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Preferred Design Procedure 

The Federal Highway Administration (FHWA) has two documents for this technology that 

contain design guidance information: 

Publication Title 
Publication 

Year 

Publication 

Number 

Available 

for 

Download 

Design and Construction of Stone 

Columns -- Volume I 

(Barksdale and Bachus 1983a) 

1983 FHWA-RD-83-026 Yes
1
 

Ground Improvement Methods 

- Volume I 

(Elias et al. 2006a) 

2006 FHWA NHI-06-019 No
2 

1
 http://www.fhwa.dot.gov/engineering/geotech/library_listing.cfm  

2 http://www.nhi.fhwa.dot.gov/training/nhistore.aspx  

 

In addition, the Highway Innovative Technology Evaluation Center (HITEC) published a 

technical evaluation report on Geopier Rammed Aggregate Piers. This report, referenced 

below, contains detailed design guidance and is available for purchase through the ASCE 

bookstore at http://www.asce.org. 

Collin, J. G., (2007a) “Evaluation of Rammed Aggregate Piers by Geopier Foundation 

Company Final Report” Technical Evaluation Report prepared by the Highway 

Innovative Technology Evaluation Center, ASCE, September 2007. 

If aggregate columns are to be used for embankment support, then the Design Guidance for 

Column-Supported Embankments should also be consulted for recommended design 

procedures for the arching/load transfer mechanism from the embankment to the columns. 

Typical inputs and outputs associated with analysis and design are listed in Table 1. A final 

design will usually consist of the number, diameter, length, spacing, and geometrical 

arrangement of aggregate columns and the required properties of the compacted stone after 

installation. 

  

http://www.fhwa.dot.gov/engineering/geotech/library_listing.cfm
http://www.nhi.fhwa.dot.gov/training/nhistore.aspx
http://www.asce.org/
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Table 1.  Typical inputs and outputs for design and analysis procedures. 

Performance Criteria/Indicators 

FSmin for bearing capacity 

FSmin for slope stability 

FSmin for liquefaction 

Allowable settlement 

Allowable deformations 

Subsurface Conditions 

Su of the soft soil 

Friction angle of the soft soil 

Unit weight of the soft soil 

Elastic modulus of the soft soil 

Poisson’s ratio of the soft soil 

Compressibility of the soft soil 

Coefficient of consolidation of the soft soil 

Initial void ratio of the soft soil 

Initial (N1)60 of the soft soil 

Initial (qc)1 of the soft soil 

Initial (vs)1 of the soft soil 

Permeability of the soft soil 

Thickness of layer to be treated 

Thickness of lower unreinforced zone 

Modulus of subgrade reaction (k) of the soft 

soil 

Gradation of the soft soil 

Loading Conditions 

Embankment loading 

Structural load 

Uplift load 

Stress concentration ratio 

Earthquake acceleration and duration 

Material Characteristics 

Final (N1)60 of treated soil 

Final (q)1 of treated soil 

Final (vs)1 of treated soil 

Friction angle of stone 

In-place density of stone 

Permeability of stone 

Column stiffness modulus 

Stone gradation 

Construction Techniques 

Vibro-replacement 

Vibro-displacement 

Rammed aggregate piers 
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Table 1.  Typical inputs and outputs for design and analysis procedures. 

Geometry 

Column spacing 

Column diameter 

Column length 

Column pattern 

Treatment area 

Replacement ratio 
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Recommended Design/Analysis Approaches 

There is no single design procedure that applies to all applications of aggregate columns.  

Design guidance is provided herein for the most important applications. As part of the SHRP2 

R02 project, research is currently being conducted to develop improved design procedures that 

more accurately predict bearing capacity and settlement for aggregate column technologies. 

Analysis and design approaches are given below for determination of bearing capacity, uplift 

capacity, settlement, composite shear strength, and liquefaction potential. One or more of these 

determinations is needed for each of the usual applications of aggregate columns.  

