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ABSTRACT

Column-supported, geosynthetic-reinforced embankments have great potential for
application in soft ground conditions, such as in coastal areas of Virginia, when there is a need to
accelerate construction and/or protect adjacent facilities from the settlement that would otherwise
be induced by the new embankment load. The columns in column-supported embankments can
be driven piles, vibro-concrete columns, deep-mixing-method columns, stone columns, or any
other suitable type of column. If driven piles are used, they are often fitted with pile caps to help
transfer the embankment load to the piles. A bridging layer consisting of several feet of sand or
sand and gravel is often used to help transfer the embankment load to the columns.

The cost of column-supported embankments depends, in part, on the spacing between the
columns and the size of the columns or pile caps, if used. Geosynthetic reinforcement is often
employed in bridging layers to enhance load transfer to the columns and increase the spacing
between columns. The number, stiffness, and strength of geosynthetic layers are selected by
geotechnical design engineers based on considerations of load transfer and deformations.
Several methods to calculate the load on the geosynthetic reinforcement are described in the
published literature, but the calculated loads differ by over an order of magnitude in some cases,
and there is not agreement on which method is correct.

In this research, a new method was developed for calculating the load on the geosynthetic
reinforcement. The new method employs one of the existing mechanistically based approaches,
and combines it with consideration of the stiffnesses of the embankment, geosynthetic
reinforcement, columns, and existing site soil. The new method was verified against the results
of a large numerical parameter study, for which the numerical procedures themselves were
verified against closed-form solutions for membranes, pilot-scale experiments, and field case
histories.

The new method for calculating load on the geosynthetic was integrated into a 10-step
design procedure for geosynthetic-reinforced bridging layers in column-supported embankments.
The design procedure addresses such details as the thickness and type of the bridging layer soil,
selection of the geosynthetic reinforcement, if needed, and the embankment settlement. The
necessary calculations were programmed into a Microsoft Excel® workbook. The workbook
may be accessed at http://www.virginiadot.org/virc/main/online_reports/pdf/geogridbridge.htm.

Both the numerical analyses and the simplified analysis procedure demonstrate the
important impact that subgrade support has on the net vertical loads that are applied to
geosynthetic reinforcement. If the subgrade support is good, like that provided by an existing
near-surface layer of medium dense sand or stiff clay, and if the clear spacing between columns
or pile caps is not too large, geosynthetic reinforcement does not have a significant effect on
system performance. If the subgrade support is poor, like that provided by normally
consolidated clay or peat, and if the clear spacing between columns or pile caps is large, it can
become difficult to provide enough geosynthetic reinforcement to support the applied loads and
limit deformations to acceptable magnitudes. In this case, it may be necessary to reduce the clear
spacing between columns or pile caps. For appropriate column spacings and subgrade support
conditions, geosynthetic reinforcement can enhance system performance.
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INTRODUCTION

A research project entitled “Columnar Reinforcement of Soft Ground beneath Roadway
Embankments” sponsored by the Virginia Transportation Research Council (VTRC) has
generated two VRTC reports. This report addresses design of bridging layers in embankments
supported on columns or piles, with or without pile caps. A later report will address the stability
of column-supported embankments.

Geosynthetic-reinforced, column-supported embankments are constructed over soft
ground to accelerate construction, improve embankment stability, control total and differential
settlements, and protect adjacent facilities. The columns that extend into and through the soft
ground can be of several different types: driven piles, vibro-concrete columns, deep-mixing-
method columns, stone columns, etc. The columns are selected to be stiffer and stronger than the
existing site soil, and if properly designed, they can prevent excessive movement of the
embankment.

The columns are installed at a spacing determined by the design engineer, with lower
costs for construction if the columns are widely spaced. A geosynthetic-reinforced bridging
layer is often provided to transfer embankment and traffic loads to widely spaced columns. The
bridging layer consists of several feet of compacted sand or sand and gravel, and it may include
geosynthetic reinforcement. The geosynthetic reinforcement consists of one or more layers of
planar polymeric material, which may be a woven geotextile or, more often, a geogrid.

Some authors attach special significance to the terminology used to refer to the bridging
layer, which is also known as a load-transfer platform or a load-carrying geosynthetic layer, with
the terminology used to imply specific mechanisms of load transfer from the embankment to the
columns or pile caps. In this report, the term bridging layer is used in a generic sense without
any intent to exclude valid mechanisms of load transfer.

Column-supported, geosynthetic-reinforced embankments are in widespread use in the
United Kingdom, Scandinavia, and Japan, and they are becoming more common in the United



States and other countries. The column-supported, geosynthetic-reinforced embankment
technology has potential application at many soft-ground sites, including coastal areas where
existing embankments are being widened and new embankments are being constructed.

An alternative to column-supported embankments is use of prefabricated vertical drains
combined with gradual placement of the embankment fill. This well-established technique can
permit construction of embankments on soft ground at a lower construction cost than by using
the column-supported, geosynthetic-reinforced embankment technology. However, use of
vertical drains and gradual embankment placement may require considerable time for gradual
consolidation and strengthening of the soft ground, and this approach can also induce settlement
in adjacent facilities, such as would occur when an existing roadway embankment is being
widened. If accelerated construction is necessary, or if adjacent existing facilities need to be
protected, then column-supported, geosynthetic-reinforced embankments may be an appropriate
technical solution.

The cost of column-supported, geosynthetic-reinforced embankments depends on several
design features, including the details of the geosynthetic-reinforced bridging layer. Geotechnical
design engineers establish the thickness and quality of the bridging layer soil and the number and
type of geosynthetic layers within the bridging layer based on considerations of load transfer in
the bridging layer and settlement of the embankment. This report summarizes the results of a
research project performed to address these issues. All the details of the research cannot be
covered in this summary report, which instead describes the key findings and the procedures
recommended for use by design engineers in practice. Additional information is available in
Smith (2005).

PURPOSE AND SCOPE
The primary purpose of this research was to develop a set of consistent and reliable
procedures that geotechnical engineers can use to design bridging layers in column-supported,
geosynthetic-reinforced embankments. The specific issues addressed by this research are
settlement and load transfer in the bridging layer. The findings related to settlement and bridging
layers are applicable to a wide variety of column types.

The scope of this research included:

e A review of the pertinent world-wide literature on column-supported, geosynthetic-
reinforced embankments.

e Numerical stress-strain analyses of closed-form solutions, pilot-scale laboratory
experiments, and field cases histories.

e Numerical parameter studies.

e Development of simplified analysis procedures.



e Development of recommendations for design of bridging layers in column-supported,
geosynthetic-reinforced embankments.

The scope of this report does not include the design of column-supported embankments
for slope stability, which will be addressed in a later report.

METHODS

This section describes the methods and procedures used for the literature review,
numerical stress-strain analyses, and development of analysis and design procedures.

Literature Review

The literature review was based on searches using Compendex®, Web of Science®, and
other search engines, including those supported by the American Society of Civil Engineers, the
Federal Highway Administration, and the Swedish Geotechnical Institute. The contents of
relevant journals and conference proceedings were also surveyed. Altogether, about 250
literature sources were reviewed. A comprehensive bibliography is available upon request.

Numerical Stress-Strain and Limit Equilibrium Analysis

Numerical stress-strain analyses of load transfer and settlement were performed using
FLAC (Itasca 2002a), FLAC3D (Itasca 2002b), and SAGE (Morrison et al. 1993, Bentler et al.
1999).

FLAC and FLAC3D are finite difference analysis programs that solve the equations of
motion for deformable bodies under load. FLAC performs analyses of problems in two
dimensions. In this research, FLAC was used to perform axisymmetric analyses of a unit cell
within a column-supported embankment to investigate settlement and load-transfer behavior
under long-term drained conditions. FLAC3D performs analyses of problems in three
dimensions. FLAC3D was used in this research to analyze the same issues for which FLAC was
used, but with the full three-dimensional geometry considered.

SAGE is a finite element analysis program for two dimensional problems. Like FLAC,
SAGE was used in this research to perform axisymmetric analyses of a unit cell within a column
supported embankment. The SAGE analyses served two purposes. First, the SAGE analyses
provided a check on the FLAC analyses. Second, SAGE analyses were performed to investigate
whether significant differences exist between drained and water-soil coupled consolidation
analyses of load transfer in column-supported embankments.

After the numerical analysis procedures were verified against closed-form solutions,
pilot-scale laboratory tests, and field case histories, parametric numerical analyses were
performed to determine the impacts of geometry and material property values on system
performance.



Development of Analysis and Design Procedures

Findings from the literature review, investigation of case histories, and numerical
analyses were all used to develop recommended procedures for analysis and design of bridging
layers in column-supported embankments. Procedures using simple calculations familiar to
geotechnical engineers were employed.

To facilitate the design process, a step-by-step design procedure was developed. A
Microsoft Excel® workbook was developed for performing the necessary calculations.

RESULTS

This section describes the results obtained from the literature review, the numerical
stress-strain analyses, and development of analysis and design procedures.

Literature Review

Results obtained from the literature review are grouped in the following three topic
categories: analysis methods for settlement of column-supported embankments, analysis methods
for geosynthetics in bridging layers, and general characteristics of column-supported
embankments.

Analysis Methods for Settlement of Column-Supported Embankments

For embankments supported on driven piles or drilled shafts, the embankment settlement
can be calculated by assuming that all of the embankment load is carried by the piles or drilled
shafts and using established procedures for calculating settlement of deep foundation systems.
Methods for calculating the settlement of driven pile and drilled shaft foundation systems are
described by Hannigan et al. (1997) and O’Neill and Reese (1999), among others.

For embankments supported on deep-mixing-method columns, the settlement magnitude
is determined by assuming equal strains for both the soft clay and the stiff column (Broms 1999,
CDIT 2002, EuroSoilStab 2002). Equal strains are achieved by assuming that the vertical stress
increments from the embankment and surcharge on the columns and the soil between columns
are applied in the same proportion as the value of Young’s modulus of the column, E, is to the
value of the constrained modulus of the soil, M. The implicit assumptions behind using Eco
and Mg are that a stiff column is not significantly restrained from lateral expansion by the soft
soil but that the overall system geometry does provide lateral restraint for the soft soil in a unit
cell. For columns installed by the deep mixing method, the modulus evaluated at 50% of the
unconfined compressive strength, Eso, is often used for Eco.

Broms (1991) presents a load-spread method for calculating the compression of strata
beneath columns installed by the deep mixing method.



Procedures for calculating settlement of embankments and structures supported on stone
columns are described by Barksdale and Bachus (1983) and Pribe (1995). These procedures are
summarized in an appendix of the dissertation by Smith (2005).

Russell et al. (2003) present a straight-forward method for including the effect of
compliance at the base of the embankment on overall embankment settlement. In this approach,
the volume of the differential settlement depression of the soft soil between the columns is
distributed across the embankment to calculate a settlement component at the embankment
surface. This approach is thought to be conservative because it does not consider expansion of
the embankment soil that may occur due to dilatancy and reduction in normal stress above the
foundation soil as consolidation proceeds.

Analysis Methods for Geosynthetics in Bridging Layers

Analysis methods have been published for vertical pressure acting on, as well as the
resulting strain and tension developing in, geosynthetic reinforcement in bridging layers at the
base of column-supported embankments.

