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Design of Short Aggregate Piers to
Support Highway Embankments

David J. White and Muhannad T, Suleiman

When new embankments are constructed over soft soils and existing road-
ways and embankments are widened rapidly, stahility and differential sei-
tlement problems often result. Past approaches o mitigate these problems
include overexcavation and replacement, preloading, lightweight fill,
piles and concrete caps, geosynthetic-reinforced sofl and pile-supported
embankment systems, stone columns, lime—cement columns, and deep soil
mixing. The advantages and limitations of these approaches are well
documented in the literature. An alternative approach to support highway
embankments that is less well decurnented, but that has seen increased use
in recent years, is short aggregale piers. Although the technique has been
used to support shallow spread footings, design approaches and param-
eter values have not been widely available for embankment support
applications and are not well known in the field. The engineering prop-
erties and an approach used to design short aggregate piers for the sup-
port of highway embankments are summarized, and the mechanisms of
load-settilement behavior are described, Techniques for evaluating over-
all stability, control and time rate of settlement, and bearing capacity are
summarized, Performance measurements are referenced for embankment
support projects recently constructed in Towa,

A commaon Gecurtence on transportation rehabilitation and improve-
menl projects is the addition of new traffic lanes, which requires the
widening of existing embankments. One significant problem that
occurs during this type of construction is that the added loads caused
by the imcrease in cross section of the embankment cause additional
and differential settlement below existing roadways and pavements
and below the newly added embankment sections. Embankment
foundation treatments—such as overexcavation and replacement,
preloading, lightweight fll material (1), piles and concrete caps,
geosynthetic-reinforced soil—pile-supported embankment systems
(2—), stone columns (5), lime—cement columns (6), and deep soil
mixing {7 }—may offer effective and economical solutions to these
problems. Some factors invelved in selecting a suitable treatment
method include the following:

* Construction costs,

* Safety and public relations,

* Future maintenance costs,

* Environmental considerations,

Foundation stability during construction,

Tolerable postconstruction total and differential setlements, and
* Comstruction time available (8),

.
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MNew methods for effective and economical foundation treatment
systems are needed to meet the needs of the expanding highway
infrastructure. By providing alternative foundation treatment solu-
tions, engineers and desizn-build contractors have the benefit of
selecting the best treatment for project-specific conditions in accor-
dance with the previously mentioned selection factors. An emerging
s0il improvernent method increasingly being used in transportation
construction is short aggregate piers.

Recently, short aggregate piers have been used to support a wide
range of transportation structures in lowa, including embankments,
retaining walls, bridge approach fill, a box culvert, and an unstable
pavement section (). The increased use of this technology appears
to follow a number of successful commercial projects over the last
10 years and highway engineers’ growing need to provide design
solutions that result in rapid construction. This paper provides
design guidelines used to reinforce embankment foundation soils
with short aggregate piers.

CONSTRUCTION PROCESS

The piers are installed by drilling 0.6- to 0.9-m diameter holes and
ramming thin lifts of well-graded aggregate (GW) within the holes,
For embankment support applications, the drilled holes typically
extend from approximately 2 to 8 m below grade, and center-to-
center pier spacings range from approximately 1.8 to 4.0 m. Below
the groundwater table elevation, open-graded aggregate (GF) can
be used to minimize fines contamination, and in unstable soils, tem-
porary casing and mud drilling may be used 10 provide sidewall
stability,

The first lift of compacted aggregate forms a bulb below the
bottom of a pier (estimated at a depth of approximately one pier
diameter below drill depths). Compaction for the bottom bulb is
achieved in 20 to 30 s using a beveled tamper but depends on the
soil stiffness and the aggregate compactability. A hydraulic ham-
mer striking with a frequency of approximately 5 Hz facilitates the
COMPaction process,

After constructing the bottom bulb, subsequent lifts are nomi-
nal 300 mm in thickness and also are rammed for 15 to 20 5. Dur-
ing ramming, the beveled tamper bath compacts the aggregate and
forces the aggregate laterally into the sidewalls of the hole. Others
have shown that this action ipcreases the lateral stress in sur-
rounding seil {R. L. Handy, personal communication, May 23,
2003; 1. After the desired compaction time, field quality contral
and gquality assurance operations can be carried out using a dy-
namic cong penetrometer test (DPT) and the bottom stabilization
test (BST). The DPT is used in general accordance with the proce-
dure described in ASTM STP 39% (1]} to verify densification near
the top of the pier, A DPT measurement of at least 15 blows/4.4 cm
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" penerally is considered adequate. The BST is used to monitor com-

paction near the bottom of the pier and is performed by subjecting
a compacted lift to an additional 15 s of compaction time and mea-
suring vertical compression of the lift. Acceptable BST results can
be calibrated from a project load test pier and typically vary from
approximately 2 to 4 cm. On average, a three-person erew consist-
ing of a driller, hammer operator, and loader install 40 to 60 piers
per day.

TEST RESLLTS SHOWING
EFFECTS OF CONSTRUCTION

The construction process results in the following engineering prop-
erties: pier shear strength parameters, lateral earth pressure, matrix
soil compressibility.

