
This Technical Bulletin discusses the use of Geopier soil reinforcement for support of transportation 

structures including Mechanically Stabilized Earth (MSE) retaining walls and large embankment fills. 

The installation of stiff Geopier elements provides a significant increase in the composite stiffness of 

otherwise soft and compressible foundation soils. Geopier construction using open-graded stone affords 

radial drainage to the elements. The result of Geopier installation is a significant decrease in both 

settlement magnitude and duration within the Geopier-reinforced zone. This Technical Bulletin describes 

design methods used for the reinforcement of poor foundation soils to support transportation structures, 

such as MSE walls and embankments, using Geopier soil reinforcing elements.
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1. background: designing embankments and 
transportation-related structures

Without soil reinforcement, the construction of 
MSE retaining walls and embankment fills on 
compressible soils can result in significant 
settlement. Settlement durations may be on 
the order of months or years before the majority 
of the settlement is completed, depending on 
the soil compressibility, the thickness of the 
compressible layer, and ground-water level. 
controlling post-construction settlement for these 
types of structures is critical to prevent excessive 
differential settlement resulting in cracking of 
roadway pavements or visible movement of MSE 
wall facing panels.

Geopier Rammed aggregate Pier® (RaP) 
soil reinforcing elements are installed prior to 
construction of MSE walls, embankment fills, and 
other transportation structures to reinforce and 
stiffen compressible foundation soils to reduce the 
magnitude and duration of settlement and control 
stability. The use of Geopier soil reinforcement 
to increase shear resistance and improve global 
stability is described in Technical Bulletin 5. Geopier 
elements used to reinforce matrix soils beneath 
an MSE wall and an embankment are illustrated in 
Figures 1a and 1b.
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2. geopier construction

Geopier RaP construction is described in detail in 
the Geopier Reference Manual (Fox and cowell 
1998) and in the literature (lawton and Fox 1994, 
lawton et al. 1994). The elements are constructed 
by drilling out a volume of compressible soil to 
create a cavity and then ramming select aggregate 
into the cavity in thin lifts using a patented beveled 
tamper. The ramming action causes the aggregate 
to compact vertically as well as to push laterally 
against the matrix soil, thereby increasing the 

horizontal stress in the matrix soil and reducing 
the compressibility of the matrix soil between the 
elements. Geopier RaP construction results in a very 
dense aggregate pier with a very high stiffness that 
yields a significantly increased composite stiffness 
within the Geopier-reinforced zone. The use of 
open-graded stone during construction affords 
radial drainage of excess pore water pressures 
to the elements, which act as vertical drains to 
increase the time-rate of settlement.

Figure 1a.
Geopier Soil Reinforcement 

Support of MSE Wall

Figure 1b.
Geopier Soil Reinforcement 

Support of Embankment
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3. geopier settlement control design methodology

The Geopier RaP soil reinforcement settlement 
control design methodology is based on a two-layer 
settlement approach as initially described by lawton 
et al. (1994), lawton and Fox (1994), and Wissmann 
et al. (2002). The installation of Geopier elements 
within the Geopier-reinforced zone, referred to as 
the upper zone, creates a stiffened, engineered 
zone with reduced compressibility that reduces 
settlement of embankments and transportation 
related structures. The settlement below the 
Geopier reinforced zone, referred to as the lower-
zone, is evaluated using conventional geotechnical 
analysis approaches. The total settlement (Stot) of 
the transportation structures is evaluated as the 
sum of the upper zone settlement (Suz) and the 
lower zone settlement (SlZ):

                 Stot  =  Suz + SlZ .  Eq. 1.

3.1 settlement in the geopier 
reinforced zone
Settlement in the Geopier-reinforced zone (upper 
zone) is estimated with hooke’s law:

Eq. 2.

where Δq is the embankment or wall bearing 
pressure, iσ is the average stress influence factor 
in the upper zone (typically assumed to be 1.0), huz 
is the thickness of the reinforced upper zone layer, 
and Ecomp is the composite elastic modulus of the 
reinforced upper zone layer. Values for Ecomp are 
computed as the weighted average of the elastic 
modulus of the Geopier RaP elements (Eg) and the 
upper zone matrix soil elastic modulus (Em):

                   Ecomp  =  Eg . Ra + Em   . (1-Ra) , Eq. 3.

where Ra is the area replacement ratio.