Aggregate column technology is suitable for support of embankments, support of structures, 

and improvement of slope stability. Support of embankments and support of structures 

applications may require an aggregate column design that provides adequate bearing capacity 

and uplift capacity, limits settlement, and maintains liquefaction potential within specified 

limits. Slope stability applications may require an aggregate column design that provides a 

specified minimum shear strength and limits the liquefaction potential. The following design 

approaches have been developed for each of these considerations. When appropriate, separate 

approaches for stone columns and rammed aggregate piers are provided. 

 

Bearing Capacity Approaches for determination of the bearing capacity of a stone column 

improved soft soil are based on several mechanisms:  

1. Cavity expansion theory (Barksdale and Bachus 1983a, and Elias et al. 2006a). 

2. General bearing capacity and punching failure (Barksdale and Bachus 1983a). 

3. Wedge failure method (Barksdale and Bachus 1983a) 

4. Undrained shear strength method (Mitchell 1981b, Barksdale and Bachus 1983a, and 

Elias et al. 2006a). 

5. Priebe’s method (Priebe 1995).  

 

Approaches for determination of the bearing capacity of a rammed aggregate pier improved 

soil are based on other mechanisms:  

1. Cavity expansion theory (White and Suleiman 2004, and Wissmann et al. 2001b). 

2. A modified Terzaghi lower bound approach (Collin 2007a, Hall et al. 2002, and 

Wissmann et al. 2001b).  
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A conservative determination of the overall bearing capacity for both stone columns and 

rammed aggregate piers is obtained by neglecting the support contribution of the soft matrix 

soil. In this case the bearing capacity depends only on the vertical supporting capacity of the 

individual columns. This can be done using cavity expansion theory as discussed in Barksdale 

and Bachus (1983a) and Elias et al. (2006a). A derivation of this theory is provided below. 

 

 

Consider a loaded, compacted column analogous to a triaxial shear test. 

The column fails in shear when: 

 

where, 

 = friction angle of stone 

 

By analogy,   and   

 

For  (conservative),  

 

The value of  depends on the resistance provided by the surrounding soil as the cylindrical 

stone column expands radially into it when a vertical load is applied to the top of the column. 

This condition can be modeled as expansion of a cylindrical cavity in a linear elasto-plastic 

material. 

 

 

 limiting radial effective stress at failure 

 

compacted, dense stone 

 

soft clay,   (undrained failure) 
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According to cavity expansion theory for an elasto-plastic material, 

 

 

where,

 = initial lateral pressure and 

 = Poisson's ratio = 0.5 for undrained deformation of saturated clay 

 100 to 1000 for clays of high to low plasticity (an empirical fact)   

 

Therefore, 

 

 

A conservative assumption is that , therefore, 

 

 can be expressed in terms of : 

 

 

Assume the lateral earth pressure coefficient ( ), a reasonable value for a column 

expanding into a clay, and .   

Therefore,  and . 

 

 Young's modulus 

strain 

   

stress   

 

 

 
 

soft soil,  



AGGREGATE COLUMNS 
 

November 2012 Page 7 of 22 

G02 GEOTECHNICAL SOLUTIONS FOR SOIL IMPROVEMENT, 

RAPID EMBANKMENT CONSTRUCTION,  

AND STABILIZATION OF PAVEMENT WORKING PLATFORM 
 

DESIGN GUIDANCE 

 

 

which is approximately: 

 

where, 

F = factor of safety 

 

The above expression gives an allowable load of about 20 to 30 tons for a 1-meter diameter 

column in soft to medium stiff clay, which agrees well with experience. 

  

Uplift Capacity If required, rammed aggregate piers can be designed to provide uplift 

capacity. This is done by including a metal frame in the column during construction that is 

anchored between the bottom lifts. The foundation can be attached to the frame to provide 

resistance against uplift. In current practice, stone columns cannot be designed to provide uplift 

capacity. One approach for estimating the uplift capacity of rammed aggregate piers is based 

on Lien and Fox (2001) and Wissmann and Fox (2000).  

The Lien and Fox (2001) procedure includes the following steps: 

1. The Rankine passive earth pressure coefficient is calculated for the matrix soil and 

multiplied by the vertical effective stress to determine the horizontal effective stress on 

the column. 