Pier Shear Strength Parameters

The shear strength of the placed and compacted aggregate has been
measured using in sito direct shear strength tests using a ring setup
(12} and laboratory triaxial tests conducted on a wide range of com-
pacted aggregates (J3). Test results are shown in Figure 1. Direct
shear (i.e., plane—strain) results indicate the friction angle, ¢, vanies
from 49° 1o 52° with no cohesion, ¢. For a wide range of natural and
recycled aggregates, the tnaxial compression (i.e., Symmetric strain)
1ests yield average values of ¢ = 48° and ¢ = 30 kPa. The source of
spparent cohesion is aggregate interlock. To simulate field con-
ditions, triaxial 1est specimens were prepared using an Impact
compaction method that resulted in an average relative density of
approximately 140%.

Lateral Earth Pressure

Field measurements show that the radial expansion that occurs dur-
ing compaction induces lateral strain in the matrix soil surrounding
the piers. Measured profiles of inclinometer tube deflections before
and after pier installations for a 0.76-m digmeter x 3-m-long pier
installed in soft clay (undrained shear strength, 5, = 31 kPa measured
from undrained unconsolidated tnaxial compression (esis) are pre-
sented in Figure 2. At a radial distance of 0.17 m from the edge of
the pier and 0.7 m below the dnill depth where the bottom bulb is
formed, lateral displacement was approximately § mm.

In addition 10 evidence from inclinometer profiles, lateral dis-
placements were measured at a different site by comparing the drill
hole diameter and the constructed pier diameter. Drilled holes with
an initial diameter of 0.76 m were observed to increase 1o approx-
imately 0.84 m in soft clay (s, = 28 kPa measured from consoli-
dated undrained triaxial compression tests). Handy and White
{R. L. Handy, personal communication, May 23, 2003), Lawton
and Merry (14), and White et al. (/5) have recorded lateral stress
measurements by using the K, siepped blade test and the pressure
meter test at project sites in lowa (clay of high plasticity over soft
clay), Urah (interbedded soft clay/clay of high plasticity/silt/clayey

sand), and Tennessee (soft clay). Maximum lateral stress mea-’

surements from several tests averaged approximately 120 kPa.
Lateral stress increases have been inferred from backcalculation
performed on piers subject to uplift loads and showed similar val-
wes (/6). The measurements and backcalculations support the con-
cept that at radial distances close to the piers, the lateral stress
regime may be characterized by a passive pressure condition at
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shallow depths, underlain by a zone of compacted and remolded
(densified) matrix soil.

Matrix Soil Compressibility

Handy {I7) suggested that an increase in lateral earth pressure
results in a reduction in soil compressibility. The concept is that the
lateral earth pressure increase effectively renders the matrix soil into
an overconsolidated state with a vertical compressibility smaller
than that of normally consolidated soils. The discussion is presented
for plane—strain conditions. Further research concentrating on axi-
symmetric conditions (R. L. Handy, personal communication, May
23, 2003) suggests that the lateral siress regimes are more complex
than originally thought. Tangential stress in the radial coordinate
system plays an important, yet unresolved, role in the behavior of
the soil and needs further investigation. For this reason, calculations
performed to estimate the composite compressibility of the soil to
the depth reinforced by piers generally do not include a reduction in
matrix soil compressibility. However, matrix soil coupling 1o piers
does play an important role in settlement calculations described in
the following sections.

PIER BEHAVIOR
Load Displacement

The construction process resolts in the formation of stiff pier ele-
ments. The stiffness of the piers and the behavioral modes associated
with deflection can be measured using a full-scale load test. Two gen-
eral modes of deformation have been observed: (a) bulging of the
pier with litfle bottom movement and (F) plunging of the pier with
maobilized skin friction and tip resistance. The mode of deformation
depends mainly on the pier length and shear strength—confinement
provided by the matrix soil.

Figure 3a shows the results of a load 1est for a 0.76-m-diameter x
5.4-m-long pier installed (floating) in soft clay (s, = 30 kPa measured
from consolidated undrained triaxial compression tests) W support a
highway embankment fill on I-35 near Des Moines, lowa. A telltale
was installed at the bottom of the pier; it indicates that pier bulging
is the dominant mode of deformation. At top-of-pier stresses greater
than approximately 300 kPa, the incremental slope of the top-of-pier
deflection curve is steeper than for lower stress levels, which is an
indicator of the onset of pier bulging. This behavior results in load
transfer to the matnx soil by side friction along the shaft.

Figure 3b shows the results of a load test for a 0.76-m-diameter
* 2.7-m-long pier installed (floating) in soft clay [5, = 10 to 20 kPa
measured from cone penetration test (CPT) and dilatometer test] on
1A-191 near Neola, lowa, to support a large box culvert, At stresses
greater than approximately 280 kPa, the top and bottom of the pier
exhibited an increase in incremental deflection. This behavior indi-
cates the onset of bulging and plunging of the pier. These results
suggest that side friction along the shaft and tip stresses at the bot-
tom of the pier are induced at applied stresses greater than 280 kPa.
Detailed site conditions for both load tests are described in White
etal. (9.