Vertical Loads Acting on Geosynthetics in Bridging Layers

Several published methods for calculating the vertical loads applied by embankments and
surcharges to geosynthetic reinforcement in bridging layers are briefly discussed and compared
here. More details, including equations for all of the methods, are presented in Smith (2005). In
all cases, the load on the geosynthetic can be expressed in terms of the stress reduction ratio, SRR,
which is defined as the average stress on the subgrade soil or geosynthetic reinforcement
spanning between columns to the average vertical stress at the base of the embankment due to
the embankment weight plus surcharge. That is, SRR = oyl /(yH + q), where o IS the stress on
the soil between columns or pile caps, yis the unit weight of the embankment fill, H is the
embankment height, and q is the surcharge pressure at the surface of the embankment. oy is
often used as the vertical stress on the geosynthetic for the purpose of calculating strains and
tension in the geosynthetic. For some of the methods, the reaction of the soil below the
geosynthetic is taken into account.

The British Standard “Code of practice for strengthened/reinforced soils and other fills”
(British Standards Institution 1995) has adopted an empirical method developed by Jones et al.
(1990), which is based on Martson’s equation for a positive projecting conduit. In the BS8006
Method, the stress concentration on the piles, and consequently the stress remaining to be carried
by the geosynthetic, depends on the pile type and the pile support condition.

The Adapted Terzaghi Method was developed by Russell and Pierpoint (1997) by
modifying Terzaghi’s arching analysis to account for the three dimensional shape of the settling
soil mass in the embankment above the foundation soil between the columns. Russell and
Pierpoint applied a lateral earth pressure coefficient of unity in their Adapted Terzaghi Method.
Later, Russell et al. (2003) presented a modified version of this method in which the lateral earth
pressure coefficient is taken to be 0.5 and the upper 20% of the embankment is treated as a
surcharge pressure. Both changes increase the calculated load on the geosynthetic. The decision



to treat the upper 20% of the embankment as a surcharge is intended to reduce the potential for
differential settlement at the embankment surface. Russell et al. (2003) also provide a method
for including the supporting capacity of the soil between columns based on a total stress analysis
of load transfer from the soil to the columns.

Hewlett and Randolph (1988) present a method based on a limit equilibrium analysis of a
hemispherical domed region above the columns or pile caps. The critical failure location is at
either the top of the column or the crown of the arch. Kempfert et al. (1997) adopted the Hewlett
and Randolph (1988) approach, with a modification for low-height embankments and for
inclusion of subgrade support based on bearing capacity analysis.

Kempfert et al. (2004) present a method based on lower bound plasticity theory, pilot-
scale tests, and numerical analyses. Like the Hewlett and Randolph (1988) Method, Kempfert et
al. (2004) consider a domed arch spanning between columns or pile caps. Kempfert et al. (2004)
provide for subgrade support of the geosynthetic reinforcement through use of a modulus of
subgrade reaction.

Guido et al. (1987) showed that inclusion of stiff geogrids in granular layers beneath
spread footings can improve bearing capacity. According to Bell et al. (1994), a result of the
work by Guido et al. (1987) is that the angle of load spread through the geogrid-reinforced
cohesionless soil can conservatively be taken as 45 degrees. Bell et al. (1994) applied this
finding to evaluate an embankment with two layers of geosynthetic reinforcement supported on
vibro-concrete columns. Russell and Pierpoint (1997) adapted the approach used by Bell et al.
(1994) to determine an SRR value based on a single layer of reinforcement at the base of an
embankment fill. Russell and Pierpoint (1997) assumed that the geosynthetic reinforcement
carries a pyramid of soil that is not supported by the piles, with the ridge lines of the pyramid at
an angle of 45 degrees above the horizontal. The Russell and Pierpoint (1997) expression of
SRR is termed the Adapted Guido Method in this report.

Collin (2004) describes a refinement of the Adapted Guido Method, using approaches
similar to those described by Bell et al. (1994), Jenner et al. (1998), and Card and Carter (1995).
In Collin’s refinement of the Adapted Guido Method, the sides rather than the ridges of the
pyramid are inclined at 45 degrees above the horizontal, and at least three layers of
reinforcement are necessary within the pyramid.

Carlsson (1987) presents in Swedish a method for calculating the vertical pressure on
geosynthetic reinforcement in bridging layers. This method is discussed in English by Rogbeck
et al. (1998) and Horgan and Sarsby (2002). The Carlsson Method considers a wedge of soil
whose cross-sectional area under the arching soil can be approximated by a wedge with an
internal angle at the apex of the wedge equal to 30°. The Carlsson Method adopts a critical
height approach such that any additional overburden above the top of the wedge is transferred
directly to the columns. The critical height is 1.87 times the clear spacing between pile caps.

Several authors have demonstrated that existing methods of determining SRR values yield
very different results (Russell and Pierpoint 1997, Kempton et al. 1998, Habib et al. 2002,
Horgan and Sarsby 2002). Rogbeck et al. (1998) point out that the BS8006 Method is not



continuous, and Love and Milligan (2003) observed that the BS8006 Method does not satisfy
vertical equilibrium. For high values of the ratio of pile cap width to pile spacing, the BS8006
Method can give negative values of SRR. Russell and Pierpoint (1997) found that the Hewlett
and Randolph Method and the Adapted Terzaghi Method were the most consistent with the
results of three-dimensional numerical analyses. It is important to note that the tests conducted
by Guido et al. (1987) investigated the influence of geosynthetic reinforcement located under
footings subjected to downward loads, and these tests did not incorporate any piles or columns in
the foundation soil. Regarding adaptation of the these tests to column-supported embankments,
Love and Milligan (2003) point out that the column or pile cap reaction force acts on
geosynthetic reinforcement in the bridging layer in the opposite directions from the load due to
the overlying embankment soil; whereas, the footing loads in the laboratory tests conducted by
Guido et al. (1987) operated in the same direction as the load from the overlying soil.

Table 1 provides values of SRR determined from the existing methods discussed above
for ranges of values of a/s and H/s, where a = the pile cap width, H = the embankment height,
and s = the center-to-center spacing of the piles in a square array. The results in Table 1 were
obtained using non-yielding piles and a friction angle of 35 degrees for the embankment fill.
The subgrade soil reaction stresses mentioned by Kempfert et al. (1997), Russell et al. (2003),
and Kempfert et al. (2004) were not applied so that all methods could be compared on the same
basis. For all of the methods, it can be seen that the SRR values decrease with increasing values
of a/s and H/s, for the ranges of a/s and H/s studied. However, for a given geometry, the SRR
values vary greatly from one method to the next. For example, in the case of a/s = 0.25 and H/s
= 1.5, the SRR value from the BS8006 Method is almost 8 times that from the Adapted Guido
Method. It can also be seen that the SRR value is more sensitive to variations in the a/s value for
the BS8006 Method than for any of the other methods. The Adapted Guido Method generally
gives very low values of SRR compared to the other methods.

Table 1. SRR Values from Seven Existing Methods

SRR
als=0.25 als =0.333 als=0.5
Method H/is=1.5 His=4 H/is=1.5 His=4 H/s=15 His=4
BS8006 (1995) 0.92 0.34 0.62 0.23 0.09 0.02
Adapted Terzaghi, Ky =1 0.60 0.32 0.50 0.23 0.34 0.13
Adapted Terzaghi, Ky = 0.5 0.77 0.52 0.69 0.42 0.54 0.26
Kempfert et al. (2004) 0.55 0.46 0.43 0.34 0.23 0.15
Hewlett and Randolph (1988) 0.52 0.48 0.43 0.31 0.30 0.13
Adapted Guido 0.12 0.04 0.10 0.04 0.08 0.03
Carlsson (1987) 0.47 0.18 0.42 0.16 0.31 0.12

Strain and Tension in Geosynthetics in Bridging Layers Due to Vertical Loads

Most procedures for calculating the strain and tension that develops in geosynthetics in
bridging layers due to the vertical stresses from embankments and surcharge pressure are based
on parabolic deflection of the geosynthetic (BS8006 1995, John 1987, Russell, et al. 2003,
Rogbeck et al. 1998). These procedures also assume that the vertical loads on the geosynthetic
are transferred to the portion of geosynthetic that spans directly between adjacent columns.



The strain and tension are obtained by simultaneously satisfying vertical equilibrium and
load-strain compatibility for the geosynthetic that spans directly between adjacent columns
Lawson (1992).

John (1987) provides an exact solution to the strain for parabolic deformation. BS8006
(1995), Rogbeck et al. (1998), and Russell et al. (2003) provide close approximations to the
strain for parabolic deformation.

It is important at this point to distinguish between the BS8006 (1995) method to
determine the vertical loads acting on the geosynthetic reinforcement and the BS8006 (1995)
method to determine the strain and tension in the geosynthetic reinforcement. As shown in the
previous section, the BS8006 (1995) method for calculating the vertical load acting on the
geosynthetic is highly variable, and it is generally not in close agreement with several other
published methods. On the other hand, most published methods for calculating the strain and
tension in the geosynthetic reinforcement are similar to the BS8005 (1995) method in that they
assume a parabolic deflected shape and they transfer the vertical loads acting on the geosynthetic
to the portion of the geosynthetic that spans directly between adjacent columns. Any appropriate
method for determining the vertical load acting on the geosynthetic can be applied to the BS8006
(1995) method for calculating the strain and tension in the geosynthetic.

Many designers limit the geosynthetic strain to 5 or 6 percent, with an additional 2
percent strain allowed for creep over the design life of the structure (e.g., BS8006 1995, Rogbeck
et al. 1998).

Russell et al. (2003) describe use of high strength geosynthetics to span directly between
columns and lower strength geosynthetics to cover the entire embankment area so that the
interior portion of the unit cell is covered only by the lower strength geosynthetic. Russell et al.
(2003) provide separate methods to calculate the tension in the higher strength and lower
strength geosynthetics.

Kempfert et al. (2004) do not assume a parabolic deflected shape. Instead, they use a
theory of elastic embedded membranes to evaluate the strain and tension in the geosynthetic
reinforcement. Their results are presented in the form of a dimensionless design chart. The
tension in the geosynthetic is obtained by multiplying the strain by the geosynthetic stiffness.

General Characteristics of Column-Supported Embankments

To limit differential settlements at the embankment surface, the clear spacing between
columns or pile caps should not be too large in comparison with the embankment height.
BS8006 (1995) recommends that the embankment height should not be less than 0.7 times the
clear spacing between adjacent pile caps for square pile caps in a square array. Rogbeck et al.
(1998) recommend that the embankment height should be at least equal to the clear spacing
between pile caps, and that the embankment should be at least three feet high. Collin (2004)
recommends that the embankment height should be equal to or greater than the clear span
between columns. Kempfert et al. (2004) recommend that the embankment height should not be
less than 1.4 times the clear diagonal spacing between columns in a square array. Converting the



diagonal clear spacing to the clear spacing between adjacent columns in a square array, the
Kempert et al. (2004) recommendation for minimum embankment height is about the same as
the Rogbeck et al. (1998) and Collin (2004) recommendations. Kempfert et al. (2004) also
recommend that the diagonal clear spacing of columns in a square array not exceed 10 ft for
static loads or 8 ft for heavy live loads. Collin (2004) recommends that the clear spacing
between adjacent columns not be greater than 10 ft. Hewlett and Randolph (1988) recommend
that embankment height should be at least twice the center-to-center column spacing, which is a
much more conservative limitation than the others mentioned here.