2. The unit frictional resistance on the column is calculated based on drained parameters 

using the following equation: 

 

 

 where,    

  = unit friction resistance 

  = drained cohesion intercept of the matrix soil 

  = horizontal effective stress on the column 

 = drained friction angle of the matrix soil 

 

3. For cohesionless soils, the unit uplift resistance along the column is equal to the 

unit frictional resistance. For cohesive soil, the unit uplift resistance is equal to the 

smaller of (1) the unit frictional resistance or (2) the undrained shear strength of the 

matrix soil. 
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Settlement Approaches for estimating settlement magnitude of stone column improved soil 

are based on the following methods:  

 Equilibrium method (Mitchell 1981b, and Barksdale and Bachus 1983a). 

 Greenwood method (Barksdale and Bachus 1983a). 

 Finite element method design charts (Barksdale and Bachus 1983a). 

 Priebe’s method (Priebe 1995).  

 

Approaches for estimating time rate of settlement of stone column-improved soil are based 

on radial drainage (Barksdale and Bachus 1983a, Han and Ye 2001, and Han and Ye 2002). 

Elias et al. (2006a) recommends that methods used for wick drains are also applicable for 

computing the time rate of settlement of stone column improved soil.  

Approaches for estimating settlement magnitude of rammed aggregate pier improved soil 

are based on two methods:  

 Two-layer approach (Collin 2007a, Fox and Lien 2001a, Fox and Lien 2001b, Han 

et al. 2002c, Lawton et al. 1994,  Majchrzak et al. 2004, Minks et al. 2001, White 

and Suleiman 2004, Wissmann and Fox 2000, Wissmann and Minks 1999, 

Wissmann et al. 2000, Wissmann et al. 2002, and Wissmann et al. 2007). 

 Suleiman and White approach (Suleiman and White 2006).  

 

Approaches for estimating time rate of settlement of stone column-improved soil are also 

applicable for rammed aggregate pier improved soil (Collin 2007a, White and Suleiman 

2004, Wissmann et al. 2002).  

 

Settlement Magnitude – Stone Columns To estimate settlement magnitude of stone column-

improved soil, Barksdale and Bachus (1983a) recommend that the equilibrium method be 

used as an upper bound estimate and their finite element design charts be used as a lower 

bound and suggest that the best estimate of settlement can generally be taken as the average 

of these two values. Elias et al. (2006a) recommends the same general approach for 

preliminary settlement estimates with Priebe’s method used to determine the upper bound. 

The equilibrium method includes the following steps: 

1. Estimate a value to be used as the stress concentration factor. The stress 

concentration factor, , is the ratio of vertical steady state stress in the stone 

column to vertical stress in the matrix soil. Barksdale and Bachus (1983a) provide 



AGGREGATE COLUMNS 
 

November 2012 Page 9 of 22 

G02 GEOTECHNICAL SOLUTIONS FOR SOIL IMPROVEMENT, 

RAPID EMBANKMENT CONSTRUCTION,  

AND STABILIZATION OF PAVEMENT WORKING PLATFORM 
 

DESIGN GUIDANCE 

both theoretically and empirically determined values for the stress concentration 

factor. They generally recommend values between 2 and 5 but provide additional 

discussion in Chapter VII. 

2. Calculate the area replacement ratio for the design. The area replacement ratio, , 

is equal to the area of the stone columns divided by the total area. 

3. Determine the resulting final vertical stress in the matrix soil, . This can be 

determined based on the following equation: 

 

where, 

 = average final stress over the entire area being considered 

 

4. Use conventional one-dimensional consolidation theory to estimate the settlement 

of the stone column improved soil assuming compression under the estimated 

vertical stress in the matrix soil. 

 

Barksdale and Bachus (1983a) provide design charts on pages 55 to 62 for estimating 

settlement of low compressibility and compressible cohesive soils improved using stone 

columns. These charts were derived from the results of parametric finite element studies. 

Design chart curves are provided for different values of the area replacement ratio, length 

to diameter ratio of the stone columns, modulus of the matrix soil, and modulus of the 

column. 