Stress Dissipation

Stress applied at the tops of the piers dissipates quickly with
pier depth. Figure 4 presents total stress cell measurements for
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FIGURE 1 Aversge results of sheer strength tests: (s) in situ direct shear tests [12)
and [&) triaxial compression testz on 100-mm » 200-mm-high samples (73] [Unified
Soil Classification end compactability values: SM = silty sand, 5P = poorly graded

sand, GM = silty gravel,

cells installed at different depths within a 0.76-m-diameter =
3.0-m-long pier. The pier was installed to “float™ in soft clay
{5, = 20 kPa) rather than to extend to a stiff layer. Results showed
that 50% of the load is dissipated at a depth equal to one o
two times the pier diameter (D), although approximately 80% of
the load is dissipated at three times the pier diameter. Lawton
and Merry (14) showed similar trends for & 0.91-m-diameter =
4 6-m-long pier.

Stiffness

The load test plot is used 1o determine pier stiffness, which is used
in settlement computations. The slope of the tap-of-pier stress (g,)
versus top-of-pier deflection (&) is defined as the pier stiffness (&,):

k, :% (1)



108

—0— 0.3B m
—a— 017 m

=t

5]

L5

=3

Depth below grade (m)

2 4 ] ] 10

Lateral displacement from
inclinometer profile (mm)

'.
!
0

FIGURE 2 Inclinometar profile showing lateral
straining from construction of 0.76-m-diametar x
2.81-m-long pier. Inclinomeater casings were
positioned at 0.17 m and 0.38 m from edge of pier,

From a database of more than 300 load tests in the United States,
correlations to soil type and consistency (i.e., standard penetration
test blow count value, unconfined compressive strength) show that
kp values for design range from approximately 20 1o 100 kPa/mm
(12). Further, elastic modulus values have been estimated at
approximately 90 to 190 MN/m?® (18, 19). As a comparison, re-
ported modulus values for other foundation systems are provided
in Table 1.

Stress Concentration

Compared with the matrix soil, the high stiffness of the piers
results in stress concentration to the tops of the piers during com-
pression loading. When a concrete load-transfer platform is placed
over the piers and matrix soil, the sertlement between the piers and
matrix 501l is the same and the stress concentration ratio, n (ratio
of average vertical siress applied on piers to the average vertical
stress applied to the matrix soil between piers), can be assumed to
be equal to the stiffness ratio, R, (ratio of the pier element stiffness
to the matrix soil stiffness). However, when the piers support
embankment fill with no concrete load-transfer platform, the
matrix soil may have a tendency 1o settle more than the stiff piers,
as depicted in Figure 5. This action mobilizes shear resistance in
the fill soil above the piers and increases the stress on the piers and
reduces stress on the matrix soil. This load transfer mechanism,
referred to as soil arching, is well described in the literature
(23-28). Stress concentration factors measured by Lawion and
Merry (14) for piers supporting & concrete load-transfer platform
are shown in Figure 6 and indicate an increasing amount of stress
concentration from 10 to 45 with increasing top-of-pier stress.
Stress concentration factors measured by Gaul (28) and Hoevelkamp
(19 for piers supporting embankment fills are smaller, at 2 1o 8.
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FIGURE 3 Modulus test results (g) for 0.76-m-dismeter x
5.4-m-long pier in soft clay (CPT tip resistance values = B50 to
1.000 kPal end (k) for 0.76-m-diemeter x 2.B-m-long pier in soft
clay (CPT tip resistance velues = 400 kPsl. -

Similar stress concentration values have been reported for embank-
ment fill supported by lime columns, stone columns, soil cement
columns, and concrete piles (29).

Coupling with the Matrix Soil

Similar to reported design approaches for stone columns (3) and
deep soil mixifig (30), short apgregate pier design caleulations for
settlement control include the assumption that the vertical deflection
at the top of the piers is the same as the deflection of the adjacent
matrix 50ils. This assumption 18 valid for rigid footings but can be
questioned for embankment sopport applications. Figure 7 shows
top-of-pier and matrix soil deflections for adjacent sites reinforced
with stone columns and short aggregate piers. The stone columns
fully penetrate the soft layer, whereas the short aggregate pier ele-
ments are floating (9). Settlement plate measurements (1. m = 1 m
square plate) show little differentizl settlement between the matrix
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suil and the tops of the aggregate piers and the tops of the stone
columns. At larger loads, differential settlement increases signifi-
cantly between the tops of the stone columns and the adjacent matrix
soils. These test results indicate positive coupling between the
aggregate piers and matrix soil and support the design concept of
uniform settlement for Aoating plers.

DESIGN

The first step in establishing a design is a stability analysis
(i.e., global slope stability, sliding wedge, and hearing capacity), If
stability is shown to be adequate, the next step is a settiement analy-
gis. Unlike other systems, such as driven pile or deep =oil mixing,
which usually fully penetrate the weak layer, short agaregate piers
often are designed as floating piers, thus necessitating unique
design considerations (1.e., settlement below the piers). Approaches
currently used for the design of short aggregate pier-reinforced
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structures are penerally based on those provided in the literature for
stone columns (5, 313 and modified to incorporate the aforemen-
tioned strength, stiffness, and stress concentralion characteristics.
This section describes design approaches for embankment support
applications.

