. The

foundation consists of plate with a diameter of 220 mm and

a thickness of 5 mm and having a hole in the middle or more
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Figure 1. Grain size distribution of the soil used in preparing the

model tests

Property Value

Liquid limit, LL 44%

Plastic limit, PL 22%

Plasticity index, PI 22%

Specific gravity, Gs 2?72

% Passing sieve No. 200 90%

Sand content 10%

Silt content 42%

Clay content , 0?005 mm 48%

Maximum dry unit weight: kN/m3 17?8

Symbol according to Unified Soil Classification

System

CL

Table 1. Physical properties of the used soil
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than one hole (two, three and four holes) distributed as shown

in the figures (spacing between all columns 5 2D, centre to

centre of columns).

6. Model preparation and testing
Prior to the preparation of the soil bed, a relationship was

obtained between the liquidity index and the undrained shear

strength of the soil, Figure 6. The shear strength was measured

using the Swedish fall cone pentrometer.

Following this stage, the bed of the soil was prepared as

outlined below.

& The natural soil was first crushed with a hammer to small

sizes and then left for 24 h for air-drying; further crushing

was carried out using a crushing machine.

& The air-dried soil was divided into 10 kg groups.

& Each group was mixed gradually and thoroughly with

sufficient amount of water corresponding approximately to

the water content range 24–35%. This range of water

content was chosen from Figure 6.

& After mixing with water, the soil was placed in layers inside

the steel container and each layer was tamped with a special

tamping hammer 50 mm 6 50 mm in size. The final

thickness of each layer was about 50 mm. The procedure

was continued until the final thickness of the bed of soil.

& After the completion of the preparation of the bed of soil, it

was covered tightly with nylon sheets and left for four days

as curing period.

7. Construction of stone columns

At the end of the curing period, the following steps were used

in construction of the stone columns (Figure 7).

& The top of the soil bed was levelled.

& The position of the stone column(s) to be placed was

properly marked with respect to the loading frame. A

hollow polyvinyl chloride (PVC) tube, with external

diameter 52 mm and 2 mm in thickness, coated with

petroleum jelly was inserted vertically to the required depths

(40 mm in fully penetrated stone column or L/D 5 8 and

30 mm in partially penetrated stone column or L/D 5 6)

(the critical length is usually about four times the column

diameter (Greenwood and Kirsch, 1983)). More details

about both cases (fully and partially penetrated stone

columns) are shown in Figure 8. The tube was then slowly

withdrawn and twisted during the lifting process.

& The soil was removed from the tube and samples of the soil at

different depths were taken for water content measurement.

& The crushed stone with or without sand or cement was

poured into the hole in layers and each soil layer was

compacted gently using a 30 mm in diameter tamping rod.

The unit weight of the compacted crushed stone was

measured to be 16?3 kN/m3.

& The cement was mixed with crushed stone and very little

amount of water was spread using a water sprayer.

8. Model testing procedure

The model tests were carried out according to the testing

programme as outlined below.
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Figure 2. Grain size distribution of the crushed stone used in

preparing the model tests

Chemical

properties: %

Silicate

(SiO3)

Aluminium

oxide (Al2O3)

Iron (III)

oxide (Fe2O3)

Calcium

oxide (CaO)

Magnesium

oxide (MgO)

Sulfur

trisoxide (SO3)

19?28 4?75 6?33 62?50 2?51 1?94

Mineralogical

composition: %

Tricalcium

silicate (C3S)

Dicalcium

silicate (C2S)

Tricalcium

aluminate (C3A)

Tetracalcium

aluminoferrite (C4AF)

61?35 9?32 1?89 19?24

Table 2. Cement properties
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& The proving rings used in the testing programme

were calibrated by applying various known static loads

and recording the readings of dial gauges. This procedure

was repeated many times to obtain more accurate

readings.

& The footing assembly 220 mm diameter consists of two

plates (1 and 2 in Figure 3): one of them on the stone

column(s) and the other on the surrounding soil. These

plates were placed in position so that the centre of the

footing coincides with the centre of the hydraulic jack.

& Two proving rings (3 and 4 in Figure 3) with accuracy of

0?01 mm/division were set such that the total load applied

to the model footing, and the load applied to the stone

column can be measured alone.