Regarding area replacement ratio, Rogbeck et al. (1998) recommend that the area
replacement ratio should be a least 10 percent. This is consistent with the lower limit of the
trend line shown by Han and Gabr (2002) for case histories of geosynthetic-reinforced, column-
supported embankments.

According to Rogbeck et al. (1998) and Kempfert et al. (2004), the geosynthetic
reinforcement should be placed as low as possible in the bridging layer to achieve greatest
effectiveness, but some distance above the columns or pile caps should be maintained to reduce
the potential for damage to the geosynthetic at the edges of the columns or pile caps. Rogbeck et
al. (1998) indicate that the geosynthetic should be 4 in. above pile caps, and Kempfert et al.
(2004) indicate that the bottom layer of geosynthetic should not be more than 6 in. above
columns or pile caps. Kempfert et al. (2004) also recommend that, at most, two layers of
reinforcement be used and that the vertical distance between reinforcement layers should be in
the range from 6 to 12 in.

Hewlett and Randolph (1988) recommend that well compacted fill with a friction angle
of at least 30 degrees be used in the bridging layer. According to Collin (2004), select structural
fill with a friction angle greater than or equal to 35 degrees should be used in the bridging layer.
Kempfert et al. (2004) indicate that cohesionless fill with a friction angle of at least 30 degrees
should be used, although low-cohesion fill is permitted but not preferred. Naughton (personal
communication, 2006) indicates that practice in the UK varies, but that select granular fill is
often used in a 0.25 m to 1 m thick layer surrounding the geosynthetic(s) and that the overlying
portion of the embankment is generally constructed of good quality fill with low fines content
and a minimum friction angle of 30 degrees.

Results of Numerical Stress-Strain Analyses
In this section, the results of analyses performed to verify material modeling and
numerical analysis procedures are described first. Then the results of parametric numerical
analyses performed to investigate load transfer issues are described.
Verification of Numerical Analysis Procedures
Because numerical analyses are sensitive to material modeling and numerical modeling

issues, it is important that verification analyses be performed. It is also important that principles
of mechanics be followed to avoid getting the right answers for the wrong reasons. In this



research, numerical analyses of closed-form solutions, pilot-scale tests, and case histories were
performed to verify suitability of the methods employed.

Verification and mesh refinement studies were performed using the finite difference
method as implemented in FLAC (Itasca 2002a) and FLAC3D (Itasca 2002b) for axisymmetric
and 3D membranes subjected to a uniform pressure. The numerical results were in good
agreement with the closed-form solutions given by Ugural (1999). These studies, which are
presented in Smith (2005), show that membranes can be successfully represented in FLAC and
FLAC3D using thin solid mesh zones with small aspect ratios. At least two rows of mesh zones
should be used.

Kempfert et al. (2004) present the results of pilot-scale tests of a geosynthetic-reinforced,
column-supported embankment. As described in Smith (2005), drained axisymmetric FLAC
analyses were performed for these pilot-scale tests, and Figure 1 shows that the comparison
between measured and calculated stresses is good.
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Figure 1. Comparison of axisymmetric FLAC drained analyses with pilot-scale test results reported by
Kempfert et al. (2004).

The 1-95/Route 1 test embankment is a well instrumented case of an embankment
founded on columns installed by the dry method of deep mixing. The dry mix columns were
2.66 ft in diameter and installed in a triangular pattern at center-to-center spacings of 6 and 10 ft
in two different regions beneath the embankment to produce area replacement ratios of 17.9%
and 6.4%, respectively. The embankment was 18 ft high, and it was constructed with crushed
aggregate after an initial placement of approximately 3 ft of bank run sand and gravel. One side
of the test embankment consisted of a geosynthetic-reinforced retaining wall, and the other sides
of the test embankment were constructed at 2H:1V slopes. Instrumentation included settlement
plates, settlement pins, an observation well, vertical inclinometers, a horizontal inclinometer,
vibrating-wire piezometers, magnetic extensometers, pressure cells, and thermistors. The test
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embankment, as well as the material and numerical modeling details, is described in Stewart et al.
(2004) and Smith (2005).

The results of drained, axisymmetric FLAC analyses are compared with readings from
pressure cells in Figure 2. It can be seen that the agreement between measured and calculated
response is good.
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Figure 2. Measured and calculated vertical stresses at the 1-95/Route 1 test embankment.

To verify the suitability of axisymmetric analyses for investigating load transfer issues in
column-supported embankments, drained three-dimensional analyses were performed using
FLAC3D. Figure 3 shows that the three-dimensional and two-dimensional analyses give
virtually the same results. The two-dimensional axisymmetric results are smoother than the
three-dimensional analysis results due to the greater mesh refinement that is possible in two-
dimensional analyses.

To verify the suitability of drained analyses for investigating load transfer issues in
column-supported embankments, axisymmetric consolidation analyses were performed for the I-
95/Route 1 test embankment using the finite element analysis program SAGE (Morrison et al.
1993, Bentler et al. 1999), which provides efficient means for performing consolidation analyses.
First, a drained analysis was performed using SAGE. The results of the SAGE drained analysis
are compared to the results of the FLAC drained analysis in Figure 2, where it can be seen that
the results are essentially the same. Next, a consolidation analysis was performed using SAGE.
Figure 4 shows that the SAGE results are in good agreement with the time-rate of pressure
development measured in the field. Furthermore, Figure 5 shows that the results of the SAGE
analyses after completion of consolidation are in good agreement with the results of the SAGE
drained analyses.
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Figure 3. Comparison of two- and three-dimensional numerical analyses of the 1-95/Route 1 test
embankment at an elevation near the level of the pressure cells.

Numerical analyses were also performed for two additional case histories of
geosynthetic-reinforced, column-supported embankments: the A14 and the Second Severn
embankments described and analyzed by Russell and Pierpoint (1997). The axisymmetric FLAC
analyses produced values of stress reduction ratio, SRR, that are in close agreement with the
results of FLAC3D analyses by Russell and Pierpoint (1997) for the A14 embankment, but
somewhat higher than the Russell and Pierpoint (1997) values for the Second Severn
embankment. However, the axisymmetric FLAC results for the Second Severn embankment are
in better agreement with the Adapted Terzaghi Method and the Hewlett and Randolph Method
than are the FLAC3D results by Russell and Pierpoint (1997). Details of the axisymmetric
FLAC analyses for the A14 and Second Severn embankments are in Smith (2005).

These verification studies show that drained axisymmetric FLAC analyses produce
deflections and SRR values in good agreement with closed-form solutions, pilot-scale tests, and
case histories.

Although properly performed axisymmetric analyses provide good representation of the
average vertical stresses acting on geosynthetic reinforcement in bridging layers, axisymmetric
analyses cannot be expected to provide realistic calculations of strain and tension in the
geosynthetics because of (1) the orthotropic nature of geosynthetic reinforcement and (2) the
possibility of stress concentrations at the corners of pile caps, if used. Either three-dimensional
numerical analyses or a simplified representation of three-dimensional effects, like that in
BS8006 (1995), should be used to calculate the strain and tension in the geosynthetic for the
geometry of a column-supported embankment.
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Figure 4. Comparison of numerical consolidation analyses with pressure cell data for the 1-95/Route 1 test
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Figure 5. Comparison of axisymmetric SAGE drained and consolidation analyses.
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Parametric Numerical Studies to Investigate Load Transfer Issues

Parametric numerical analyses were performed to identify and quantify the effects of
factors that influence vertical load distribution among the column, geosynthetic reinforcement,
and subgrade soil in column-supported embankments. The analyses were preformed using
FLAC with the material models and the drained axisymmetric analysis procedures that were
verified against closed-form solutions, case histories, and pilot-scale experiments, as described
above. Analyses were performed with and without geosynthetic reinforcement.

The parametric studies began with analysis of a base case, and then systematic variations
of parameter values were applied. After the first round of analyses, additional cases of special
interest were analyzed. The base case geometry for embankments without geosynthetic
reinforcement in the bridging layer is shown in Figure 6, for which the column diameter and area
replacement ratio are 2.68 ft and 20%, respectively. For embankments with geosynthetic
reinforcement in the bridging layer, the base case column diameter and area replacement ratio
are 2.3 ft and 10%, respectively, which corresponds to a larger column spacing than used for
embankments without geosynthetic reinforcement. The base case material property values are
shown in Table 2. The parameters that were varied and the range of varied parameter values are
listed in Table 3. In addition to the variations listed in Table 3, the initial in-situ consolidation
condition of the clay ranged from normally consolidated to 1000 psf above the initial in-situ
vertical effective stress.

Table 2. Base case material property values
Soft Clay | Upper Sand Base Sand Column Embankment

Model type @ é’:r’r‘]j'é'l‘;?/ LEPP-MC | LEPP-MC | LEPP-MC LEPP-MC
Moist density, Ib/ft® - 115 - = Yool 125
Sat. Density, Ib/ft® 96 120 140 = Yool -
Elastic Modulus, psf - 250,000 1,000,000 5,400,000 625,000
Poisson’s Ratio 0.35 0.33 0.26 0.35 0.30
Bulk Modulus, psf - 245,098 694,444 6,000,000 520,833
Shear Modulus, psf - 93,985 396,825 2,000,000 240,835
Qu, psi - 0 0 150 0
Friction Angle, deg. - 30 40 0 35
Dilation Angle, deg. - 0 0 0 0
Critical Shear Stress Ratio 1.1 - - - -
Lambda, 4 0.35 - - - -
Kappa, x 0.035 - - - -
Specific Volume, vy 3.16 - - - -
Pressure at v, psf 100 - - - -

(@) LEPP-MC: linear-elastic, perfectly plastic soil model with a Mohr-Coulomb failure criterion.
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Figure 6. Base case axisymmetric geometry for numerical analyses.

The results of these parametric studies are described in detail in Smith (2005), and key
findings are summarized here. One important result applicable to columns installed by the deep
mixing method is that column failure occurred when the average embankment stress, yH + q,
divided by the area replacement ratio, as, was greater than about 90 percent of the unconfined
compressive strength of the columns. This occurs due to stress concentration at the edges of the
tops of the columns. The rest of the findings presented here are for column-supported
embankments with columns that are strong enough to prevent column failure.
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Table 3.

Parameter variations used for numerical analyses

Item Parameter Range of Values
Height 4to0 20 ft
Unit Weight 115 to 135 psf
Embankment Ela}stic Modul_us 250,000 to 1,000,000 psf
Poisson’s Ratio 0.26 t0 0.33
Friction Angle 30 to 40 degrees
Dilation Angle 0 to 10 degrees
Geosynthetic Stiffness 8000 te 50,000 Ib/ft
Elevation above Columns 0to9in.
Diameter 1.64 t0 4.0 ft
Columns Area replacement ratio 0.05 to 0.40 _
Unconfined Strength 30 to 700 psi
Elastic Modulus 7,500 to 175,000 psi
Upper Sand Layer Thickness Oto7ft
Thickness 18 to 38 ft
Unit Weight 83 t0 113 pcf
Soft Clay Lambda 0.17 t0 0.65
Kappa 0.017 to 0.065
Unit Weight 125 to 140 psf
Elastic Modulus 625,000 to 2,000,000 psf
Lower Sand Poisson’s Ratio 0.23100.3
Friction Angle 35 to 45 degrees
Dilation Angle 5 to 15 degrees

For embankments without geosynthetic reinforcement in the bridging layer, the findings
are expressed in terms of the SRRyqn Value, which is the vertical stress on the subgrade soil
between columns normalized by the average vertical stress from the embankment plus surcharge,

H+aq

e SRRngn Values decrease with increases in embankment height, embankment strength,
embankment modulus, and column modulus.

e SRRngn Values increase with increases in the thickness of the upper sand layer and
modulus of the soft clay. However, these analyses showed that large changes in the
modulus of the soft clay, such as would be produced by changing the clay from
normally consolidated to overconsolidated, are needed to produce significant changes
in SRRfgn Values.