Slope Stahility Analyses
Composite Shear Strength-Floating Piers

Traditional global stability analyses wsing conventional software
such as PCSTABL, UTEXAS, and SLOPE-W are implemented to
determine the number of piers required for each application, End-of-
construction factors of safety are typically 1.3 to 1.5. As shown in
Figure 5, the shear strength of the reinforced zone is evaluated vsing
composite shear strength parameter values for cohesion intercept
I:Cmposnt:' and ilng]¢ of internal friction (¢mﬂp¢n‘ﬂ:}'

For piers that do not extend to a firm layer, the composite value for
cohesion intercept is computed as the weighted average of the cohe-
siom intercept of the pier aggregate (c,) and the cohesion intercept of
the matrix soil (c,) (30

o =o() (4]

whers

A = netcross-sectional area (plan view) of pier elements in rein-
forced zone,
A, = net cross-sectional area of matrix soil in reinforced zone, and
A = gross cross-sectional area of reinforced zone.

Appropriale shear strength parameters (1.e., undrained short-term
versus drained long-term) should be selected consistent with the
case under consideration, Recognizing that the true cohesion inter-
cept of the pier aggregate is approximately 0 and defining area ratio
[R,) as the ratio of the area of the pier elements to the gross area of
the reinforced zone (R, = A,/A), Equation 2 reduces to

Coompasie = Call = B,] {3}

The eomposite value for angle of internal friction ($opmase) 15
computed using the weighted average of the tangent of the angle of

TABLE 1 Engineering Properties of Various Foundation Elements

Friction Elastic
Foundation Cuohesion Modulbus
Type (kPa) i (deprees) {MPa) Heference
Shom
Agpregate i} 48w 32 | 960190 (%
Piers
Stone
| Columns 0 5 ta 45 30 1o 70 (3, 20
Lims/Cement
o walin 210 00 1 239 (21
Deep
Soil'Cement 250t 2,250 B0 1o &5 (N
Mixing
Reinforced
Conerate Pl ~14,000 ~3{1, 00 (22}
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FIGURE 5 Aggregate pier under highway embankment to control stability and settlement.

internal friction for the pler aggregate (tand,) and the tangent of the
angle of intemal foction for the matnx soil {tandg,,);

180 i = Kolang, + (1 - K )ang, ()

Composite Shear Strength Piers Extending to
Firm Layar

When the piers extend throvgh weak embankment foundation soils
to & fiem bearing layer, the difference between the matrix soil siff-
ness and the pier stiffness can result in a concentration of stress o

]
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FIGUHE & Stress concentretion factors messured for
instrumented concrete footing [74), box culvert project [715],
and embankment support project (28].

the bottom of the pier elements. This results in a significant further
increase in the composite shear strength (5, 200

The composite shear strength of the reinforced zone is computed
in & manner similar o that discussed previously, using a weighted
average approach as presented in Equations 2 through 4. However,
the calenlations to determine the composite friction angle and cohe-
sion values incorporate additionz] terms 1o account for the siress
concentration at the failure surface:

n
e = {[—R RS 1]& tang,
f_____.,_]( R tanm} (3

imn—l}ﬂ

tan &

1
- SRRV | fi
C e sunpoisiae {[Rﬂ{ﬂ = ]1(1 Rﬁ]fu} [: :'

As described previously, typical stuffness ratio values range
from 10 to 45 when one considers traditional foundation support
spplications (14, 32) and lower design values from 2 to 8 for
embankment fill applications {J/9, 28). Design values for stress
concentration must be verified and selected with care {usually

£32), because tanfomps. 15 Sensitive to small changm in SLress
concentrafion ratio.

Sliding Wedge Analysis

Embankment construction results in lateral earth pressure develop-
ment that must be resisted by shear stresses acting at the base of the
embankment (Figure 5). If the frictional forces between the pier ele-
ments and the embankment fill are insufficient to resist the applied
shearing stress, lateral instability can occur. Calculations o deter-
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mine the safety factor against sliding of the embankment on the piers
are derived from a limit equilibrivm approach as follows:

S K + g)H = e, (1~ R) + no, tang,R L %)

where

K, = active earth pressure coefficient,
H = height of embankment,
¥ = embankment fill weight,
g, = applied stress at top of embankment,
@, = vertical stress,
L = length of the embankment, and
£ny = cohesion developed at matrix soil-embankment fll interface.

Assuming that () the embankment fill is cohesionless, and (b) pier
elements extend out from the crest of the embankment a distance

equal to 1.5H (&), the required pier replacement area is determined
from Equation 8.