& Three dial gauges (5, 6 and 7 in Figure 3) with accuracy of

0?01 mm/division were fixed in position to measure the

settlements of both plates.

& Loads were then applied through a loading disk in the form

of load increments.

& During each load increment, the readings of the two dial

gauges corresponding to two proving rings (3 and 4 in

Figure 3) were recorded.

& The dial gauge readings (5, 6 and 7 in Figure 3) were

recorded at the end of the period of each load increment.

& Each load increment was left for 2?5 min.

& The load increments were continued until the total

settlement reached 50 mm (100% of the stone column

diameter).

 

Proving ring  

 

 
Height = 800 m

1000 mm 

50 mm

Stone
column

Soil 

Container  

Timer 

Reference 
beam  

Loading frame   

3

4

7 5
6

1 2

Dial gauge

Figure 3. Schematic diagram of the experimental set-up
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& For comparison purposes, the loading tests were performed

in containers on the untreated soil only.

Figure 9 presents shapes of stone column models after

completion of the tests.

9. Improvement of stress concentration ratio

The stress concentration ratio is calculated during the

incremental loading applied up to a final value. The variation

of stress concentration ratio n against stress increments is

determined. The stress concentration ratio n against the

bearing ratio in soil treated with single, two, three and four

columns for three soil shear strengths (cu 5 6, 9 and 12 kPa)

and five conditions of stone column is as follows

& stone column with stone only, L/D 5 8, where L is the stone

column length and D is its diameter

& stone column with stone only, L/D 5 6

& stone column with stone mixed with 30% sand, L/D 5 8

& stone column with stone stabilised with 10% cement, L/D 5 8

& stone column with stone stabilised with 10% cement, L/D 5 6.

Most researchers consider the stone column to behave as a pile.

Therefore, the criteria proposed for defining the failure load of

the pile can be adopted for stone columns. There are many

approaches used to define the ultimate bearing capacity and

failure of stone column. A criterion was proposed by Fattah

et al. (2011) in which the bearing ratio (failure) is defined when

the settlement reaches 50% of the diameter of the stone column

or 11% of the diameter of the model footing (the least value of

the two). This definition is compatible with Hughes and

Withers (1974).

10. Bearing improvement ratio

10.1 Effect of stone (only) column on bearing

improvement ratio

The results of bearing improvement are shown in the

Appendix. The figures cited therein relate the bearing ratio

(q/cu) with the deformation ratio (S/B) for untreated soil and

soil treated with single, two, three and four stone columns

having a L/D ratio of 6 and 8, respectively. The surrounding

soil was prepared at undrained shear strength of cu 5 6, 9 and

12 kPa, respectively. These models were tested 24 h after

preparation. The figures demonstrate that the stone column in

all bearing ratios shows significant difference in the behaviour

corresponding to the S/B ratio.

The figures also indicate that when the shear strength of the

soil decreases, the effect of stone column becomes more

visible and a clear increase in the q/cu ratio is noticed. This

behaviour is attributed to the fact that the calculation of

stresses is dependent on the stress applied on the soil replaced

from the zone of stone column only, disregarding the stress

applied to the soil surrounding the column. Thus the effect of

improvement seemed clearly in the treated soil of low shear

strength.

It can be concluded from the previous values that the bearing

improvement ratio is increased with increasing the number

of stone columns by a percentage ranges between 20% and

100%.

10.2 Effect of stone + 30% sand column on bearing

improvement ratio

To reduce the possibility of intrusion, the gradation should be

made finer with decreasing strength for very soft clays. For

cohesive soils having strengths less than about 12 kN/m2, the

finer side of gradations of stone column materials or an even

finer gradation such as sand should be used. The use of a fine

gradation such as sand would require a bottom feed system of

column construction or the use of sand compaction piles

(Barksdale and Bachus, 1983).

Twelve model tests were carried out for the soil treated with

stone + 30% sand, four models of them with shear strength cu

5 6 kPa, another four with cu 5 9 kPa and the others cu 5

12 kPa using the same ratio of L/D 5 8. Figures 10–12 show

the relationship between q/cu and S/B for the untreated soil,

soil treated with stone + 30% sand in single, two, three and four

columns and undrained shear strength cu 5 6, 9 and 12 kPa.