¢ SRRsan values are unaffected, for practical purposes, by the thickness of the clay layer
or the density of the lower sand. It is the subgrade soil conditions near the top of the
columns that affect SRRg, Values.

e SRRngn values are affected by column diameter and spacing in complex ways. For a
fixed clear spacing between columns, SRRg, Values tend to increase with increasing
column diameter because there is decreasing stress concentration on the columns.
For a fixed column diameter, as the clear span between columns increases, the upper
sand and clay between columns is less able to span between columns, which tends to
decrease SRRmgn Values, and the embankment is also less able to span across the
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columns, which tends to increase SRRg, Values. The net effect depends on the
details of geometry and material property values.

These trends also apply for embankments with geosynthetic reinforcement in the bridging
layer. The following additional findings are expressed in terms of the SRR, value, which is the
normalized difference between the vertical stresses on the top and bottom of the geosynthetic in
the area not supported by columns. The normalization is by the average vertical stress from the
embankment plus surcharge calculated at the elevation of the geosynthetic. SRRy represents the
net vertical stress on the geosynthetic, which is the stress that causes the geosynthetic to deflect
downward and develop strain and tension.

e SRR values increase with increasing clear spacing between columns and increasing
geosynthetic stiffness.

e SRR values decrease with increasing stiffness and strength of the foundation and
embankment soils and with increasing elevation of the geosynthetic above the top of
the columns or pile caps.

The quantitative results of these parametric numerical analyses are presented in Smith
(2005). The quantitative results are also used below to show how the computational procedure
recommended for design compares with the parametric numerical analyses.

Results of Development of Analysis and Design Procedures

In this section, the practical procedures that were developed for analysis and design of
geosynthetic-reinforced bridging layers in column-supported embankments are described. These
procedures are based on the results of the literature review and numerical analyses that were
performed. First, calculation procedures for SRRpet, geosynthetic strain, geosynthetic tension,
and embankment settlement are presented. Second, a comprehensive design procedure is
described. Finally, the design and calculation procedures are illustrated with examples.

Calculation Procedures

A calculation model for the net vertical load acting on the geosynthetic was developed
based on placing the geosynthetic reinforcement at the bottom of the embankment because this is
the most effective location for the reinforcement (Rogbeck et al. 1998, Kempfert et al. 2004) and
because this is a conservative location for calculating tension in the geosynthetic. In reality, the
lowest layer of geosynthetic will be placed on a lift of granular material above the columns or
pile caps to prevent local damage to the geosynthetic, and if more than one layer of geosynthetic
is used, a lift of soil will be placed between adjacent layers of geosynthetic.

To begin, definition sketches are shown in Figures 7 and 8. Figure 7 shows pile caps laid
out in plan view. A unit cell, which consists of one pile cap and the tributary soil defined by
lines of symmetry, is also shown. For piles or columns laid out in a square array with center-to-
center spacing, s, the area of the unit cell, A, is equal to s°>. The area of the pile cap or column, A,
is equal to a® or nd./4, where a = the width of a pile cap and d. = the diameter of a column. The
area of the tributary soil, As, is A— A.. The area replacement ratio, as, is equal to Ac/A.
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Figure 8 shows an exploded profile view of a unit cell, including the vertical stresses at
the contacts above and below the geosynthetic reinforcement. Values of stress reduction ratio

applicable to the embankment, SRRemy, the geogrid, SRRy, and the foundation soil, SRR¢gn, are
defined as follows:

O soil, geot

SRRemb:% (1)
O soil,geotop — O soil,,geobot

SRRnet _ SOl geoc;/:)_l +qSOI geono (2)
O s0il,geobot

SRandn: z:l'TOqo (3)

where ool geotop = the vertical stress acting down on the top of the geosynthetic in the area
underlain by the soil foundation and ol geobot = the vertical stress acting up on the bottom of the

geosynthetic in the area underlain by the soil foundation. From Eqgs. (1) through (3), SRRemp =
SRRnet + SRandn-

Vertical equilibrium requires that

1-(1-a)SRR
O col,geotop = ( aS) b (7’H + q) 4)
s
1-(1-ag)SRR
O'col,geobot = : fdn (7’H + CI) (5)

as

where ool geotop = the vertical stress acting down on the top of the geosynthetic in the area

underlain by the column and oo geobot = the vertical stress acting up on the bottom of the
geosynthetic in the area underlain by the column.

The procedures for obtaining the stresses on the embankment, geosynthetic reinforcement,
column, and subgrade soil have several components, which are described here. First, the load-
deflection relationship for the column or pile cap penetrating up, relatively, into the embankment
IS assumed to be linear up to the maximum load condition. The linear part is approximated using
the linear-elastic solution for displacement of a circular loaded area on a semi-infinite mass, as
provided by Poulos and Davis (1974). In the terms of this application,

_ NEa® (1_ Vi Xo_col ,geotop ~ O soil,geotop ) ©6)
2E;
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where d = the relative displacement of the column or pile cap up into the embankment = the
maximum differential settlement between the subgrade soil and the top of the column or pile cap,
1t = the Poisson’s ratio of the embankment fill, and E; = the Young’s modulus value of the
embankment fill.

According to Eq. (6), at a relative displacement of d = 0, ccol,geotop = Tsoil,geotop, WhiCh
corresponds to SRRemp = 1, as shown by combining Egs. (1) and (4). With increasing relative
displacement d > 0, ocol,geotop > Osoil geotops Which corresponds to SRRemp < 1.

The limiting stress condition in the embankment above the geosynthetic reinforcement is
established by setting a lower limit on the value of SRRem, using the Adapted Terzaghi Method:

SRRomp = SRRy =m&—e‘“'*) (7)

where y = the unit weight of the embankment fill, H = the embankment height, q = the surcharge
pressure on top of the embankment, « = pKrtan(@)/As, p = the column or pile cap perimeter, Ky =
the lateral earth pressure coefficient in the embankment fill, ¢ = the friction angle of the
embankment fill. The value of Ky is set equal to 0.75, which is between the values of 1.0 used
by Russell and Pierpoint (1997) and 0.5 used by Russell et al. (2003). Eg. (7) can easily be
adapted to embankments constructed of two types of fill material, as would occur when high
quality soil is used in the bridging layer and lower quality soil is used above the bridging layer.

The Adapted Terzaghi Method was used to determine the limiting condition because this
method is simple and it provided a reasonably good fit to the results of the verified numerical
analyses, as shown below. However, other realistic methods for determining a limiting SRR
value, such as the Hewlett and Randolph (1998) Method or the Kempfert et al. (2004) Method
could be used in place of Eq. (7).

By combining Egs. (1), (4), (6), and (7), the differential settlement at yield, dyieq, can be
determined:

\/E(l—‘/f Xl— SRR JH +q)

ZaSEf

(8)

dyield =

According to this formulation, SRRemp decreases linearly from a value of oneatd =0to a
value of SRRjim at d = dyieig. FOr d > dyietd, SRRembn remains at a value of SRRjim.

The load-deflection response of the geosynthetic reinforcement was approximated by
performing axisymmetric numerical analyses of a uniformly loaded annulus of membrane
material with the inner boundary pinned, which represents the support provided by the column,
and with the outer boundary free to move vertically but not laterally, which represents the
axisymmetric approximation of lines of symmetry in the actual three-dimensional configuration
of a column-supported embankment. The details of the analyses and the results are presented in
Smith (2005). The results are closely approximated by the following expression:
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T

where d = the sag of the geosynthetic reinforcement = the maximum differential settlement

between the subgrade soil and the top of the column or pile cap and 2y = the normalized vertical
stress on the geosynthetic reinforcement, which is given by

) [A
(O_soil,geotop ~ Osoil,geobot 4|
5 T

g~ Jg (10)

where Jq = the stiffness of the geosynthetic reinforcement = Egtg, Eq = the modulus of the
geosynthetic reinforcement, and ty = the thickness of the geosynthetic reinforcement. Values of
Jg can be obtained from tension tests on wide specimens or on single rib specimens, depending
on the type of geosynthetic employed. The stress-strain response of many geosynthetics is
nonlinear, and the stiffness value should be determined at an appropriate strain magnitude. If
more than one layer of geosynthetic reinforcement is used, Jg should be set equal to the sum of
the stiffnesses of the individual layers.

The settlements of the column and the subgrade soil are determined based on the vertical
stress applied to the top of the column or pile, ool geobot, and the vertical stress applied to the

subgrade soil, osoil,geobot. AS the soil settles down with respect to the column, the soil sheds load
to the column through shear stresses at the contact between the soil and the column along the

column perimeter. The magnitude of the shear stress, z, is calculated using effective normal
stresses:

r=0",tano (11)

where o'y = the effective lateral earth pressure at the soil-column contact and ¢ = the effective
stress interface friction angle.

The value of &', is determined from
Glh = K00IV’0+AO'Ih (12)

where Ko = the initial effective lateral earth pressure coefficient at the soil-column contact, o', o =
the initial vertical effective stress in the soil, and Ac', = the increment in the lateral effective
stress at the soil-column contact due to the applied load.

The numerical analyses disclosed that the value of Ac", can be higher than would be
expected based on one-dimensional compression of the soil because the column can bulge
laterally in response to the applied load. This effect on Ao’y values is most significant for
portions of the column that are surrounded by sand. In the simplified calculation model, the
value of Ac', as well as the vertical strain of the column and sand layers adjacent to the column,
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are determined by using the solution for an elastic solid cylinder, which represents the column,
surrounded by a concentric and laterally constrained thick-walled cylinder, which represents the
soil. In the terms of this application, the relationships (after Poulos and Davis 1974) are:

Ao, = Vool (L+ 85 = Veoit (L85 ))Esgit Aol + Vsoit (L4 Vsgit J = 85 JE o1 4o (13)
(L= veo L+ ag —veoir (L -2, ))Esoil + (1_ Vsoil )2 (1-a, )Ecol
AT o) =2V 407

Ecol = E (14)
col

(1+ Vsoil )[(1_ 2Veoil 35 )Ao'soil — 283V A0y ]

(1_ Vsoil T 85 (1"' Vsoil ))Esoil
where &, = the vertical strain in the column, v, = the Poisson’s ratio of the column, E.y = the
Young’s modulus of the column, Aoy = the vertical stress increment in the column, &y = the
vertical strain in the soil, 14 = the Poisson’s ratio of the soil, Es; = the Young’s modulus of the
soil, and Aoy = the vertical stress increment in the soil.