109
K.(yH
gis i 0;;,} ®)
o

where § is the slope factor (e.g., for 3A:1v, §=3). Substituting n=1
into Equation & results in the maximum replacement area, R,
needed to achieve a safety factor against sliding equal to unity. The
“true” safety factor against sliding is equal to the developed stress
concentration. As deseribed previously, stress concentration factors
from 2 to 8 have been measured for embankment fll applications.
According to Holtz (8), using safety factors against sliding of at least
1.4 tor 1.5 can reduce problems of excessive lateral movement.

Ultimate Bearing Capacity

Typically, piers are designed so that they are long enough to inhibit
the development of significant bottom-of-pier tip stresses (typically
L/D = 3). Minimum required pier lengths are determined by com-
paring the top-of-pier load with the available side shearing resis-
tance, These calculations, and the performance of load tests with
telltales to demonstrate field behavior, provide assurance that shear
failure below the tips of individual piers is precluded,

As described by Barksdale and Bachus (5) and Mitchell (20), the
resistance 1o bulging of an aggregate column depends on both the lim-
iting radial stress of the matrix soil adjacent to the pier (g, 4,) and the
friction angle of the pier (,). Equation 9 describes this relationship:

s wa tan=[45 + E’zr-] ©

Hughes and Withers (33) developed the well-known approach to
evaluate the limiting radial stress (a7, ;) based on cavity expansion
theory as shown in Equation 10

E
2c(1 + m] 5

T = Fpp + c[l +1n

The limiting radial stress depends on the total radial stress afier
the installation of the pier and before the application of the founda-
tion load (o ), the matrix soil undrained shear strength (c), the
undrained modulus of the matrix soil (), and Poisson's ratio of the
matrix 50il (u). Using the simplifying assumptions

* the matrix soil lateral pressure is increased to the plane-strain
Rankine passive earth pressure value after construction (using ¢ =
209,

* the ratio of the undrained modulus to the undrained cohesion is
approximately 200, and

= Poisson’s ratio is 0.5,

Equation 10 may be simplified as shown in Equation 11:
Goum =20, +52¢c (11)

where o, is the vertical effective stress at the anticipated depth of
bulging, z;,:

. Dun(d.s + 4‘?) (12)
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The oltimate pressure that may be applied 10 the top of an aggre-
gate pier is calculated by combining Equations % and 11 to armive

at the following simplified equation assuming a pier friction angle
of 485

Gurp = 140, 4+ 35¢ (13)_

Load tests equipped with t=lltales have been used to verify the
design calculations for piers installed in soft cohesive soils (34).
Barksdale and Bachus (5) and Hoevelkamp (/%) indicate that groups
of piers are less susceptible to bulging than individual piers because
of the confinement offered by the adjacent elements. Therefare, the
single pier bearing capacity analysis is sufficient for most designs.
Typical safety factors against bearing capacity failure are from 1.2
to 1.4,

Settlement Analysas

Omnes stability ealculations satisfy the minimum reguired safety fac-
tors, setilernent caleulations are performed, Calculations for sertle-
ment control are based on a two-layer settlement analysis described
by Lawton et al, (34), Lawton and Fox (32), and Fox and Cowell (12).
Settlements within the “upper zone™ (zone of soil that is reinforced)
are computad using a weighted stiffness method that accounts for the
stiffness of the pier elements, the stiffness of the matrix seil, and the
area coverage of pier elements below the embankment. Settlements
within the “lower zone™ {zone of soils beneath the upper 2one) are
computed using conventional settlement methods. Stone columns,
desp soil mixing, and driven pile design methods typacally result in
full penetration of the compressible soil layer to avoid settlements
below the tips of the elements. Because aggregale piers are typically
shorter than other systems, design methods should include lower zone
settlements,

Upper Zone Setblemsant

The settlement in the reinforced zone (upper zone) is based on the
unit eell equilibrium method of analysis (207, The pier elements
are considered stff springs with a specific suffness {&,) and the
matrix soils are considered soft springs with a specific matrix soil
stiffness (k,). For floating piers, it is assumed that the settlements
of the tops of the aggregate piers and adjacent matrix soil are
the same.

The settlement in the upper zone may be computed by dividing
the top-of-pier stress, g, by the pier stiffness, k,. Using the assump-
tion of uniform sertlement and equations of static equilibriam, it
may be shown that the top-of-pier stress depends on the ratio of the
area coverage of the pier elements to the total foundation area (K],
the stiffness ratio between the pier elements and the matrix soil (R,
and the average bearing pressure applied to the foundation {g). This
relationship is shown in Equation 14

£
i 4
& q[ﬂ,(ﬁ; ~D+ 1] (4

The pier stiffness value for the initial design can be éstimated
using a database of load test results (12) and later confirmed or
changed using site-specific load-test results. For piers extending to
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a rigid layer, differential settlement between the matrix soil and
piers requires the substitution of &, in Eguation 14 with the stress
concentration factor, n. In this case, lower zone settlements are
neglected. '

Lower Zone Settlement

For foating piers, the zone of soil below the bottom of the piers is
considered the “lower zone,” Settlements in this zone are computed
using conventional analysis approaches that include estimating the
induced stress and the soil eompressibility. Settlements are deter-
mined using elastic theory or conventional consolidation approaches,
For projects in organic clays and peats, secondary settlement may be
& significant portion of the total settlement (20).