The increase in the bearing improvement achieved by the 12

model tests of stone + 30% sand column is approximately

similar to that achieved by the model tests of stone columns

only.

Figure 4. Foundation plates and accessories
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10.3 Effect of stone column stabilised with 10%
cement on bearing improvement ratio

Figures 13–18 are plotted between q/cu and S/B for the

untreated soil and stone column stabilised with 10% cement.

These figures indicate that the 12 model tests show an increase in

the bearing improvement ratio (qtreated/quntreated) ranging from

1?63 at S/B 5 11%, for soil having cu 5 6 kPa treated with a

single stone column and L/D 5 8, to 3?7 at S/B 5 11%, for soil

having cu 5 6 kPa treated with four stone columns with L/D 5 8.

This verifies that the use of cement as a stabilising material with

stone column provides the largest increase in improvement in

comparison to other techniques. This behaviour is related to the

increase in the stiffness of combined material (crushed stone +

cement) because the cementation bonding leads to increase in

modular ratio of stone column (Estone/Eclay).

11. Stress concentration ratio at different
shear strengths and L/D ratios

Figures 19 to 24 show the relationship between the stress

concentration ratio n and bearing ratio (q/cu) for 24 model tests

of soil treated with single stone column and groups of two,

three and four stone columns. In these figures, the stone

columns are constructed in very soft clays having three shear

strengths (cu 5 6, 9 and 12 kPa). These figures show the same

general tendency that the stress concentration ratio n reaches a
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Figure 5. Schematic diagram of the foundation plates
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peak value at a point located approximately at q/cu 5 2, then

the behaviour is demonstrated in two ways

& the value of n is reduced gradually with increasing bearing

ratio (q/cu) in treated soil having 6 kPa shear strength

& the value of n is reduced suddenly with increasing bearing

ratio (q/cu) in treated soil with 9 or 12 kPa shear strength.

After this, n reaches a plateau at the end of the test in both

conditions. It can be noticed that the value of n is increased

when the number of stone columns is increased. The n values

are 1?2, 2?2, 2?5 and 2?8 in soil having shear strength of 6 kPa,

treated with single, two, three and four stone columns at L/D 5

6 respectively (Figure 19).

Also, it can be noticed that the values of n increase with L/D

ratio. The n values at failure point are 1?4, 2?4, 2?7 and 3?1 for

soil having a shear strength of 6 kPa, treated with single, two,

three and four stone columns at L/D 5 8 (Figure 22). The

stress concentration ratio values are 2?5, 2?6 and 3?4 at three

shear strength values 6, 9 and 12 kPa, respectively for soil

treated with three stone columns with L/D 5 6 (Figures 18–21)

and the n values are increased to 2?7, 2?8 and 3?2 for soil treated

with three stone columns at L/D 5 8 (Figures 22–24).

These figures also demonstrate that the n was increased

generally with increasing shear strength of the treated soil;

this behaviour is clear when the shear strength of 6 kPa was

increased to 12 kPa. The n values are 2?3, 2?4 and 2?6 for soil
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Figure 6. Shear strength–liquidity index relationship
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treated with two stone columns (L/D 5 8) at the three different

shear strengths (Figures 22–24). The results obtained from

these figures are shown in Table 3.

The results obtained from Figures 22–24 are in agreement with

Aboshi et al. (1979), Greenwood and Kirsch (1983), Mitchell

and Huber (1985), Barksdale (1987), Juran and Guermazi

(1988), Bergado et al. (1996) and Kirsch and Sondermann

(2002). However, Stewart and Fahey (1994) from a laboratory

study reported a contradicting relationship.