Figures 6 and 7 of Priebe (1995) provide charts for predicting the settlement ratio beneath 

single and strip footings, respectively. The author does not provide any definition of 

“single”, but it can be assumed that isolated square or circular footings are considered 

single footings. The charts predict settlement ratios based on the depth to diameter ratio 

and the number of stone columns for single footings, and the depth to diameter ratio and 

number of stone column rows for strip footings. These charts apply only to homogenous 

soil masses. Even with homogeneous profiles, it is necessary to divide the profile into 

layers, and then sum the settlements of the individual layers to find the total settlement. 

The methods presented here are still rather crude and give a wide range of possible values.  

 

Settlement Magnitude – Rammed Aggregate Piers The two layer approach is the preferred 

method for estimating the settlement magnitude of rammed aggregate pier-improved soils. 

In this method, the reinforced zone is referred to as the upper-zone, and the layer below 
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the reinforced zone is referred to as the lower-zone. The total settlement is the sum of the 

upper zone settlement and the lower zone settlement.  

This method includes the following steps: 

1. The stress on the top of the rammed aggregate pier is estimated using the following 

equation: 

 

 where,   

  = stress on top of the column 

  = average final stress over the entire area being considered 

 = stress concentration ratio between the rammed aggregate 

piers and matrix soil; Collin (2007a) recommends values 

between 4 and 45 for rigid footings and values between 5 

and 10 for embankments. 

 = ratio of the cross-sectional area coverage of the rammed 

aggregate piers to the matrix soil 

 

2. The settlement of the upper-zone is estimated as the stress on top of the column 

divided by the column stiffness modulus. According to Collin (2007a), stiffness 

modulus values range from 75 to 360 pci for support of rigid footings. Conservative 

values are recommended for support of embankments and transportation-related 

structures. 

3. The settlement of the lower-zone is estimated using conventional geotechnical 

approaches. Typically, elastic settlement analyses are used for granular and heavily 

over-consolidated soils, and consolidation settlement analyses are used for 

normally-consolidated or lightly over-consolidated cohesive soils. 

 

Time Rate of Settlement Time rate of settlement associated with aggregate columns can be 

determined using conventional consolidation theory for radial drainage with the radial 

degree of consolidation estimated using the procedure described by Han and Ye (2002). 

This procedure accounts for the stress concentration factor, smeared zone around each 

column, and well resistance effects. This method involves the following steps: 

1. Determine the equivalent influence diameter and the diameter ratio, and estimate 

the stress concentration factor.  
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a. The equivalent influence diameter is equal to the diameter of the circle 

around an aggregate column having the same area as the column tributary 

area: 

 for an equilateral triangular pattern 

 for a square grid pattern 

where,    

  = equivalent influence diameter 

    = column center-to-center spacing 

 

b. The diameter ratio, , is equal to the equivalent influence diameter divided 

by the column diameter.  

c. Han and Ye (2002) state that typical values for the stress concentration 

factor, , range from 2 to 5. 

2. Calculate the modified coefficient of consolidation due to radial flow and the 

modified time factor using equation (3) from Han and Ye (2002): 

 

where,  

  = modified time factor due to radial consolidation 

    = time 

   = modified coefficient of consolidation due to radial flow 

 =  

      = coefficient of consolidation due to radial flow 

 

3. Calculate the parameter  and the radial degree of consolidation, Ur, using 

equation (40) from Han and Ye (2002): 
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Ur =  

and 

  

where,    

  = diameter ratio of the smeared zone to the column  

 =   

 = radial permeability of the undisturbed surrounding soil 

 = radial permeability of the smear zone 

 = permeability of the aggregate column 

  = longest drainage distance for vertical flow 

 

4. Although typically negligible, it may be desirable in some cases to consider the 

consolidation due to vertical flow. If so, equation (4) from Han and Ye (2002) 

should be used to determine the modified coefficient of consolidation and modified 

time factor: 

 

where,  

  = modified time factor due to vertical consolidation 

   = modified coefficient of consolidation due to vertical flow 

 =  

      = coefficient of consolidation due to vertical flow 

 

5. The vertical degree of consolidation, , can then be calculated based on the 

Terzaghi one-dimensional solution. The overall degree of consolidation, , is then 

given by: 

 

 

Liquefaction Potential If aggregate columns are to be used in potentially liquefiable soils, 

there is risk of loss of support and lateral spreading in the event of an earthquake. Approaches 

for determining liquefaction potential of stone column-improved soil are based on:  
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 Liquefaction mitigation due to densification (Al-Homoud and Degen 2006, Elias et al. 

