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Abstract: Radial stresses measured with the Ko stepped blade in saturated soils near Rammed Aggregate Piers indicate temporary
liquefaction of soil in the vicinity of the rammer. Drainage and compaction proceed during ramming of succeeding layers of the pier, such
that the final distribution of radial effective stresses follows plastic cavity expansion theory. A plastic zone and liquefaction can develop
only if the radial stress from ramming exceeds the soil compressive strength. If that condition is met, the transient hydrostatic condition
allows the zone to expand with additional ramming. A passive condition occurs where radial stresses cannot be fully contained by the
overburden pressure, in which case they approximate Rankine passive pressures. The tangential intermediate principal stress then can be
modified by ramming of adjacent piers. Stress-induced cracking in the elastic zone contributes to rapid drainage and is discussed in Part
II of this two-part series.
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Introduction

This is the first of a two-part series reporting and interpreting
stresses measured directionally in situ at various depths and dis-
tances from Rammed Aggregate Piers. Part I emphasizes changes
that occur less than 2 m from centers of the piers, and Part II the
changes that occur farther away but nevertheless influence soil
behavior closer to the pier.

Piers are rammed in place in layers with a hydraulically driven
rammer that is shaped to push the aggregate outward and impose
lateral stress on the surrounding soil. Stress measurements were

made directionally with the Ko stepped blade, which uses multiple
data points and an extrapolation procedure to remove the effects
of soil disturbance from insertion of the blade.

As ideal plastic and elastic behaviors seldom are realized in

soils because of volume changes in the plastic zone and nonre-

coverable or near-linear responses in the elastic zone, the respec-
tive terms wiIl be used without modification in this paper to des-
ignate the respective nonideal behaviors. Passive conditions

involving uplift are expected at shaIlow depths where the over-
burden pressure becomes the minor principal stress.
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Pier Construction

Rammed Aggregate Piers are constructed by boring vertical holes
and backfiIling with aggregate that is placed in nominal 0.3 m
(1 ft) layers. Each layer is rammed with a beveled rammer as
shown in Fig. 1. The rammer is attached to a hydraulic hammer
that delivers about 200-300 blows to each layer during about
30 s, after which aggregate for the next layer is dumped and
rammed into place. The total energy input per pier is comparable
to that from deep dynamic compaction, but is distributed verti-
caIly through the depth of the pier instead of being concentrated
at the ground surface (Handy et al. 1990). A pier therefore may be
considered to represent a vertical confluence of expanding cavi-
ties fiIled with compacted, graded coarse aggregate. Lateral stress
imposed on the soil may reduce consolidation settlement by simu-
lating an increase in preconsolidation pressure (Handy 2001).

The rammer is slightly smaIler than the hole diameter and is
beveled at 45° over one-half of its contact surface to increase

lateral displacement and lateral pressures from ramming (Fig. 1).
Uplift load tests indicate that side friction is consistent with high
contact stress (Caskey 2001; White et al. 2001).

Graded aggregate is used throughout the length of a pier ex-
cept in the bottom layer that is composed of a coarse, open-
graded aggregate. Additional compaction energy is applied on the
first lift to create a bulb and form a solid base for compaction of
subsequent layers (Fox and CoweIl 1998). When required to
maintain an open boring, piers are constructed with temporary
casing that is incrementaIly puIled upward prior to ramming each
new lift. A schematic diagram showing construction of a pier and
some symbols used in this paper is shown in Fig. 2.

Measuring Lateral In Situ Stress

Lateral stresses were determined with the Ko stepped blade,
which is flat and directional like a GlOtzl cell, but is long and
incorporates steps having thicknesses of 3.0, 4.5, 6.0, and
7.5 mm. Backpressured pneumatic cells are used to measure soil
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Fig. 1. Rammer used for layer compaction of Rammed Aggregate
Piers

contact pressures on each step, which as shown in Fig. 3, are
extrapolated to obtain a hypothetical stress on a zero-thickness
blade (Handy et al. 1982, 1990). Tests are rapid and provide a
redundancy of data that can be treated statistically.

A linear graph of log pressure versus the step thickness is
analogous to a linear void ratio-log pressure relationship, and
implies that for a linear relationship to exist, the soil is consoli-
dating laterally in response to pressure from each increase in
thickness of the successive steps of the blade. Timed measure-
ments indicate that excess pore pressures are incorporated into the
extrapolation, so effective lateral stresses are obtained by sub-
tracting static water pressures (Handy et al. 1982).

Stepped Blade Data Sets

Test Sequence
A boring is made to the first test depth using care to minimize the
weight imposed on the drill to avoid changing the soil pressure.
Overwashing also must be prevented near the bottom of a boring
during wash boring for the same reason. The first blade step is
pushed into soil at the bottom of the boring, and the pressure PI
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Fig. 2. Schematic diagram showing completed pier and anticipated
stress zones
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Fig. 3. Schematic diagram of Ko stepped blade showing
extrapolation of measured pressures to zero thickness step.
Measurements are made during incremental advances so each data set
is obtained at constant depth.

in Fig. 3 is measured; then the next step is pushed in and pressure
is measured sequentially on P2 and PI so the time between inser-
tion and reading the cell pressure is approximately the same at
each subdepth. Then the next step is pushed and measurements
made on cells P3, P2, and PI, and so on until the blade is inserted
to its full depth and pressures on all blade cell pressures have
been repeatedly measured. An extension of the thickest step al-
lows an additional set of measurements. Each data set consists of

four determinations at the shallowest depth, four at the next, three
at the next, two at the next, and one (which is a throwaway point)
at the fifth and deepest depth. While a total of 14 data points is
obtained from each test, the data are not pooled but remain as-
signed to the respective subdepths. The blade then is pulled and
cleaned off, and the boring is advanced to the next test depth
where the process is repeated. This results in an incremental,
more or less continuous record of lateral stress versus depth. It
should be emphasized that the blade is not designed for continu-
ous pushing, which will destroy the instrument. The blade may be
used in soft to stiff, fine to coarse-grained soils having a low
gravel content.