The load transfer between the stone column and the

surrounding soil depends on the interaction between stone

column material and soil. This interaction is very weak when

Figure 9. Stone columns after construction: (a) two columns (stone

only), L/D 5 8; (b) three columns (stone + 10% cement, L/D 5 8)
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Figure 10. q/cu plotted against S/B for the soil treated with stone +
30% sand columns, cu 5 6 kPa, L/D 5 8
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Figure 11. q/cu plotted against S/B for the soil treated with stone +
30% sand columns, cu 5 9 kPa, L/D 5 8
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the surrounding soil is very soft. The skin friction along the

columns depends on the shear strength of the surrounding

soil; it increases with its strength, so that the load carried by

the column increases. This might not be true if the shear

strength is greater than 12 kPa, where the interaction becomes

clear.
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Figure 12. q/cu plotted against S/B for the soil treated with stone +
30% sand columns, cu 5 12 kPa, L/D 5 8
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Figure 13. q/cu plotted against S/B for the soil treated with stone +
10% cement columns, cu 5 6 kPa, L/D 5 6
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Figure 14. q/cu plotted against S/B for the soil treated with stone +
10% cement columns, cu 5 9 kPa, L/D 5 6
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Figure 15. q/cu plotted against S/B for the soil treated with stone +
10% cement columns, cu 5 12 kPa, L/D 5 6
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12. Stress concentration ratio for stone + 30%
sand columns at different shear strengths
and L/D 5 8

In this series, the backfill material was modified by mixing 30%

sand by weight with 70% crushed stone. Twelve model tests

were performed to investigate the effect of mixing sand with

crushed stone in soil of various shear strengths (cu 5 6, 9 and

12 kPa). Figures 25–27 show the relationship between the

stress concentration ratio n and the bearing ratio (q/cu). These

figures indicate that the peak n value occurs at the initial
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Figure 16. q/cu plotted against S/B for the soil treated with stone +
10% cement columns, cu 5 6 kPa, L/D 5 8
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Figure 17. q/cu plotted against S/B for the soil treated with stone +
10% cement columns, cu 5 9 kPa, L/D 5 8
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Figure 18. q/cu plotted against S/B for the soil treated with stone +
10% cement columns, cu 5 12 kPa, L/D 5 8
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Figure 19. Stress concentration ratio (n) plotted against q/cu for

the soil treated with stone columns, cu 5 6 kPa, L/D 5 6
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applied stress and when the applied stress is increased, the n

value is decreased gradually in the treated soil with cu 5 6 kPa

until q/cu reached approximately 10 but the decrease in the n

value becomes rapid in the treated soil with cu 5 9 and 12 kPa.

These figures also show that the addition of the sand to the

crushed stone indicates a marginal effect on stress concentra-

tion ratio n at soil of shear strength cu 5 12 kPa, but no clear

effect was noticed during addition of sand to stone in treated

soil having a shear strength cu 5 6 kPa.
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Figure 20. Stress concentration ratio (n) plotted against q/cu for

the soil treated with stone columns, cu 5 9 kPa, L/D 5 6
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Figure 21. Stress concentration ratio (n) plotted against q/cu for

the soil treated with stone columns, cu 5 12 kPa, L/D 5 6

Single column
Two columns
Three columns
Four columns

q/cu

0

1

2

3

4

5

6

7

S
tre

ss
 c

on
ce

nt
ra

tio
n 

ra
tio

, n

0 2 4 6 8 10 12 14 16

Figure 22. Stress concentration ratio (n) plotted against q/cu for

the soil treated with stone columns, cu 5 6 kPa, L/D 5 8
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Figure 23. Stress concentration ratio (n) plotted against q/cu for

the soil treated with stone columns, cu 5 9 kPa, L/D 5 8
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Table 4 shows the values of n for 12 model tests of soil treated

with stone + 30% sand columns at failure point. The results

obtained from the model tests containing + 30% sand columns

agreed with the field study results of Nayak (1983) who

considered that the addition of sand is not necessary and

increases the cost without any additional contribution to load

carrying capacity. Greenwood (1970) also noticed the same

general trend and demonstrated that the importance of using a

coarse backfill rather than sand is maintained since the coarse

backfill provides the rigidity to the system of stone column,

although this argument was not fully justified.

13. Stress concentration ratio of stone + 10%
cement columns at different shear
strengths and L/D ratios

A brief discussion of the more important aspects of this

technique is summarised below (Barksdale and Bachus, 1983).

& A rigid column (stone + cement) is less dependent on lateral

support supplied by the subsurface soils. Therefore, they

can be used in very soft soils and are capable of carrying

more load at smaller deformations than their uncemented

counterparts.

& The technique can be applied to form a continuous rigid

column or can be used to stiffen the stone column in weak

zones where high lateral deformations are anticipated.