2006a, Shenthan et al 2006, Priebe 1995, and Priebe 1998). 

 Liquefaction mitigation due to stress concentration (Baez and Martin 1993).  

 

For estimates of potential lateral spreading, White and Suleiman (2004) predict the amount of 

lateral displacement to be approximately 20% of the vertical settlement for rammed aggregate 

pier-supported embankments.  

 

A simplified general approach for evaluation of liquefaction potential is as follows:  

Aggregate column technology may be used at sites with in-situ soils that may be susceptible to 

liquefaction during earthquakes. Saturated sands, silty sands, sandy silts, and silts are likely to be 

in this category. When aggregate columns are used for support of embankments and structures, 

to reduce settlements, or to increase slope stability, it is also necessary to confirm that there will 

not be a risk of liquefaction or other ground disturbance that could lead to loss of support and 

lateral spreading. The initial assessment of whether the soil at a site will liquefy in an earthquake 

is made in terms of whether the in-situ shear strength under cyclic loading, represented as a 

Cyclic Resistance Ratio (CRR), is less than the cyclic shear stress that will cause liquefaction, 

termed the Cyclic Stress Ratio (CSR). 

Combinations of CSR and strength of the soil layer, usually determined in-situ by means of 

penetration tests and shear wave velocity
1
 measurements, have been found that define the 

boundary between liquefaction and no liquefaction over a range of peak ground motion 

accelerations. This boundary has been determined through extensive analyses of case history 

data from many earthquakes. Standard Penetration Tests (SPT), Cone Penetration Tests (CPT), 

and Becker Penetration Tests for soils containing gravel and cobbles (BPT) are used to determine 

the CRR. Values of CRR are defined by the points on the boundary curve that separates 

liquefaction and no liquefaction zones on a plot of CSR vs. penetration resistance or shear wave 

velocity corresponding to the measured and corrected in-situ property. An example of such a plot 

for liquefaction analysis using the SPT is shown in Figure 1.  

 

                                                           
1
 Owing to the lack of precision and uncertainties associated with shear wave velocity - liquefaction correlations, 

this method is not considered further herein. 
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Figure 1.  SPT liquefaction chart for magnitude 7.5 earthquakes (Youd et al. 2001). 

 

Thus, if a site underlain by saturated clean sand has a corrected blow count (N1)60 of 10 blows 

per foot and the anticipated cyclic stress ratio under the design earthquake is 0.25, the soil will 

liquefy unless the normalized penetration resistance (N1)60 is increased to greater than 22 blows 

per foot by densification, or the cyclic stress ratio is reduced by transferring some or all of the 

dynamic shear stress to reinforcing elements. Similar plots are available in terms of normalized 

CPT tip resistance qc1N. In each case the penetration resistance is normalized to an effective 

overburden stress of 1 atmosphere.  

Although straightforward in concept, the liquefaction potential analysis is complex in 

application, because (1) the CSR depends on the input motions within the soil layer which, in 

turn, depend on such factors as earthquake magnitude and intensity, distance from the epicenter, 

geologic setting, rock conditions, and soil profile characteristics, (2) the CRR depends on such 

factors as overburden stress, fines content of the soil, and static shear stress, and (3) 

determination of normalized values of the penetration resistance involves several corrections to 

the measured values, especially in the case of the SPT. 



AGGREGATE COLUMNS 
 

November 2012 Page 15 of 22 

G02 GEOTECHNICAL SOLUTIONS FOR SOIL IMPROVEMENT, 

RAPID EMBANKMENT CONSTRUCTION,  

AND STABILIZATION OF PAVEMENT WORKING PLATFORM 
 

DESIGN GUIDANCE 

Information about input ground motions can be obtained from local experience and recorded 

ground motions near the site, if available, or from seismicity information obtainable from the 

United States Geological Survey Ground Motion Calculator at:  

http://earthquake.usgs.gov/hazards/designmaps/javacalc.php  

which can be used to obtain peak rock accelerations for the site, and the USGS interactive 

deaggregation website: 

http://eqint.cr.usgs.gov/deaggint/  

which enables determination of the magnitude and site-to-source distance earthquake scenario 

that contributes the most to the seismic hazard at the site; i.e., it enables estimation of what 

magnitude to use to obtain the appropriate magnitude scaling factor needed to adjust the actual 

ground accelerations to a magnitude of 7.5, which is the value assumed for the available chart 

correlations. 