(15)

Esoil =

If the soil surrounding the column is clay instead of sand, the vertical strain in the soil is
determined from:

Po + A0 il

Esoil =Cy l0g 0 for po = pp (16a)
0
&soil =Car l09%+ Cu logw for po < pp < po + Az (16b)
0 p
+ A0 i
Esoil =Cur Iogw for po + Aowoil < Pp (16c)
0

where C, = the compression ratio, C,, = the recompression ratio, po = initial vertical effective
stress, and p, = preconsolidation pressure of the clay.

At the elevation of the top of the columns or pile caps, Accol = Gcol,geobot ANA ATsoil =
Osoil,geobot: AS mentioned above, the value of Aocg increases with depth and the value of Ao
decreases with depth due to load transfer from the soil to the column through the shear stresses
around the column perimeter, as determined from Eq. (11). This process continues with depth
until the column settlement and the soil settlement are equal. At and below this depth, the
settlements and strains in the column and soil are equal. The compressions of the column and
the soil between columns are determined by integrating the vertical strains in the column and the
soil over the column length. The resulting soil compression represents the average compression
of the soil between columns. In reality, the settlement profile of the subgrade soil at the level of
the top of the columns is likely to be dish-shaped between columns. The difference between the
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column compression and the average soil compression is the average differential settlement at
subgrade level. To account for the dish-shaped settlement profile between columns, the
suggestion of Russell et al. (2003) that the maximum differential settlement at subgrade level, d,
may be as much as twice the average differential settlement was adopted.

The computational model described above is solved by satisfying vertical equilibrium
and requiring that the calculated values of the maximum differential settlement at subgrade level,
d, must be the same for the base of the embankment, the geosynthetic, and the underlying
foundation soil.

A Microsoft Excel® workbook named GeogridBridge was developed to solve these
equations and compute the value of SRRpe;, Which is then used to compute the strain and tension
in the geosynthetic reinforcement, as described below. The workbook may be accessed at
http://www.virginiadot.org/vtrc/main/online_reports/pdf/geogridbridge.htm. The workbook
includes the following features:

e Two different types of embankment fill are allowed so that lower quality fill can be
used above the bridging layer.

e Analyses without geosynthetic reinforcement can be performed by setting the value
of Jg equal to zero.

e The column area and properties can vary with depth so that embankments supported
on piles with pile caps can be analyzed.

e The subsurface profile can include two upper sand layers and two underlying clay
layers. The preconsolidation pressure for the clay can vary linearly within each clay
layer.

The spreadsheet was applied to the same cases analyzed in the numerical parameter study
described above. Comparisons of the resulting SRRsqn Values for column-supported
embankments without geosynthetic reinforcement and for SRRy values for column-supported
embankments with geosynthetic reinforcement are shown in Figure 9. It can be seen that the
SRRyt Values from the simplified theory tend to be greater than the SRRy values from the FLAC
analyses, which is conservative for strain and tension in the geosynthetic. The SRRynqn Values
from the simplified theory tend to be less than the SRRign Values from the FLAC analyses, which
is unconservative for calculating the settlement magnitude of column-supported embankments
without geosynthetics; however, this is countered by the conservatism that is believed to exist in
the Russell et al. (2003) procedure for estimating the component of embankment settlement due
to embankment compliance, which is discussed here.
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Figure 9. Comparison of SRR values from the simplified theory with SRR values from FLAC

For analysis of strain and tension in the geosynthetic reinforcement, the procedure
presented in BS8006 (1995) is adopted. This is essentially the same procedure as employed by
John (1987), Russell et al. (2003), Rogbeck et al. (1998), and others. In this approach, the load
acting on the shaded area in Figure 10 is assumed to be carried by the portion of the geosynthetic
reinforcement that spans directly between columns. This portion of the geosynthetic
reinforcement is assumed to deform as a parabola. The strain in the geosynthetic reinforcement,
&, 1S obtained by solving the following cubic equation:

965 —6K ey + K =0 (17)

where Ky = SRRnet(7H + q)As/(Jga), As = the area of tributary soil in a unit cell, and a = the pile
cap width. If round columns or pile caps with diameter, d, are used, then the value of a is set
equal to 0.886d. when evaluating K.
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Figure 10. Area supported by geosynthetic spanning directly between columns.

The tension in the geosynthetic reinforcement, Ty, is obtained by multiplying the strain, &,
by the stiffness, J.

The GeogridBridge workbook solves Eq. (17) using the previously computed value of
SRRyt to obtain values of strain and tension in the geosynthetic reinforcement.

The average total settlement, S, of the embankment is the sum of the embankment
compliance, Sg, the compression of the columns, Sc, and the compression of underlying
compressible material, Sy, if present:

S=Sg +Sc +Sy (18)

The approach of Russell et al. (2003) can be used to account for compliance of the
embankment at the level of the top of the columns. In this method, an approximation of the
volume of the settlement dish between columns or pile caps is uniformly distributed to produce
an increment of embankment settlement that is due to embankment compliance, Sg, according to

5. :d(lgas) (19)

where d = the maximum differential settlement of the settlement dish between columns or pile
caps computed as described above and as = the area replacement ratio.

The compression of the columns, Sc, is obtained by integrating the column strains, &o.

If compressible soil exists below the bottom of the columns, the load spread method
described by Broms (1991) can be used to calculate compression of this underlying material, Sy.
In this method, the embankment plus surcharge load is assumed to be carried down to the bottom
of the columns, and then the load is distributed across an area that increases with depth at a rate
of 1H:2V. Compression of the soil below the columns is computed using the resulting stress
increments in the usual way.
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Part of the embankment compliance settlement, Sg, occurs during construction as the
differential settlement, d, develops in response to compression of soft soil near the original
ground surface where the drainage path length is relatively short and significant consolidation
occurs relatively quickly. From the point of view of the overlying pavement, the settlement and
differential settlement of the embankment that occur as the embankment is placed and before the
pavement section is constructed are not detrimental. Only the additional settlements that occur
after pavement construction have the potential to damage the pavement. However, the entire
differential settlement, d, that occurs at subgrade level is important for the geosynthetic
reinforcement, and the foundation and embankment system should be designed to keep the
geosynthetic strains and tensions within allowable limits.

Consolidation analyses can be performed to estimate the amount of compliance
settlement that occurs prior to pavement construction. Janbu’s (1963) method for consolidation
of clay layers with non-uniform strain profiles is useful for these calculations because the
ultimate strain profile that develops in the clay between columns due to the embankment load
decreases with depth as the clay sheds load to the stiffer columns through shear stresses at the
contact between the clay and the columns.

Consolidation analyses using Janbu’s (1963) method with a linear strain profile are
incorporated in the GeogridBridge workbook, with the user providing values of the time
available for consolidation, t, and the coefficient of consolidation, c,. The time available for
consolidation, t, is the time between the mid-point of embankment construction and placement of
the pavement, as shown in Figure 11(a), or the time between the mid-point of embankment plus
preload construction and the mid-point of preload removal, as shown in Figure 11(b). In the
GeogridBridge worksheet, a single value of ¢, is used to characterize the time-rate of
consolidation of the clay even if two layers of clay are present. The value of ¢, should be
selected with judgment considering the consolidation state of the clay layers and recognizing that
most of the clay compression will occur in the upper portion of the clay deposit. The settlement
that occurs during the consolidation period is subtracted from the total settlement to determine
the average post-construction settlement of the pavement surface.

According to the published literature summarized previously, the differential settlement
of the pavement surface between a location above a column or pile cap and a location above the
existing site soil at the center of a unit cell should be small if the embankment height exceeds the
clear spacing between columns or pile caps.
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Figure 11. Time available for consolidation of an embankment constructed (a) without preload and (b) with

preload.

Design Procedure

The following step-by-step procedure is recommended for design of geosynthetic-

reinforced, column-supported embankments:

1. Collect project information, including the required embankment height, H, the

pavement and traffic surcharge loading, g, and the maximum allowable post-
construction embankment settlement, S.

Collect subsurface information, including stratigraphy, field test data, laboratory test
results, and ground water information. Develop subsurface profile(s) for design.

Select trial values of the maximum center-to-center column spacing, s, of columns in
a square array and the minimum column diameter, d, or pile cap width, a, to satisfy
all three of the following criteria, which were obtained from a synthesis of
recommendations in the literature:

a. s—a<H

b. s—a<8ft

c. as>0.10

27



If round columns of diameter, d., are used, then set a equal to 0.886d. when applying
criteria a. and b. The area replacement ratio, as, is given by a%/s? or nd./(4s).
Regarding the criterion that the clear spacing between columns, s — a, should not
exceed the embankment height, H, it is recognized that most problems with
geosynthetic-reinforced, column-supported embankments have occurred with low-
height embankments. Consequently, if s —a approaches H, special care should be
exercised to ensure that geosynthetic layers are properly placed without slack, that
high quality and well compacted GW material is used for the bridging layer, and that
a preload be considered to minimize post-construction differential settlements of
pavements.

Select a clean sand or sand and gravel for the bridging layer. This should be an SP,

SW, GW, or GP material, according to the Unified Soil Classification System.

Estimate the values of unit weight, friction angle, modulus, and Poisson’s ratio for

this material. The thickness of the bridging layer fill, Hy, should satisfy both of the

following criteria:

a. Hy>3ft

b. Hp>s—a—Hypred, Where Hy eq is an amount that the bridging layer thickness can
be reduced if an upper layer of strong soil exists at the site. The value of Hp req
should be selected by the designer using conservative engineering judgment to
reflect the bridging action that will occur in the competent surface layer.
Suggested values of Hy req are one-third the thickness of an existing surface layer
of loose sand and one-half the thickness of an existing surface layer of medium
dense sand. The value of Hy req Should never be greater than one-half the
thickness of the competent surface layer. If poor ground, such as normally
consolidated clay, peat, or very loose sand, extends to the original ground surface,
then the value of Hy g Should be set equal to zero.

Determine the embankment fill material that will be used above the bridging layer.
This may be any suitable material for embankment construction. Estimate the values
of unit weight, friction angle, modulus, and Poisson’s ratio for this material.

Design the columns or piles to be able carry the entire load from the embankment and
surcharge with an adequate factor of safety. Thus, each column should be designed to
carry an allowable load of (yH + q)s®>. Based on the results in Smith (2005), if the
columns are deep-mixing-method columns, then the unconfined compressive strength
of the columns should exceed 1.1(yH + q)/as by a suitable factor of safety.

Select a suitable layer or layers of geosynthetic reinforcement. Between one and
three layers of geosynthetic reinforcement can be used. The geosynthetic
reinforcement is treated as a single layer in the GeogridBridge workbook, with the
value of Jq set equal to the sum of the stiffnesses of the individual layers. The
geosynthetic reinforcement should be selected to satisfy the following criteria, using
the workbook to calculate the strain in the geosynthetic reinforcement, &, and the
tension in the geosynthetic reinforcement, T:
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a. & < 0.05 using the long-term geosynthetic reinforcement stiffness, Jq
b. Ty <the allowable long-term geosynthetic tensile strength of the combined layers
of geosynthetic reinforcement

Appropriate reduction factors for installation damage, creep, and degradation should
be applied to obtain the long-term strength (see Koerner 2005).

8. Calculate the average embankment settlement, S, as the sum of the embankment
compliance, Sg, the compression of the columns, Sc, and the compression of
underlying material, Sy, if significant. The sum of Sg and Sc is calculated in the
workbook. The value of Sy can be determined using the approach of Broms (1991),
in which the embankment load is transferred to the bottom of the columns and the
load is distributed with depth using a 1H:2V load spread below the bottom of the
columns. The embankment settlement, S, determined this way represents the average
settlement of the pavement surface. The differential settlement of the pavement
surface should be small if the criteria and details in steps 3 and 4 are properly
addressed.