Siress influence factors are typically computed using Boussinesqg
or Westergaard stress influence charts and assuming that the infiu-
ence factor commences at the plane in which the load is applied
(i.e., bottom of embankment) because of the coupling of the piers w
the matrix soil and the demonstrated rapid stress dissipation with
depth within the piers.

Lateral Spreading

In addition 1o vertical settlements, lateral spreading of the embank-
ment foundation seils should be considered, especially for sensi-
tive structures such as culverts and utilities where lateral spreading
effects can be a serious problem (8). During embankment fill
placement, stress applied to the foundation soil can result in the
preconsolidation pressure being exceeded in the foundation soils.
When this occurs, continued fill placement results in undrained
shear distortion under constant effective vertical stress (35). Case
histories show that lateral displacement (Ad,) 1s approximately
equal 1o the vertical settlement (Adh) for undrained loading condi-
tions. For long-term drained conditions, however, lateral displace-
ment has been cbserved 1o be a smaller fraction of the vertical
setlement (367, Assuming {a) aggregate pier installation renders
the matrix soil into an overconsolidated state as described by Handy
{173, (b) stress concentrates on the pier elements, and {c) piers act
as a draingge pathway o facilitate a drained response, Equation 15
can be used as a simplified empirical solution to estimate lateral
spreading.

AB, = 0.245, = u.zi—‘ {15)

&

Rate of Settlernent

Dresign methods for radial drainage are based on approaches out-
lined in Hah and Ye {(37).-Short aggregate piers may be installed o
provide reductions in the settlement duration of embankments in the
following ways:

1. When constructed using open-graded stone, the piers act as
drainage elements. The incorporation of radial drainage wsually
reduces the draingge path lengths, thereby reducing the settlement
duration.

2. The stress concentration o the suff ageregate piers reduces the
amount of pressure on the matrix soil. The reduction of pressure
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results in reduced settlement between the piers (37). A modified
coefficient of radial consolidation may be incorporated in the radial
drainage calculations to account for the influence of stress con-
centration on the rate of drainage. Han and Ye (37) developed the
following equation to estimate the modified radial coefficient of
consolidation based on research performed on stone columns:

o= r:,|:1 + 1, Nil— 1] (1)

where

. = coefficient of consolidation in radial direction,
n, = steady stress concentration ratio, and
N = diameter ratio,

Gaul (28) and Hoevelkamp ({9} reported good correspondence
between measured time rates of settlement for short aggregate pier

supported structures and time rates of settlement predicted vsing the

methods presented above,

Actual Settlement Resuits

In general, the two-layer settlement methodology is found to over-
estimate predicted settlements compared with field measurements
(19, 32, 35, 38). The improved performance of the system, in com-
parison to field measurements, is thought o stem from conservative
factors inherent in the design method and the inclusion of the lower
zome in design caleulations. To improve settlement predictions, the
development of methods to more accurately measure shear strength
and stiffness parameters and more complex analyses (i.e., finite ele-
ments analysis) to model the behavior of floating pier systems is
encouraged,

SUMMARY AND CONCLUSIONS

This paper provides needed design goidelines for engineers to use
to evaluate short aggregate piers used o support highway embank-
ments. Recenl experience on transportation projects in Iowa (9)
demonstrates that short aggregate piers can be an effective founda-
tion treatment and that the proposed design guides are suitable. The
principal conclusions drawn from this paper are as follows:

* The construction process of short aggregate piers for embank-
ment applications results in the following engineering properties:
=480 52° c=0,n=2108, k, =20 to 100 kPa/mm, and E = 50
to 190 MMN/m?. g

= Slope stability analysis for embankment foundations rein-
forced with short aggregate piers is based on composile shear
strength parameters that can include the influence of stress concen-
tration for piers extending to a sgid layer,

* Sliding wedge analysis ensures that an adequate number of pier
elements are placed under the slope portion of the embankment to
resist lateral loads and is especially important for sensitive structures
(1.2, utilities)

* Two general modes of load-displacement behavior of short
aggregate piers have been observed—bulging of the pier with little
bottom movernent and plunging of the pier with mobilized skin fric-
ton and tp resistance, Typically, piers should be designed to limit
the amount of ip stress o prevent bearing capacity problems.
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* Stress cell measurements indicate that approximately 80% of
the applied stress is dissipated at a depth of three times the pier
diameter for floating piers in soft clay.

* Settlement is based on a two-layer approach—upper (rein-
forced) zone and lower (unreinforced) zone. For the upper zone, set-
tlement is calculated as the applied stress at the top of piers divided
by the pier stiffness. Settlements in the lower zone are computed

based on elastic or consolidation parameters and an assumed stress
influence factor.

* The time rate of setflements for the upper zone of the reinforced
embankment foundation is enhanced by the stiff piers, which can
concentrate stress and act as drainage pathways.