Widely used liquefaction correlation diagrams for SPT and CPT, along with discussions of how 

to make the necessary computations to obtain the CSR, (N1)60, qc1N, and the CRR are given in 

Youd et al. (2001) and Idriss and Boulanger (2008). 

If aggregate columns are used in potentially liquefiable soils in a seismic area for support of 

embankments or structures, or for stabilization of slopes, the cyclic stresses caused by ground 

shaking will be shared between the columns and the untreated matrix soil. By virtue of their 

greater stiffness, the columns will attract a greater proportion of the cyclic shear stresses than 

given simply by the replacement ratio (the ratio of the treated area in plan to the total plan area). 

To maintain structural integrity and ensure satisfactory performance requires a design that 

prevents horizontal shear failure in aggregate columns or combined shear and bending failures in 

cemented columns and walls. Analysis of this complex soil-structure problem is usually site and 

project specific and requires input from someone with prior knowledge and experience. 

Whether the matrix soil will liquefy with the supporting elements in place can be assessed in 

terms of the reduced shear stress and strain that it is subjected to after accounting for that carried 

by the columns. A very approximate, but conservative, means for estimating the reduced shear 

stress is as follows. 

If the simplifying assumption is made that the shear strains in the columns are the same as the 

shear strains in the soil, then the ratio of the shear stress in the soil to the average stress can be 

expressed as: 

http://earthquake.usgs.gov/hazards/designmaps/javacalc.php
http://eqint.cr.usgs.gov/deaggint/
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where,  

  = area replacement ratio 

  = shear modulus of the column 

  = shear modulus of the soil 

 

The equal strain assumption means that the stress concentration ratio, n = col/ soil, will be given 

by Gc/Gs.  Owing to various types of compliance in the system, however, the actual stress 

concentration ratio would be less than Gc/Gs for most situations. One source of guidance is the 

stress concentration that occurs in a column-soil system subjected to vertical compressive 

loading.  For aggregate columns in soft soil this ratio is typically in the range of about 2 to 5 or 6, 

and the ratio can be higher for cemented columns.  When isolated columns are used to resist 

shear deformations, the values of n can be smaller than for axial loading because there are more 

potential sources of compliance, including column rotation and bending, than for axial loading.  

Nevertheless, the values for axial loading can serve as a useful guide.  If continuous panels are 

used, the stress concentration for shear deformations can be higher than for isolated columns 

because the rotation and bending deformation modes are inhibited. 

Substituting n for Gc/Gs in the above expression gives: 

 

 

As an example, if a safe value of n is assumed to be 3, then: 

 

and if as = 0.3, then:  

 

which represents a 38% reduction in the seismic shear stress applied to the soil. A reduction of 

this magnitude could provide a significant decrease in the liquefaction potential.  

The appropriate value of n in any case depends on the relative stiffness of the column and soil, 

the slenderness ratio of the columns for unconnected column arrangements, the use of grids 

formed of continuous shear panels instead of isolated columns, and the overall height-to-width 

and height-to-length ratios of the treated zone, among other factors.  As mentioned above, if the 
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columns are arranged in a grid of overlapping continuous panels it would be expected that n 

would be higher than if isolated columns are used. 

The construction methods used for installation of aggregate columns may provide some 

densification of the in-situ soil. If consistent improvement of the soil can by verified by QA 

testing, then there will be an increase in the CRR in addition to the decrease in the CSR caused 

by the load transfer to the stiffer elements, with a corresponding increase in the factor of safety 

against liquefaction. The increase in the CRR can be determined using the new values of 

penetration resistance and appropriate liquefaction charts. 