Selected values for Eg depend on both the intrinsic 
elastic modulus of the constructed pier and on the 

ability of the foundation to apply concentrated 
stress to the tops of the piers. For rigid concrete 
foundations, full values of Eg may be used because 
the stress concentration ratio is equivalent to 
the pier/soil stiffness ratio. Smaller values of Eg 
are selected for soil embankments and flexible 
walls that cannot apply concentrated stresses as 
efficiently and thus cannot make full use of the pier 
stiffness values.

The upper zone settlement methodology provides 
for a determination of the deflection of the Geopier 
RaP, but not of the matrix soil between the piers. 
Field instrumentation results, however, show that 
only minor differential settlement is observed 
between the top of the Geopier RaP element and 
the matrix soil under embankment loading (Minks 
2001, White 2002). More rigorous analyses may 
be used to evaluate the potential for differential 
settlement between the rammed aggregate 
piers and the matrix soil. however, the impacts 
on surficial settlement caused by differential 
settlement between the piers and matrix soil 
are minor when considering large embankment 
heights. This is related to the development of a 
plane of equal settlement caused by soil arching of 
the embankment material to the stiff Geopier RaP 
elements (Terzaghi 1936).

3.1 settlement below the geopier 
reinforced zone
Settlement below the Geopier-reinforced zone 
is evaluated using conventional geotechnical 
approaches, consisting of either elastic settlement 
analyses or consolidation analyses using the 
familiar expressions:

Eq. 4.

and
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where hlz is the thickness of the compressible lower 
zone, E is the matrix soil elastic modulus within 
the lower zone, cc is the matrix soil coefficient of 
compressibility, eo is the matrix soil void ratio, Po is 
the vertical effective stress at the mid-point of the 
compressible layer, and Δq is the average bearing 
pressure applied by the wall and embankment. The 
average applied bearing pressure is the product of 
the applied pressure and the stress influence factor, 
iσ. The stress influence factor within the lower zone 
is typically assumed to be 1.0 because of the large 
lateral extent of MSE walls and embankment fills. 

Typically, elastic modulus settlement approaches 
are used to estimate settlement in granular soils 
and heavily over-consolidated cohesive soils. 
Matrix soil equivalent elastic modulus values may 
be estimated using published correlations from 
SPT n-values, undrained shear strengths, cPT tip 
resistances, or other insitu tests. consolidation 
settlement approaches are used to evaluate 
settlement in normally-consolidated or lightly over-
consolidated cohesive soils.

4. time-rate of settlement

The magnitude of post-construction settlement 
is often as important as the overall settlement of 
the MSE wall or embankment. Post-construction 
settlement may be dramatically reduced by using 
Geopier soil reinforcing elements constructed with 
open-graded stone to act as vertical drains, allowing 
radial drainage to occur to the elements. Radial 
drainage calculations can be performed to evaluate 
the percentage of excess pore water pressure 
dissipation that occurs within the estimated 
construction period and to determine the remaining 
post-construction settlement.

4.1 time-rate of settlement in the  
geopier reinforced zone
Radial drainage to the Geopier element is calculated 
using Barron’s approach for estimating the 
settlement duration (t) from radial drainage to sand 
drains (1948). The approach relates the settlement 
duration to a time factor (T), the radial coefficient 
of consolidation (cr), and the square of the effective 
drainage length (de):

Eq. 6.

The time factor is calculated by first evaluating the 
diameter ratio (n), which is the ratio of the effective 
drain diameter and the constructed diameter of the 

installed drain (dw). Effective drain diameters are 
evaluated based on geometry for elements spaced 
in triangular grids and square grids, respectively:

Triangular grid: de = 1.05s ,             Eq. 7a.

Square grid: de = 1.13s ,                 Eq. 7b.

where s is the center-to-center spacing of the 
elements. The spacing of elements is selected 
to provide a sufficient increase in the upper zone 
stiffness to achieve tolerable post-construction 
settlement magnitudes (as described in Section 
3), considering that a significant percentage of the 
settlement will occur during the construction period 
as a result of radial drainage.