Cement can therefore be applied to the stone through a

weak layer with the remaining portion of the column

consisting of uncemented stone. Load would thus be

transmitted through the weak layer by the rigid column to

the underlying stone column.

& The load–deformation response of a rigid stone column is

similar to a conventional pile. The ultimate load capacity

can be more clearly defined than for a conventional stone

column.

The mechanisms of performance of rigid stone columns are

similar to conventional piles or piers. Therefore, precast

concrete piles, auger cast piles, timber piles and drilled piers

in many applications such as foundation support would be

direct competitors of rigid stone columns. Rigid stone columns

appear to be best suited for (a) strengthening the stone column

in locally weak zones and perhaps (b) for improving slope

stability (Barksdale and Bachus, 1983).
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Figure 24. Stress concentration ratio (n) plotted against q/cu for

the soil treated with stone columns, cu 5 12 kPa, L/D 5 8

Stone column L/D 5 6

Shear strength, cu: kPa Single column Two columns Three columns Four columns

6 1?2 2?2 2?5 2?7

9 1?5 2?3 2?6 2?7

12 1?6 2?8 3?4 3

Stone column L/D 5 8

Shear strength, cu: kPa Single column Two columns Three columns Four columns

6 1?4 2?4 2?9 3?2

9 1?5 2?6 3?1 3?6

12 1?8 3?1 3?8 3?6

Table 3. The stress concentration ratio (n) values for soil treated

with stone columns
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Twelve model tests were prepared with cement as additive.

Based on previous studies, 10% cement by weight was mixed

with the crushed stone as a backfill material for the columns.

The soil was treated by single, two, three and four stone

columns. Figures 28 to 32 and Table 5 show the relationship

between the stress concentration ratio n and the bearing ratio
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Figure 25. Stress concentration ratio (n) plotted against q/cu for the

soil treated with stone + 30% sand columns, cu 5 6 kPa, L/D 5 8
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Figure 26. Stress concentration ratio (n) plotted against q/cu for the

soil treated with stone + 30% sand columns, cu 5 9 kPa, L/D 5 8
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Figure 27. Stress concentration ratio (n) plotted against q/cu for the

soil treated with stone + 30% sand columns, cu 5 12 kPa, L/D 5 8
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Figure 28. Stress concentration ratio (n) plotted against q/cu for the

soil treated with stone + 10% cement columns, cu 5 6 kPa, L/D 5 6
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(q/cu) for the soil treated with stone + 10% cement. The shear

strength in these tests ranged from 6 kPa to 12 kPa. The

figures exhibit high peak values for stress concentration ratio n

at low bearing ratio (q/cu). The value of n exceeded 2?9 for soil

treated with single stone + 10% cement of L/D 5 8 at shear

strength 6 kPa. As the total stress increases, or in other words

deformation increases, the stress concentration ratio n for all

model tests exhibited close results for soil treated by the same

number of stone columns. The value of n was decreasing in a

rate larger than that in stone column alone or in stone + 30%

sand until it reached close values in the final stages of both

tests. This behaviour is relevant with the achievement of the

high shear strength of the stone + cement column, because of

the concentration of connection in the composed material

resulted from bonding of cement.

In addition, whereas the yield strain of the cemented stone

column was completed, the cementation bonding was crushed.

Following this, the load is transferred to the surrounding soil

leading to a reduction in the value of stress concentration

ratio n.

It was also noticed from Figures 28–32 that the presence of

cement generates an increase of the stiffness or increase in

modular ratio of stone column (Estone/Eclay): that is, increase in

the value of n. Figures 28–32 also show that the stone + 10%

cement technique exhibits higher values of stress concentration

ratio n than the other techniques. There is no clear difference

among the stone column with L/D 5 8, stone + 30% sand

column and stone + 10% cement column with L/D 5 6.