The methods presented by Shenthan et al. (2006) and Priebe (1998) can be used to predict the 

level of improvement due to the installation of stone columns. Shenthan et al. (2006) provides 

design charts for estimating post-installation (N1)60 values based on stone column area 

replacement ratio, pre-installation (N1)60 values, and soil permeability. Priebe (1998) presents a 

simplified method where a reduced CSR applied to the improved soil is found by multiplying 

the unimproved soil cyclic stress ratio (CSR0) of the soil by a reduction factor. The reduction 

factor, , is equal to the remaining stress on the soil between columns divided by the average 

stress over the entire area, and can be determined from the following equations: 

 

and 

 

 where,   

 = cross sectional area of the column 

 = column tributary area  

 = column stone friction angle 

 

Though originally developed for stone columns, the Priebe (1998) method is also thought to be 

applicable to rammed aggregate piers. 

 

Shear Strength If aggregate columns are used for slope stabilization, the strength of the 

reinforced ground is needed to determine the factor of safety against slope stability failure. 

Approaches for determining the stability of stone column improved slopes are based on:  

 Profile method. 

 Composite shear strength method. 



AGGREGATE COLUMNS 
 

November 2012 Page 18 of 22 

G02 GEOTECHNICAL SOLUTIONS FOR SOIL IMPROVEMENT, 

RAPID EMBANKMENT CONSTRUCTION,  

AND STABILIZATION OF PAVEMENT WORKING PLATFORM 
 

DESIGN GUIDANCE 

 Lumped moment method.  

 

These three methods are described in Barksdale and Bachus (1983a). The composite shear 

strength method is also the main approach for stability analysis of rammed aggregate pier-

improved slopes (Collin 2007a, Fox and Lien 2001a, Han et al. 2002b, Para et al. 2007, 

Wissmann et al. 2002, White and Sulieman 2004, and Wong et al. 2004).  

Both composite and discrete element models have been used for aggregate column slope 

stability analysis. The composite shear strength method, in which averaged values of soil 

cohesion and friction angle are used, has been used successfully on numerous projects, and has 

proved to give reliable results. The use of the discrete model approach, in which the columns 

and native soil are each assigned their own values of cohesion and friction, is becoming more 

prevalent with commercially available slope stability software.  

The composite shear strength method includes the following steps: 

1. Stress concentrations can be included by using the resulting vertical effective stress 

acting on the aggregate column and soil failure surface as outlined below: 

a. First, the vertical effective stress on the aggregate column failure surface is 

found my multiplying the unit weight of the aggregate by the depth below the 

ground surface, and then adding this value to the change in stress in the 

aggregate column due to any surcharge loading considering the stress 

concentration factor.  

b. The shear strength of the column can then be determined using equation (36) on 

p.80 of Barksdale and Bachus (1983a): 

 

where,  

 = shear strength of the aggregate column  

 = vertical effective stress acting on aggregate column failure 

surface 

 = inclination of the failure surface with respect to the 

horizontal 

 = aggregate internal friction angle 

 

c. Next, the total vertical stress in the soft soil is found by multiplying the total 

unit weight of the soil by the depth below the ground surface, and then adding 

this value to the change in stress in the ground due to any surcharge loading 

considering the stress concentration factor. 
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d. The undrained shear strength of the soft soil can then be determined using 

equation (38) on p.82 of Barksdale and Bachus (1983a): 

 

 

where,  

 = undrained shear strength of the cohesive soil  

   = cohesion of cohesive soil (undrained) 

 = total vertical stress in the cohesive soil acting on the failure 

surface (considering total weight of soil and reduced 

surcharge loading) 

 = cohesive soil internal friction angle (undrained) 

 

2. Once the shear strength of the aggregate and the soft soil are found, the composite 

shear strength can be found using equation (39) on p.82 of Barksdale and Bachus 

(1983a): 

 

where,   

 = composite shear strength  

 = area replacement ratio, the area of the aggregate columns 

divided by the total area 

 

3. The composite unit weight is found by multiplying the unit weight of the soft soil 

by the area of the soft soil in the unit cell, plus the unit weight of the aggregate 

times the area of the aggregate in the unit cell.  

4. These composite values are calculated for each row of aggregate columns and then 

used in a conventional slope stability analysis.  
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