The value of the radial coefficient of consolidation 
is commonly assumed to be between two and 
four times the vertical coefficient of consolidation 
value (cv). This ratio may be significantly higher in 
varved or horizontally stratified soils. coefficient 
of consolidation values (cv) are related to many 
factors including soil mineralogy, gradation, and 
depositional history of the matrix soil (Terzaghi 
et al. 1996). For cohesive soils, these values are 
evaluated from consolidation tests or may be 
estimated from liquid limit values and stress history 
(over-consolidation).

t Tr 
d

e
2

cr
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Based on the diameter ratio (n) and the desired 
percentage of excess pore water pressure dissipation 
(μ), a time factor value can be interpreted from 
Figure 2.

The time factor (TR) is then used in conjunction 
with the drainage path length (de) and the radial 
coefficient of consolidation value (cr) to estimate 
the time of drainage (t) from Equation 6. 

Recent research performed by han and Ye (2001) 
describes a modified radial drainage approach that 
accounts for stress concentration to stiff aggregate 
columns. Stress concentration to the stiff Geopier 
elements reduces the amount of stress on the 
matrix soil, which causes settlement to occur faster 
and yields a modified (increased) radial coefficient 
of consolidation. han and Ye suggest that a 
modified radial coefficient of consolidation be used 
in the Barron approach:

Eq. 8.

where ns is the stress concentration ratio. The 
modified radial coefficient of consolidation is 
substituted for the radial coefficient of consolidation 
in Equation 6 to determine the percentage of 

excess pore water pressure dissipation for a given 
time period.

Research has shown that Geopier stress 
concentration ratios for footing support range from 
4 to 45 (lawton and Merry 2000, hoevelkamp 
2002). conservative values of stress concentration 
are suggested for design. This approach to evaluate 
radial drainage periods is supported by settlement 
monitoring results with time (hoevelkamp 2002).

4.2 time-rate of settlement below 
the  geopier reinforced zone
The time-rate of settlement below the Geopier 
reinforced zone is calculated using traditional 
expressions for vertical consolidation as shown 
in the following equation and described in the 
literature:

Eq. 9.

where t is drainage time cv is the vertical coefficient 
of consolidation, hdr is the vertical drainage 
path length, and Tv is the vertical time factor 
corresponding to a particular percentage of excess 
pore water pressure dissipation as determined from 
Figure 3.

c'r = cr    1 + ns n2 - 1
1

t Tv(hdr)2

cv

=     , 

Figure 2.
degree of consolidation for Radical drainage applications

(naVFac 1982)

    , 
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Figure 3.
degree of consolidation for Vertical drainage

(han and Ye 2001)

5. settlement magnitude and time-related example

Example calculations performed for the placement 
of a 20-foot tall embankment constructed on a 15 
foot thick layer of soft clay underlain by bedrock 
are presented in Figures 4 and 5. Figure 4 provides 
an example of conventional settlement magnitude 
and duration calculations for the embankment. 
Figure 5 illustrates the settlement magnitude and 
duration calculations for foundation soils reinforced 
with Geopier soil reinforcement as described 
above. lower zone settlements are assumed to 
be negligible in both examples because the piers 
extend to rock.

The results of the example calculations shown in 
Figures 4 and 5 illustrate how the installation of 
Geopier soil reinforcement significantly reduces the 
settlement magnitude. additionally, the settlement 
occurs at an increased rate resulting in the majority 
of the settlement taking place during construction.
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Figure 4.
Settlement Magnitude and duration Example 

calculation for unreinforced Soils
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Figure 5.
Settlement Magnitude and duration Example 

calculation for Geopier Reinforced Soils
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6. summary

Geopier soil reinforcement is used to reinforce 
and stiffen compressible foundation soils and 
increase the time-rate of settlement in order to 
control post-construction settlement magnitudes. 
The design methodology utilizes conventional 

settlement and radial drainage approaches with 
minor modifications based on advanced research 
to determine the Geopier element spacing required 
to control settlement and meet project settlement 
criteria.