Stone + 30% sand column L/D 5 8

Shear strength, cu: kPa Single column Two columns Three columns Four columns

6 1?3 2?5 3?2 3?2

9 1?4 2?4 3?2 3?3

12 1?9 3?2 3?9 4

Table 4. Stress concentration ratio (n) value for soil treated with

stone + 30% sand columns
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Figure 29. Stress concentration ratio (n) plotted against q/cu for

the soil treated with stone + 10% cement columns, cu 5 9 kPa, L/

D 5 6
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Figure 30. Stress concentration ratio (n) plotted against q/cu for

the soil treated with stone + 10% cement columns, cu 5 6 kPa, L/

D 5 8

International Journal of Physical Modelling in Geotechnics
Volume 13 Issue 3

Experimental evaluation of
stress concentration ratio of
model stone columns
strengthened by additives
Fattah, Shlash and Al-Waily

94



Offprint provided courtesy of www.icevirtuallibrary.com 
     Author copy for personal use, not for distribution

These figures indicate that the obvious stress carried by stone

column was greater than the stress carried by the surrounding

soil and the stress acting on the stone column was greater than

that acting on stone column in all the proposed techniques

because of the high stiffness or high modular ratio (Estone/Eclay)

of the system of stone + cement column. It is also found that

the stress concentration ratio n in the soil treated with stone

column of the ratio (L/D 5 8) is higher than that for the soil

treated with stone column of (L/D 5 6) because the first stone
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Figure 31. Stress concentration ratio (n) plotted against q/cu for the

soil treated with stone + 10% cement columns, cu 5 9 kPa, L/D 5 8
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Figure 32. Stress concentration ratio (n) plotted against q/cu for the

soil treated with stone + 10% cement columns, cu 5 12 kPa, L/D 5 8

Stone + 10% cement column L/D 5 6

Shear

strength,

cu: kPa

Single

column

Two

columns

Three

columns

Four

columns

6 1?3 2?0 2?2 2?7

9 1?5 2?1 2?2 3?1

12 1?6 2?6 2?7 3?4

Stone + 10% cement column L/D 5 8

Shear

strength,

cu: kPa

Single

column

Two

columns

Three

columns

Four

columns

6 2?0 2?7 2?4 3?1

9 2?3 2?8 2?8 4?0

12 2?3 2?8 2?8 3?8

Table 5. Stress concentration ratio (n) values for soil treated with

stone + 10% cement columns

Untreated soil
Single stone 
Two columns
Three columns
Four columns

0 2 4 6 8 10 12 14 16 18 20

q/cu

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

S/
B

Figure 33 q/cu plotted against S/B for the soil treated with stone

column cu 5 6 kPa, L/D 5 6
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column is fully penetrating the clay layer and supported by the

base of the model tank as a firmer bearing layer but the second

stone column is partially penetrating the clay layer and its

strength depends on the skin friction only.

14. Conclusions
The conclusions drawn from the tests are outlined below.

& The stress carried by a stone column is greater than the

stress carried by the surrounding soil in all the proposed

techniques because of the high stiffness or high modular

ratio (Estone/Eclay) of the system.
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Figure 34 q/cu plotted against S/B for the soil treated with stone

column cu 5 9 kPa, L/D 5 6
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Figure 35 q/cu plotted against S/B for the soil treated with stone

column cu 5 12 kPa, L/D 5 6
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Figure 36 q/cu plotted against S/B for soil treated with stone

column cu 5 6 kPa, L/D 5 8
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Figure 37 q/cu plotted against S/B for soil treated with stone

column cu 5 9 kPa, L/D 5 8
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& The value of stress concentration ratio n increases with

increasing the shear strength of the treated soil.

& The crushed stone columns with L/D 5 8 provides a stress

concentration ratio n of 1?4, 2?4, 2?7 and 3?1 for the soil

having a shear strength, cu 5 6 kPa, treated with single,

two, three and four columns, respectively. The values of n

were decreased to 1?2, 2?2, 2?5 and 2?8 when L/D 5 6.

& The crushed stone + 30% sand columns with L/D 5 8

provided a stress concentration ratio n 5 3?2 for the soil

having a shear strength, cu 5 6 kPa treated with four

columns while the crushed stone + 10% cement columns

with L/D 5 8 provided a stress concentration ratio n 5 3?1

for the soil having the same shear strength.

& The stress concentration ratio n in the soil treated with fully

penetrating stone column and supported by the base of the

model is higher than that for the soil treated with partially

penetrating stone column, the second stone column strength

depends on the skin friction only.

APPENDIX

Bearing improvement of soil strengthened with stone columns

(see Figures 33–38).
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