ACKNOWLEDGMENTS

The Highway Division of the lowa Department of Transportation
and the Towa Highway Research Board sponsored this study, The
authors thank Peterson Contractors, Ine,, for its assistance during test-
ing and FHW A for sponsoring instrumentation, Yermon R, Schaefer
and Kord I, Wissmann provided helpful comments while this paper
was being written. Their contributions are gratefully appreciated.

REFEREMNCES

1. Saye, 5. R..C. C. Ladd, P. C. Gerhart, J. Filz, and I. C. Volk. Embank-
ment Canstruction in an Urban Environment: The Interstate 15 Experi-
ence. Foundations and Ground Improvement, Geotechnical Special
Publicarion Mo, 113, 2001, pp. 843857

2. Han, I. Design and Construction of Embankments on Geosynthetic
Reinforced Platforms Supported by Piles. Proc, 1899 ASCEPaDOT
Geotechnical Seminar, Central Pennsylvania Section, ASCE and Penn-
sylvania Department of Transportation, Hershey, Pa., 1999, pp. 66-34.

3, Jones, T, F., C_R. Lawson, and D. 1. Ayres. Geotextile Reinforced Pile
Embankments. Proe, dth Infermational Corference on Geotextiles,
Ceomembranes and Related Praducts, The Hague, Metherlands, 1990,
pp. 155-140.

4, Tsukada, Y., T. Isoda, and T. Yamanouchi, Geogrid Subgrade Rein-
forced and Deep Foundation Improvement: Yono City, Japan. Proc,
Creapyntherc Cose Histories, International Sociery for Soil Mecharics
and Foundation Engineering, Committes TCP, Yono City, Japan, 1993,

5. Barksdale, R. [, and B C. Bachus. Design and Construction of Stone
Columes, Report No. 1 FHWARD 82026, FHW A, U5, Depanment of
Transportation, 1983,

6. Ahnberg, H., and G. Holm. The Lime Column Method. Results of
I Years Research and Practical Use as Well as Future Develop-
menss. Report Mo, 31, Swedish Geotechnical Institute, LinkSping,
Sweden, | 386,

7, Lin, K. Q.. and I. H. Wong. Use of Deep Cament Mixing (o Reduce Set-
tlement Bridge Approaches, Jowrnal of Geotechnicol and Geoenviron-
mental Exgineering, Vol, 125, No. 4, 1999, pp. 309-320.

8. Holiz, B. D. NCHRP Synthesis of Highway Practice 147; Treatment of
Problem Foundations for Highway Embankments. TRE, MNational
Research Council, Washington, 0T, 1989,

9, White, D. I, A. ). Gaul, and K., K, Hoevelkamp. Highway Applicartions
Jfor Rammed Aggregate Prers in Jowa Soils, Final Report, Iowa DOT
Fraject TR-243, CTRE Project 00-60, April, 2003,

1 Whate, .1, E.C. Lawton, and J, M. Pitt. Lateral Earth Pressure
Induced from Rammed Apgregate Fiers. Proc, 53rd Conadion Geo-
technical Conference, Montreal, Vol. 2, 2000, pp. 871-876.

11, ASTM 5TP 399, Vane Shear and Cone Penetration Resistance Testing
of In Situ Soils (papers). A Swnposium Presented ar e Sth Pocific Area
MNatipn Meeting, American Sociery of Testing and Materials, 1966,

12, Fox, M. 5., and M. ], Cowell, Geopier Foundarion and Soil Reinforce-
ment Manyol, Geopier Foundation Company, Scottsdale, Ariz., 1998,

13. White, D, 1., M. Suleiman, H. Fham, and I. Bigelow, Shear Strength
Envelopes for Aggregate used in Geopler Foundarion Construction.
Final Report, lowa State University, Ames, 2002,



=

14.

15.

14,

17T,

1%

24.

23

2%

13

24,

5.

s

17,

Lawton, E. C., and 5. M. Merry. Performance of Geopier Supported
Foundarions During Simulated Seismic Tesrs an Northbound Inier-
srare 15 Bridge over South Temple, Salt Lake City. Final Report
Mo, UUCWEEN 00-03, University of Utah, Salt Lake City, 2000.
White, I, 1., K. I. Wissmann, A. Barnes, and A. 1, Gaul. Embankment
Support: A Comparison of Stong Column and Rammed Aggregate Pier
Snil Reinforcement. Proc., 55th Canadian Georechnical Conference,
Miagara Falls, Cntario, 2002.

Caskey, J, M. Uptift Capacity of Rammed Aggregore Pier Soil Rein-
forcing Elemenrs. M5, thesis. University of Memphis, Memphis, Tean.,
2001,

Handy, B. L. Does Lateral Stress Really Influence Serlement, foarnal
af Geotechnical and Geaenvironmenial Engineering, Vol 127, No. 7,
20011, pp. 623-624.

. Wizsmann, K. 1., K. Moser, and M. A. Pando. Reducing Seitlement

Rizks in Residual Piedmont Soil Using Rammed Aggregaie Pier Ele-
ments. Foundations and Ground Tmprovement, Geotechnical Special
Publicarion Na. 113, 2001, pp. 943-957.