If a significant time period elapses between the mid-point of embankment
construction and pavement placement, Janbu’s (1963) method can be used to estimate
the portion of the embankment settlement that occurs before the pavement is
constructed. The GeogridBridge workbook computes this settlement and subtracts it
from the total embankment settlement to obtain the post-construction settlement of
the pavement.

9. If the embankment settlement is too large, the design process should be repeated
using a closer column spacing, a larger area replacement ratio, stiffer geosynthetic
reinforcement, stiffer columns, and/or a preload.

10. Develop the geosynthetic details:

a. The bottom layer of geosynthetic should be placed on a lift of compacted bridging
layer material at an elevation 6 in. above the top of the columns or pile caps.

b. Each additional layer of geosynthetic, if used, should be separated from the
underlying layer of geosynthetic by a 6 in. lift of compacted bridging layer
material.

c. Adjacent sheets of geosynthetic reinforcement should be overlapped sufficiently
to transfer tension from one sheet to the next. According to Kempfert et al.
(2004), adjacent sheets should overlap by a distance equal to the column diameter,
and the overlaps should be located above the columns.

Example 1

The following example demonstrates the above design procedure, following the step-by-
step sequence described above.
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. The embankment will be 8 ft high with a pavement and traffic surcharge of 300 psf.
The post-construction embankment settlement is to be limited to 2 inches. The
pavement will be placed 60 days after embankment construction.

. The subsurface conditions are shown in Figure 12. The material property values are
obtained from field and laboratory data with an appropriate degree of conservatism.
When the embankment plus surcharge load is applied to the foundation profile in
Figure 12 without any improvement, the calculated settlement for a wide
embankment is 24 in., which greatly exceeds the allowable settlement of 2 in.

. Columns installed by the deep-mixing method are being considered for this project.
A diameter, d;, of 3 ft and a center-to-center spacing, s, of 7 ft are selected for trial.
These dimensions satisfy the criteria provided above, as follows with a = 0.886d. =
2.66 ft:

a. S—a=434ft<H=8ft
b. s—a=434ft<8ft
C. a,=0.144>0.1

. A GW sand and gravel is locally available for use in the bridging layer. The property
values of the compacted sand and gravel are estimated to be: y= 135 pcf, ¢ = 38
degrees, E = 750,000 psf, v=10.3. Because 3 ft of loose sand exists as the uppermost
foundation soil at the site, it is judged that a value of Hy req equal to 1.0 ft can be
safely applied. A bridging layer thickness, Hp, equal to 3.5 ft is selected, which
satisfies the thickness requirement because it exceeds the maximum of 3 ftand s —a -
Hb,red =3.3ft.

. An MH sandy silt is locally available for use above the bridging layer. The properties
of the compacted sandy silt are estimated to be as follows: y = 115 pcf, ¢ =30
degrees, E = 300,000 psf, v=0.33. The thickness of the sandy silt will be 4.5 ft to
make up the total embankment height of 8 ft.

. The columns are designed to be able to carry the full embankment and surcharge load
within the area of a unit cell: [(135 pcf)(3.5 ft) + (115 pcf)(4.5 ft) + 300 psf](7 ft)? =
63,000 Ib. This requires that the design value of the unconfined compressive strength,
qu, of the columns should exceed 1.1(yH + q)/as, which is equal to 68 psi for the
conditions of this example, by a suitable factor of safety. A design value of g, equal
to 150 psi was selected, and this provides a safety factor of 2.2 on the column strength.
The value of E, was estimated to be equal to 300q,, or 45,000 psi (6,500,000 psf),
and v = 0.30.

. Two layers of geosynthetic with a combined long-term stiffness of 48,000 Ib/ft and a
combined long-term allowable tensile strength of 2,000 Ib/ft are selected for trial in
the GeogridBridge workbook, whose results are shown in Figure 13. It can be seen
that the calculated value of geosynthetic strain is 0.039 and geosynthetic tension is
1,870 Ib/ft. Both values satisfy the design requirements.
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8. The calculated value of post-construction embankment settlement is 1.8 inches. This
satisfies the design requirement.

9. Since the design requirements are satisfied, further iterations are not needed.

10. The bottom layer of geosynthetic should be placed on a layer of compacted bridging
layer material at a level 6 inches above the top of the columns, and the second layer
of geosynthetic should be placed on another 6-in.-thick compacted lift of bridging
layer material.

An additional analysis of this example was performed with the following change to the
existing subsurface conditions: the upper layer of existing loose sand at the site is 6 ft thick
instead of 3 ft thick, with the ground water level remaining at the top of the clay. In this case, it
would be reasonable to judge that the value of Hy g Can be set equal to 2.0 ft, based on the 6-ft-
thickness of existing loose sand at the site. However, the required thickness of the bridging layer
material is the maximum of 3 ftand s —a — Hy req = 4.34 - 2 = 2.34 ft, so 3 ft controls as the
required bridging layer thickness. The thickness of the overlying sandy silt is 5 ft to make up the
total embankment height of 8 ft. The results from the GeogridBridge workbook analysis are
shown in Figure 14, where it can be seen that the calculated values of geosynthetic strain and
tension are 0.004 and 190 Ib/ft, respectively. This 10-fold reduction in the geosynthetic strain
and tension shows the important influence of the near-surface existing site conditions on system
performance. In the case of the thicker layer of existing sand, geosynthetic reinforcement does
not make a significant contribution to load transfer in the bridging layer, and the geosynthetic
reinforcement can be removed from the design.

Van

-

3ft Loose sand: y= 125 pcf, E = 250,000 psf, v=0.33, K, = 0.5, 6= 32 deg
V

v

7 _

Normally consolidated clay: = 100 pcf, C, = 0.22, C,4 = 0.022,
20 ft ¢, = 0.1 ft/day, v=10.35, Ko = 0.6, 5= 24 deg

Dense/hard bearing stratum

Figure 12. Subsurface profile for Example 1.
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[Example 1

Figure 13. Results from GeogridBridge workbook analysis of Example 1.

32

Bridging Layer| Embankment
Fill Fill #2 Preload

Layer Thickness, H (ft) 3.5 4.5 0.0
Total Unit Weight,  (pcf) 135 115 110
Friction Angle, ¢ (deg) 38 30 N/A
Young's Modulus, E (psf) 750,000 300,000 N/A
Poisson's Ratio, v 0.30 0.33 N/A
[Pavement plus Traffic Surcharge Pressure, q (psf) | 300|
Time Available for Consolidation, t (days) 60
Allowable Post-Construction Settlement, S 5 (in.) 2.0
Depth to Groundwater, d, (ft) 3.0
Unit Weight of Groundwater, y,, (pcf) 62.4

Exist Sand #1 | Exist Sand #2 Clay #1 Clay #2
Layer Thickness, H (ft) 3.0 0.0 20.0 0.0
Total Unit Weight,  (pcf) 125 125 100 100
Young's Modulus, E (psf) 250,000 250,000 N/A N/A
Poisson's Ratio, v 0.33 0.30 0.35 0.35
Lat. Earth Press. Coeff., K 0.50 0.50 0.60 0.60
Interface Frict. Angle btwn Soil and Column, § (deg) 32 32 24 24
Compression Ratio, C . N/A N/A 0.220 0.220
Recompression Ratio, C ., N/A N/A 0.022 0.022
Coeff. of Consol,, ¢, (ftz/day) N/A N/A 0.10
Initial Eff. Vert. Stress at Top of Layer, o'y top (psf) N/A N/A 375 1127
Preconsol. Press. at Top of Layer, pp top (Psf) N/A N/A 375 1127
Initial Eff. Vert. Stress at Bottom of Layer, o'y pot (psf) N/A N/A 1127 1127
Preconsol. Press. At Bottom of Layer, p p pot (psf) N/A N/A 1127 1127
Reduction in Required Bridging Layer Thickness, Hy, g (ft) | 1.0
Geogrid Stiffness, J (Ib/ft) 48,000
Long-term, In-Service, Allowable Geogrid Strength S (Ib/ft) 2,000

Pile Cap Column
Vertical Distance from Top to Bottom of Element, H (ft) 0.0 23.0
Column Shape (use R for round and S for square) R R
Column Diameter or Width, d . or a (ft) 3.0 3.0
Young's Modulus, E (psf) 6,500,000 6,500,000
Poisson's Ratio, v 0.30 0.30
Center-to-center spacing, s (ft) 7.0
Value Criterion

Clear Spacing, s - a (ft) 4.3 <8.0
Area Replacement Ratio at Ground Surface, a g 0.144 20.10
Bridging Layer Thickness, Hy, (ft) 3.5 23.3
Maximum differential settlement of geogrid, d (in.) 6.4 N/A
Geosynthetic Strain, ¢4 0.039 <0.05
Tension in the Geosynthetic Reinforcement, T (Ib/ft) 1,872 <2,000
Post-Construction Embankment Settlement, S (in.) 1.8 <2.0




[Example 1 with 6 ft of existing sand

Bridging Layer| Embankment
Fill Fill #2 Preload

Layer Thickness, H (ft) 3.0 5.0 0.0
Total Unit Weight, ¥ (pcf) 135 115 110
Friction Angle, ¢ (deg) 38 30 N/A
Young's Modulus, E (psf) 750,000 300,000 N/A
Poisson's Ratio, v 0.30 0.33 N/A
[Pavement plus Traffic Surcharge Pressure, q (psf) 300|
Time Available for Consolidation, t (days) 60
Allowable Post-Construction Settlement, S 5 (in.) 2.0
Depth to Groundwater, d, (ft) 6.0
Unit Weight of Groundwater, y,, (pcf) 62.4

Exist Sand #1 | Exist Sand #2 Clay #1 Clay #2
Layer Thickness, H (ft) 6.0 0.0 20.0 0.0
Total Unit Weight, ¥ (pcf) 125 125 100 100
Young's Modulus, E (psf) 250,000 250,000 N/A N/A
Poisson's Ratio, v 0.33 0.30 0.35 0.35
Lat. Earth Press. Coeff., K 0.50 0.50 0.60 0.60
Interface Frict. Angle btwn Soil and Column, § (deg) 32 32 24 24
Compression Ratio, C . N/A N/A 0.220 0.220
Recompression Ratio, C ., N/A N/A 0.022 0.022
Coeff. of Consol,, ¢, (ftz/day) N/A N/A 0.10
Initial Eff. Vert. Stress at Top of Layer, o'y top (psf) N/A N/A 750 1502
Preconsol. Press. at Top of Layer, pp top (Psf) N/A N/A 750 1502
Initial Eff. Vert. Stress at Bottom of Layer, o'y pot (psf) N/A N/A 1502 1502
Preconsol. Press. At Bottom of Layer, p p pot (psf) N/A N/A 1502 1502
Reduction in Required Bridging Layer Thickness, Hy, g (ft) 2.0
Geogrid Stiffness, J (Ib/ft) 48,000
Long-term, In-Service, Allowable Geogrid Strength S (Ib/ft) 2,000

Pile Cap Column
Vertical Distance from Top to Bottom of Element, H (ft) 0.0 26.0
Column Shape (use R for round and S for square) R R
Column Diameter or Width, d . or a (ft) 3.0 3.0
Young's Modulus, E (psf) 6,500,000 6,500,000
Poisson's Ratio, v 0.30 0.30
Center-to-center spacing, s (ft) 7.0
Value Criterion

Clear Spacing, s - a (ft) 4.3 <8.0
Area Replacement Ratio at Ground Surface, a g 0.144 20.10
Bridging Layer Thickness, Hy, (ft) 3.0 23.0
Maximum differential settlement of geogrid, d (in.) 2.0 N/A
Geosynthetic Strain, ¢4 0.004 <0.05
Tension in the Geosynthetic Reinforcement, T (Ib/ft) 188 <2,000
Post-Construction Embankment Settlement, S (in.) 0.7 <2.0

Figure 14. Results from GeogridBridge workbook analysis of Example 1 with 6-ft-thick upper sand layer.