PaGE 10

references

Barron, R.a. (1948). “consolidation of Fine-Grained Soils by drain Wells.” Trans. aScE, Vol. 113, pp. 718-742.

han J. and Ye, S.l. (2001). “Simplified Method for consolidated Rate of Stone column Reinforced 
Foundations.” aScE Journal of Geotechnical and Geoenvironmental Engineering. Vol. 127, no. 7.

hoevelkamp, k.k. (2002). “Rammed aggregate Pier Soil Reinforcement: Group load Tests and Settlement 
Monitoring of large Box culvert.” Masters Thesis. iowa State university.

lawton, E.c., and Fox, n.S. (1994). “Settlement of Structures Supported on Marginal or inadequate 
Soils Stiffened with Short aggregate Piers.” Vertical and horizontal deformations of Foundations and 
Embankments, a.T. Yeung and G.Y. Fello (Editors),american Society of civil Engineers, 2, 962-74.

lawton, E.c., Fox, n.S. Fox, and handy, R.l. (1994). “control of Settlement and uplift of Structures using 
Short aggregate Piers.” in-Situ deep Soil improvement, Proc. aScE national convention, atlanta, Georgia. 
121-132.

lawton, E.c. and Merry, S.M. (2000). “Performance of Geopier Supported Foundations during Simulated 
Seismic Tests on northbound interstate 15 Bridge over South Temple, Salt lake city.” Final Report no. 
uucVEEn 00-03. university of utah. december.

Minks, a.G., Wissmann, k.J., caskey, J.M., and Pando, M.a. (2001). “distribution of Stresses and Settlements 
Below Floor Slabs Supported by Rammed aggregate Piers.” Proceedings, 54th canadian Geotechnical 
conference. calgary, alberta. September 16-19.

naVFac (1982). Soil Mechanics—design Manual dM 7.1. department of the navy naval Facilities 
Engineering command. alexandria, Va p.7.1-228.

Terzaghi, k. (1936). “Stress distribution in dry and in Saturated Sand above a Yielding Trap-door.” 
Proceedings of the 1st international conference on Soil Mechanics, cambridge, Massachusetts, pp. 307-311.

Terzaghi, k., Peck, R.B., and Mesri, G. (1996). Soil Mechanics in Engineering Practice. Third Edition. John 
Wiley & Sons, inc., new York, nY.

White, d.J., Wissmann, k.J., Barnes, a.G., and Gaul, a.J. (2002). “Embankment Support: a comparison of 
Stone column and Rammed aggregate Pier Soil Reinforcement.” Presented, Transportation Research 
Board. 81st Meeting, Washington, d.c. January 13-17.

Wissmann, k.J., FitzPatrick, B.T., White, d.J., and lien, B.h. (2002). “improving Global Stability and 
controlling Settlement with Geopier Soil Reinforcing Elements.” Proceedings, 4th international conference 
on Ground improvement. kuala lumpur, Malaysia, 26-28 March.

acknowledgements

kord J. Wissmann, Ph.d., P.E.

Brendan T. FitzPatrick, P.E.

david J. White, Ph.d.



PaGE 11

symbols used

cc = Matrix soil coefficient of compressibility

cr = Radial coefficient of consolidation

c'r = Modified radial coefficient of consolidation

cv = Vertical coefficient of consolidation

de = drainage path length

eo = Matrix soil void ratio

E = Matrix soil elastic modulus within the lower zone 

Ecomp = composite elastic modulus of the reinforced upper zone layer

Eg = Elastic modulus of the Geopier element

Em = upper zone matrix soil elastic modulus

hdr = Vertical drainage path length

huz = Thickness of the reinforced upper zone layer

hlZ = Thickness of the compressible lower zone layer

iσ = average stress influence factor in the upper zone

n = diameter ratio

Po = Veritcal Effetive Stress at the mid-point of the compressible layer

Δq = average bearing pressure applied by the embankment or wall 

Ra = Ratio of the area coverage of the Geopier elements to the gross area of the soil matrix

Stot = Total settlement of the structure

Suz = Settlement of the upper zone

SlZ = Settlement of the lower zone

Tr = Radial time factor

Tv = Vertical time factor

t  = Settlement duration
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