Hoevelkamp, K. Rammed Aggregate Pier Soil Reinforcement: Groug
Laad Texsts and Setilemens Monitoring of Large Box Cuwlvers, M5, thesis.
lowa State University, Ames, 2001

Mitchell, 1. . Sefl Improvemens: Stare af the Are. H‘csa:nu:d. ar 10tk
International Confersnce on Seil Mechanics and Foundation Engineer-
ing, Stockholm, Sweden, 1981

Kivelo, M. Undrained Shear Strength of LimefCement Columns, Proc.,
J4th International Conference on Soll Mechanics and Foundarion Engi-
neering, Wol. 3, Hamburg, Germany, 1957, pp. 1173-1176.

Han, J., and M. A. Gabr. Numerical Analysis of Geosynthetic-
Reinforced and File-Supported Earth Platforms over Soft Soil. Jowrnal
af Gearechnical and Geoenvironmental Engineering, Vol. 128, No. 1,
2002, pp. 44-53,

Terzaghi, K. Stress Distribution in Dry and in Sgurated Sand Above &
Yielding Trap Door, Proc, Tsr International Congress on Soil Mechan-
icy end Foundation Engingering, Cambridge, Mass,, 1936, pp, 307-311.
Terzaghi, K. Theoretical Sl Mechanics, John Wiley & Sons, New
York, 1943, pp. 66-75.

McMulty, J. W, An Experimental Study of Arching in Sand. Technical
Report Mo, I-674, 1.5, Army Engineer Waterways Experiment Station,
Army Corps of Engineers, Vicksburg, Miss., 1965

Handy, R. L. The Arch in Soil Arching. fournal of Geotechnical Engi-
nesring, Vol 111, Mo, 3, 1985, pp. 302-318.

Hewletr, W. 1., and M. F. Randoiph. Analysiz of Piled Embankments.
Ground Engineering, Vol 21, No. 3, 1988, pp. 12-18.

Transportation Hesearch Record 1868

28, Gaul, A. J. Embankmem Foundation Relnforcement Using Rammed
Aggregote Piers in fowa Soils. M.S. thesis. Towa Siate Universicy,
Ames, 2001,

29, Han, I, and M. Wayne, Pile-Soil-Geosynthete Imeraction on Geosyn-
thetic Reinforced/Pile Embankments over Soft Soils. Presented at 79th
Annual Meeting of the Transportation Research Board, Washington,
D.C,, 2000,

0. Bergado, D. T., T. Ruenkrairergsa, Y. Taesin, and A, 5. Balasubrama-
niam, Deep S0il Mixing Used 1o Redoce Embankment Settlement.
Giround Improvement, Vol, 3, 19509, pp, 145-162,

31. Schaefer, V. K., ed. Ground Improvement, Ground Reinforcement,
Ground Treatment: Developmems 1987-1997, Geotechnical Specialty
Publication No. 68: Proceedings of Sessions Sponsored by the Com-
mirtee on Sail Improvement and Geosynthetics of the Geo-Institute af
ASCE in Conjemction with Geo-Logan 1997 Conference Held in Logan,
Utak, July 16-18, 1997. ASCE, Alexandria, Va., 1997,

32. Lawton, E. C., and M. 5. Fox. Settlement of Structures Supported on
Marginal or Inadequate Soils Stiffened with Short Apgregae Piers.
Geotechnical Special Publicarion No. 40: Vertical and Horizonal
Deformations of Foundations and Embuntments, Vol, 2, ASCE, Atlanta,
Ga., 1994, pp, 962-974.

33, Hughes, J. M. O, and M. I. Withers. Reinforcing Soft Cohesive Soil
with Stone Columns, Grownd Engineering, Vol. 3, 1574, pp. 42-49,

34, Lawton, E. C., M. §. Fox, and B. L. Handy, Control of Settlement and
Uplift of Structures Using Short Aggregate Piers. Geotechnical Special
Publication Na, 45: In Sitw Deep Soil Improvement, ASCE, Atlanta,
Ga., 1994, pp. 121=132,

35, Leroueil, 5., F. Tavenas, C. Mieussens, and M. Peignald, Construction
Fore Pressures in Clay Foundations Under Embankments, Part 11 Gen-
eralized Behavior, Canadian Geotechnical Journal, Vol. 15, 1978,
pp. G682

36, Tavenas, F., C. Mieussens, and F. Bourges. Lateral Displacemens in
Clay Foundations Under Embankments. Canadian Geotechrical Jour-
anal, Vol. 16, Mo, 3, 1979, pp. 523-550.

37. Han, 1, and 5. Ye. Simplified Method for Consolidation Rate of Stone
Celumn Reinforced Foundations. Jowmal of Geotechnical and Geo-
environmental Engineering, Vol, 127, No. 7, 2001, pp. 587-603.

38, Wissmann, K. 1., and N_ 5. Fox. Design and Analysis of Shomt Aggre-
gate Fiers Used 1o Reinforce Soils for Foundation Support. Proc, Geo-
technical Colloguium, Technical University, Darmstadt, Germany,
Mar. 25, 2000

Publication af this paper sponsored by Transportation Earthworks Commibies.