Example 2

The following example illustrates how to represent piles with pile caps in analysis of a
pile-supported, geosynthetic-reinforced embankment.

1.

The embankment will be 14 ft high with a pavement and traffic surcharge of 300 psf.
The total embankment settlement is to be limited to 2 inches. The pavement will be
placed 90 days after embankment construction.

The subsurface conditions are shown in Figure 15. The material property values are
obtained from field and laboratory data with an appropriate degree of conservatism.
When the embankment plus surcharge load is applied to the foundation profile in
Figure 15 without any piles, the calculated settlement for a wide embankment is 41
in., which greatly exceeds the allowable settlement of 2 in.

A pile cap width, a, of 4 ft and a center-to-center spacing, s, of 11 ft are selected for
trial. These dimensions satisfy the criteria described above:

a. s—a=7ft<H=141t

b. s—a=7ft<8ft

c. a=0.132>0.1

An SW sand is locally available for use in the bridging layer. The properties of the
compacted sand are estimated to be as follows: y= 130 pcf, ¢ = 36 degrees, E =
600,000 psf, v=10.3. Because 5 ft of medium dense sand exists as the uppermost
foundation soil at the site, it is judged that a value of Hy req equal to 2.5 ft can be
safely applied. A bridging layer thickness, Hy, equal to 4.5 ft is selected, which
satisfies the thickness requirement because it equals the maximum of 3 ftand s —a -
Hb,red =45 ft.

An MH sandy silt is locally available for use above the bridging layer. The properties
of the compacted sandy silt are estimated to be as follows: y= 115 pcf, ¢ = 32
degrees, E = 300,000 psf, v=0.33. The thickness of the compacted sandy silt will be
9.5 ft to make up the total embankment height of 14 ft.

The piles are designed to be able to carry the full embankment and surcharge load
within the area of a unit cell: [(130 pcf)(4.5 ft) + (115 pcf)(9.5 ft) + 300 psf](11 ft) =
240,000 Ib. Square, 24-in. by 24-in., prestressed concrete piles are selected to support
this load. Values of E and vequal to 4,000 ksi (580,000,000 psf) and 0.2,
respectively, are selected for the pile. The same property values are assigned to the
pile cap, which is 2 feet thick.

Three layers of geosynthetic with a combined long-term stiffness of 72,000 Ib/ft and a
combined long-term allowable tensile strength of 3,000 Ib/ft are selected for trial in
the GeogridBridge workbook, whose results are shown in Figure 16. It can be seen
that the calculated value of geosynthetic strain is 0.032 and the calculated value of
geosynthetic tension is 2,300 Ib/ft. Both values satisfy the design requirements.
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-
5 ft Medium dense sand: y = 125 pcf, E = 400,000 psf, v=0.30, K, = 0.5 for pile cap,
Ko = 2 for driven pile, 6= 20 deg
7L
4 ft
B A VA
Compressible clay: y= 96 pcf, Cc = 0.24, C4 = 0.024,
c,=0.35 ftzlday, v=0.35, K, = 2 for driven piles, §= 16 deg,
and preconsolidation pressure = 1500 psf at the surface of the
clay and decreasing linearly with depth to reach a normally
consolidated condition at 4 ft below the surface of the clay and
36 ft remaining normally consolidated below that level.
7L

Dense/hard bearing stratum

Figure 15. Subsurface profile for Example 2.

8. The calculated value of post-construction embankment settlement is 2.0 inches. This
satisfies the design requirement.

9. Since the design requirements are satisfied, further iterations are not needed.

10. The bottom layer of geosynthetic should be placed on a layer of compacted bridging
layer material at a level 6 inches above the top of the columns, and the second and
third layers of geosynthetic should each be placed on additional 6-in.-thick layers of
compacted bridging layer material.

An additional analysis of this example was performed with only a 2-ft-thick upper layer
of existing sand. In this case, the value of Hy ¢q is Set equal to 1.0 ft, and the required thickness
of the bridging layer material is the maximum of 3 ftand s —a — Hpreq =11 -4 — 1 = 6 ft, so the
bridging layer thickness is set equal to 6 ft, and the thickness of the overlying sandy silt is 8 ft to
make up the total embankment height of 14 ft. The results from the GeogridBridge analysis are
shown in Figure 17, where it can be seen that a combined geogrid stiffness and strength of
216,000 Ib/ft and 9,000 Ib/ft, respectively, provide sufficient capacity to satisfy the strain and
tensile strength criteria, but the post-construction settlement criterion of 2.0 in. is slightly
exceeded by the calculated value of 2.1 in. This outcome represents a 3-fold increase in the
requirements for geogrid reinforcing, which again shows the important influence of subsurface
conditions on system performance.

In situations like this one, the designer could evaluate a larger pile cap width to reduce
the demand on the geogrid. Example 2 was analyzed once again with the 2-ft-thick upper sand
layer, but with a 5-ft-wide pile cap. Maintaining a value of Hy, req €qual to 1.0 ft, the required
bridging layer thickness is the maximum of 3 ftand s—a - Hp e =11 -5-1 =5 ft, so the
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[Example 2

Figure 16. Results from GeogridBridge workbook analysis of Example 2.
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Bridging Layer| Embankment
Fill Fill #2 Preload

Layer Thickness, H (ft) 4.5 9.5 0.0
Total Unit Weight, » (pcf) 130 115 110
Friction Angle, ¢ (deg) 36 32 N/A
Young's Modulus, E (psf) 600,000 300,000 N/A
Poisson's Ratio, v 0.30 0.33 N/A
[Pavement plus Traffic Surcharge Pressure, q (psf) | 300
Time Available for Consolidation, t (days) 90
Allowable Post-Construction Settlement, S o (in.) 2.0
Depth to Groundwater, d, (ft) 9.0
Unit Weight of Groundwater, y,, (pcf) 62.4

Exist Sand #1 [ Exist Sand #2 Clay #1 Clay #2
Layer Thickness, H (ft) 2.0 3.0 4.0 36.0
Total Unit Weight, » (pcf) 125 125 96 96
Young's Modulus, E (psf) 400,000 400,000 N/A N/A
Poisson's Ratio, v 0.30 0.30 0.35 0.35
Lat. Earth Press. Coeff., K 0.50 2.00 2.00 2.00
Interface Frict. Angle btwn Soil and Column, § (deg) 20 20 16 16
Compression Ratio, C ¢ N/A N/A 0.240 0.240
Recompression Ratio, C ., N/A N/A 0.024 0.024
Coeff. of Consol., ¢, (ft¥/day) N/A N/A 0.35
Initial Eff. Vert. Stress at Top of Layer, o'y 1op (psf) N/A N/A 625 1009
Preconsol. Press. at Top of Layer, py op (psf) N/A N/A 1500 1009
Initial Eff. Vert. Stress at Bottom of Layer, o'y pot (psf) N/A N/A 1009 2219
Preconsol. Press. At Bottom of Layer, p ot (Psf) N/A N/A 1009 2219
Reduction in Required Bridging Layer Thickness, Hy req (ft) | 25
Geogrid Stiffness, J (Ib/ft) 72,000
Long-term, In-Service, Allowable Geogrid Strength S ¢ (Ib/ft) 3,000

Pile Cap Column
Vertical Distance from Top to Bottom of Element, H (ft) 2.0 43.0
Column Shape (use R for round and S for square) S S
Column Diameter or Width, d or a (ft) 4.0 2.0
Young's Modulus, E (psf) 580,000,000{ 580,000,000
Poisson's Ratio, v 0.20 0.20
Center-to-center spacing, s (ft) 11.0
Value Criterion

Clear Spacing, s - a (ft) 7.0 <8.0
Area Replacement Ratio at Ground Surface, a g 0.132 >0.10
Bridging Layer Thickness, Hy, (ft) 4.5 245
Maximum differential settlement of geogrid, d (in.) 9.4 N/A
Geosynthetic Strain, 4 0.032 <0.05
Tension in the Geosynthetic Reinforcement, T ¢ (Ib/ft) 2,297 < 3,000
Post-Construction Embankment Settlement, S (in.) 2.0 <2.0




[Example 2 with 2-ft-thick upper sand layer

Bridging Layer| Embankment
Fill Fill #2 Preload

Layer Thickness, H (ft) 6.0 8.0 0.0
Total Unit Weight, ¥ (pcf) 130 115 110
Friction Angle, ¢ (deg) 36 32 N/A
Young's Modulus, E (psf) 600,000 300,000 N/A
Poisson's Ratio, v 0.30 0.33 N/A
[Pavement plus Traffic Surcharge Pressure, q (psf) | 300
Time Available for Consolidation, t (days) 90
Allowable Post-Construction Settlement, S 5 (in.) 2.0
Depth to Groundwater, d, (ft) 6.0
Unit Weight of Groundwater, y,, (pcf) 62.4

Exist Sand #1 | Exist Sand #2 Clay #1 Clay #2
Layer Thickness, H (ft) 2.0 0.0 4.0 36.0
Total Unit Weight, ¥ (pcf) 125 125 96 96
Young's Modulus, E (psf) 400,000 400,000 N/A N/A
Poisson's Ratio, v 0.30 0.30 0.35 0.35
Lat. Earth Press. Coeff., K 0.50 2.00 2.00 2.00
Interface Frict. Angle btwn Soil and Column, § (deg) 20 20 16 16
Compression Ratio, C . N/A N/A 0.240 0.240
Recompression Ratio, C ., N/A N/A 0.024 0.024
Coeff. of Consol,, ¢ (ftz/day) N/A N/A 0.35
Initial Eff. Vert. Stress at Top of Layer, o'y top (psf) N/A N/A 250 634
Preconsol. Press. at Top of Layer, pp top (Psf) N/A N/A 1500 634
Initial Eff. Vert. Stress at Bottom of Layer, o'y pot (psf) N/A N/A 634 1844
Preconsol. Press. At Bottom of Layer, p p pot (psf) N/A N/A 634 1844
Reduction in Required Bridging Layer Thickness, Hy, g (ft) | 1.0
Geogrid Stiffness, J (Ib/ft) 216,000
Long-term, In-Service, Allowable Geogrid Strength S (Ib/ft) 9,000

Pile Cap Column
Vertical Distance from Top to Bottom of Element, H (ft) 2.0 40.0
Column Shape (use R for round and S for square) S S
Column Diameter or Width, d . or a (ft) 4.0 2.0
Young's Modulus, E (psf) 580,000,000] 580,000,000
Poisson's Ratio, v 0.20 0.20
Center-to-center spacing, s (ft) 11.0
Value Criterion

Clear Spacing, s - a (ft) 7.0 <8.0
Area Replacement Ratio at Ground Surface, a g 0.132 20.10
Bridging Layer Thickness, Hy, (ft) 6.0 26.0
Maximum differential settlement of geogrid, d (in.) 9.9 N/A
Geosynthetic Strain, ¢4 0.036 <0.05
Tension in the Geosynthetic Reinforcement, T 4 (Ib/ft) 7,775 <9,000
Post-Construction Embankment Settlement, S (in.) 2.1 <20

Figure 17. Results from GeogridBridge workbook analysis of Example 2 with 2-ft-thick upper sand layer.
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[Example 2 with 2-ft-thick upper sand layer and 5-ft-wide pile caps

Bridging Layer| Embankment
Fill Fill #2 Preload

Layer Thickness, H (ft) 5.0 9.0 0.0
Total Unit Weight,  (pcf) 130 115 110
Friction Angle, ¢ (deg) 36 32 N/A
Young's Modulus, E (psf) 600,000 300,000 N/A
Poisson's Ratio, v 0.30 0.33 N/A
[Pavement plus Traffic Surcharge Pressure, q (psf) | 300
Time Available for Consolidation, t (days) 90
Allowable Post-Construction Settlement, S 5 (in.) 2.0
Depth to Groundwater, d, (ft) 6.0
Unit Weight of Groundwater, y,, (pcf) 62.4

Exist Sand #1 | Exist Sand #2 Clay #1 Clay #2
Layer Thickness, H (ft) 2.0 0.0 4.0 36.0
Total Unit Weight,  (pcf) 125 125 96 96
Young's Modulus, E (psf) 400,000 400,000 N/A N/A
Poisson's Ratio, v 0.30 0.30 0.35 0.35
Lat. Earth Press. Coeff., K 0.50 2.00 2.00 2.00
Interface Frict. Angle btwn Soil and Column, § (deg) 20 20 16 16
Compression Ratio, C . N/A N/A 0.240 0.240
Recompression Ratio, C ., N/A N/A 0.024 0.024
Coeff. of Consol,, ¢ (ftz/day) N/A N/A 0.35
Initial Eff. Vert. Stress at Top of Layer, o'y top (psf) N/A N/A 250 634
Preconsol. Press. at Top of Layer, pp top (Psf) N/A N/A 1500 634
Initial Eff. Vert. Stress at Bottom of Layer, o'y pot (psf) N/A N/A 634 1844
Preconsol. Press. At Bottom of Layer, p p pot (psf) N/A N/A 634 1844
Reduction in Required Bridging Layer Thickness, Hy, g (ft) | 1.0
Geogrid Stiffness, J (Ib/ft) 72,000
Long-term, In-Service, Allowable Geogrid Strength S (Ib/ft) 3,000

Pile Cap Column
Vertical Distance from Top to Bottom of Element, H (ft) 2.0 40.0
Column Shape (use R for round and S for square) S S
Column Diameter or Width, d . or a (ft) 5.0 2.0
Young's Modulus, E (psf) 580,000,000] 580,000,000
Poisson's Ratio, v 0.20 0.20
Center-to-center spacing, s (ft) 11.0
Value Criterion

Clear Spacing, s - a (ft) 6.0 <8.0
Area Replacement Ratio at Ground Surface, a g 0.207 20.10
Bridging Layer Thickness, Hy, (ft) 5.0 25.0
Maximum differential settlement of geogrid, d (in.) 9.2 N/A
Geosynthetic Strain, ¢4 0.040 <0.05
Tension in the Geosynthetic Reinforcement, T 4 (Ib/ft) 2,908 < 3,000
Post-Construction Embankment Settlement, S (in.) 1.8 <20

Figure 18. Results from GeogridBridge workbook analysis of Example 2 with 2-ft-thick upper sand layer and
with 5-ft-wide pile caps.
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bridging layer thickness is set equal to 5 ft. The thickness of the overlying sandy silt is 9 ft to
make up the total embankment height of 14 ft. The results from a GeogridBridge analysis of this
case are presented in Figure 18, which shows that all design requirements are satisfied by the
wider pile cap combined with the original combined geogrid stiffness and strength of 72,000 lb/ft
and 3,000 Ib/ft, respectively. Using 5-ft-wide pile caps at an 11-ft center-to-center spacing
produces an area replacement ratio of 21%.

DISCUSSION

This section presents discussion of the results from the literature review, the numerical
stress-strain analyses, and development of the analysis and design procedures.

Literature Review

There is general agreement in the literature regarding suitable procedures for estimating
compression of ground improved or reinforced with piles or other columns, as well for
estimating the compression of ground underneath the columns.

Regarding the component of settlement due to embankment compliance, Russell et al.
(2003) acknowledge that their procedure is approximate. Refinements in this procedure based on
careful numerical analyses and field measurements would be beneficial. Such analyses could
also be used to develop a rational procedure for relating differential settlements at the base of the
embankment to differential settlements at the ground surface. At present, differential settlements
at the embankment surface are controlled to a large extent by using rules of thumb relating
maximum column spacing to embankment height.

There is not widespread agreement in the literature regarding methods to calculate the
limiting value of vertical load that embankments apply to geosynthetic reinforcement in column-
supported embankments. However, it is the authors’ opinion that the Adapted Terzaghi Method
(Russell and Pierpoint 1997), the Hewlett and Randolph Method (1988), and the Kempfert et al.
(2004) Method show the most promise because they are based on principles of mechanics and
have been verified by tests and analyses. Neither the BS8006 (1995) method nor the Adapted
Guido Method (Russell and Pierpoint 1997) appears to the authors to be suitable for the purpose
of determining the limiting value of vertical load acting on geosynthetic reinforcement.

Most methods presented in the literature for calculating the strain and tension that
develop in geosynthetic reinforcement in column-supported embankments are similar to the
method presented in BS8006 (1995). An important exception is the method developed by
Kempfert et al. (2004), which is based on a theory of an elastic embedded membrane. For the
same vertical load, geometry, and geosynthetic stiffness, the Kempfert et al. (2004) method
produces higher strains in the geosynthetic than does the BS8006 (1995) method. The BS8006
(1995) method for calculating the strain and tension in geosynthetic reinforcement was adopted
in the procedure recommended in this report. Further measurements and analyses are warranted
to determine which method best reflects performance in practice.
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There are some variations in recommendations in the literature regarding system details,
such as limiting column spacing versus embankment height, positioning of reinforcement layers,
and quality and thickness of bridging layer fill. The approaches adopted here follow the
dominate usage found in the literature.

Numerical Analyses

The numerical analyses employed in this research were verified against closed-form
solutions, pilot-scale tests, and case histories. The verified numerical methods were used in a
parameter study that showed (1) logical increases in SRRy Values with increases in clear spacing
between columns and increasing geosynthetic stiffness and (2) logical decreases in SRRy values
with increasing stiffness and strength of the foundation and embankment soils and with
increasing elevation of the geosynthetic above the top of the columns or pile caps

The verified numerical analysis procedures were applied to a range of system parameter
variations, and the results were used to validate the simplified computational model for SRRpet
that was developed and implemented in a Microsoft Excel® workbook.

Analysis and Design Procedures

Simplified procedures were developed for analysis and design of column-supported,
geosynthetic-reinforced embankments based on results of the literature review and the numerical
analyses. The analysis procedures are for settlement and load transfer, but not for embankment
stability, which will be addressed in a later report. The analysis procedures were implemented in
a workbook that permits substantial flexibility in embankment conditions, foundation conditions,
and column type. The columns can be driven piles with pile caps, vibro-concrete columns, or
other types of columns. The workbook is easy to use, and it solves the nonlinear simultaneous
equations that yield values of strain in the geosynthetic, tension in the geosynthetic, and
embankment settlement.

The design procedures that were developed around the simplified computational model
incorporate features of practice that have been reported in the literature for column-supported,
geosynthetic-reinforced embankments.

Both the numerical analyses and the simplified analysis procedure demonstrate the
important impact that subgrade support has on the net vertical loads that are applied to
geosynthetic reinforcement. If the subgrade support is good, like that provided by a layer of
medium dense sand or stiff clay, and if the clear spacing between columns or pile caps is not too
large, geosynthetic reinforcement does not have a significant effect on system performance. If
the subgrade support is poor, like that provided by normally consolidated clay or peat, and if the
clear spacing between columns or pile caps is large, it can become difficult to provide enough
geosynthetic reinforcement to support the applied loads and limit deformations to acceptable
magnitudes. In such cases, it may be necessary to reduce the clear spacing between columns or
pile caps. For appropriate column spacings and subgrade support conditions, geosynthetic
reinforcement can enhance system performance.
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CONCLUSIONS

Although the literature exhibits substantial agreement among many aspects of design of
column-supported, geosynthetic-reinforced embankments, there is disagreement among methods
to determine the magnitude of vertical load that acts on the geosynthetic reinforcement in these
systems. A key finding of this research is that a mechanistically based method, such as the
Adapted Terzaghi Method (Russell and Pierpoint 1998), can be used in combination with the
stiffnesses of the embankment, geosynthetic, and the foundation system to rationally evaluate the
net load on the geosynthetic reinforcement. The net load can then be used to rationally evaluate
the strain and tension in the geosynthetic.

RECOMMENDATIONS

1. VDOT’s geotechnical engineers should use the procedures described in this report to design
column-supported, geosynthetic-reinforced embankments based on considerations of
settlement and load-transfer in bridging layers.

2. The Virginia Transportation Research Council should further improve the state of practice by
completing research on the following:

e Animproved method should be developed to relate embankment compliance at subgrade
level to total and differential settlement of the embankment surface.

e Additional three-dimensional numerical analyses should be performed to further
investigate strain and tension in the geosynthetic reinforcement. In such analyses,
consideration should be given to all aspects of system geometry, including the use of
multiple layers of geosynthetic reinforcement and the influence of the plan view
orientation and vertical position of the reinforcement on its effectiveness in transferring
embankment loads to the columns.

COSTS AND BENEFITS ASSESSMENT

Because the purpose of this research is to develop analysis and design methods for
column-supported embankments, assessment of the costs and benefits of the methods must be on
a qualitative basis. The costs include the time to study, learn, and use the new methods. Another
potential cost is that there is risk associated with using new methods. However, this risk is
judged to be low because the new methods have been verifying against numerical analyses, and
the numerical analysis procedures were verified against closed-form solutions, pilot-scale tests,
and field case histories. Furthermore, any risk associated with applying the new methods can be
minimized by assuming appropriately conservative material property values. A designer can be
as conservative as he or she wants by simply choosing low values of strength and stiffness for
the embankment and foundation soils.
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The major benefits of the new methods arise from the same issues described in the
preceding paragraph as producing costs. Because the new methods are logical and implemented
in an easy-to-use workbook, they are easy to learn and apply. Because the new methods make
use of well established existing methods for column-supported embankments combined with
other well established methods from geotechnical engineering, and because extensive numerical
verification studies have been performed, the designer can have confidence that a
mechanistically sound and comprehensive procedure has been developed. As with all
geotechnical engineering design procedures, this one should be applied with sound judgment and
careful evaluation of project-specific details, including subsurface conditions, construction
methods, contracting practices, loading conditions, and performance requirements.
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