Interpretation

Data points that do not show an increase in pressure with increas-
ing step thickness are automatically excluded from the analysis.
This occurs: (1) if the thinnest step does not break down the soil
structure, which results in a high first point; and (2) if the thickest
step(s) induce a horizontal bearing capacity failure, which results
in a reduction in pressure. Such data are not included in the ex-
trapolation to obtain an in situ stress, but may be useful for esti-
mating a modulus and a lateral bearing capacity, respectively. Test
records indicate that about one-fourth of the data points typically
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are rejected for stress determinations because of one or the other
of these reasons, which tend to occur in stiff or soft soils, respec-
tively.

Logarithms of pressures are plotted versus step thickness as
shown in Fig. 3, and extrapolated to obtain an estimate of the
undisturbed in situ stress, PO.A further test for acceptability is the
regression coefficient R2, which should exceed 0.90 and prefer-
ably 0.95. In some instances an acceptable R2 yields an unlikely
value for PO.This is most commonly observed in soils containing
roots or gravel particles that act as hard spots and increase mea-
sured pressures, but also can occur as a result of proximity to
empty root channels or animal burrows. Data that appear to be
anomalous are retained but labeled with question marks on
graphs. Because of the large amount of data obtained, outliers
normally do not exert a large influence on central values used for
assessments of soil behavior. PO data from the several test sites

are listed in Table 1 of the Appendix to Part II in this series.

Data Plots, Precision, and Accuracy
SBT results from each boring are plotted versus depth. Because
tests are not at specific, preselected depths, lines are drawn
through maximum and minimum data points in order to define
central values and ranges at specific depths. The central value or
median and the ranges may be plotted on graphs used for inter-
pretation. Data presented later in this paper indicate that experi-
mental error is about :!:5%, and comparative data have shown
excellent agreement with results from self-boring pressuremeter
tests (Handy et al. 1982). Agreement generally is poor with inter-
pretations from dilatometer and cone tests that are not intended
for this purpose.

Theoretical Development

Plastic Zone (Tangential Minor Principal Stress)

Cavity expansion theory adapted by Baguelin et al. (1978) for
interpretation of pressure meter data indicates that radial effective
stresses in the plastic zone are distributed according to

0" r + c cot <I>= (0" rf + c cot <I>)(rlrj)Ka-l (1)

where 0"r=radial stress at a radial distance r from the center of the
expanding vertical cylinder; c=cohesion; <I>=frictionangle; and
0"rf=radial stress at the maximum failure radius rf which repre-
sents the outer boundary of the plastic zone. Ka=Rankine coeffi-
cient of active earth pressure that is a function of <1>.If c=O as a
temporary consequence of remolding, Eq. (1) becomes

, ,
( I )K-I

0"r = 0"rf r rf a (2)

By taking the logarithm and rearranging the terms, one obtains a
linear relationship of the form y =a + bx

log(O";)=[log(O"~)- (Ka -1)log rf)] + (Ka - l)log r (3)

where the term in the square brackets is constant for a particular
soil and depth. A plot of log(O";)on the y axis and log r on the x
axis therefore should yield a straight line with a negative slope
b=Ka-l. From the definition of Ka with c=O, the slope of the
plot is solely dependent on the friction angle-the lower the fric-
tion angle, whether from a low value of sliding friction or the
development of excess pore pressure, the flatter the negative
slope. It should be emphasized that the equation is written for
effective stress conditions.

Liquefaction

The cyclical operation of the hydraulic hammer driving the ram-
mer creates 7-10Hz compression waves that radiate outward
into the surrounding soil. These are followed by shear waves,
creating a dynamic condition that is conducive to temporary liq-
uefaction of saturated soil (Mitchell 1982).

Pore-water pressures near piles driven in clay are summarized
from the work of many investigators by Poulos and Davis (1979),
and may exceed effective overburden pressures close to the piles,
indicating a containment of pressure and possible liquefaction.
Liquefaction is implied by negative skin friction from reconsoli-
dation of clay near piles after driving (Fellenius and Broms 1969).
However, pore-water pressures reported by Chen et al. (1997)
indicate that liquefaction did not develop near piles driven in
loose hydraulic fill sand. Liquefaction is reported as occurring
during installation of stone columns in sand by the vibroflotation
method that involves injection of water (Broms 1991). Liquefac-
tion also occurs in susceptible soils as a result of blasting (Charlie
et al. 1992). Radial cracking is reported as contributing to rapid
drainage of soil temporarily liquefied during deep dynamic com-
paction (Broms 1991). However, it does not appear that attempts
have been made to confirm liquefaction on the basis of lateral
stress measurements. Additional evidence supporting liquefaction
is presented in Part II of this series.

Liquefaction normally is considered to occur only in granular
soils, but analogous thixotropic softening occurs in soft, saturated
clays as a result of remolding. Thixotropy involves attractions
between ionic double layers and edge-to-face bonding of clay
particles, and strength gain is a function of time instead of by
drainage alone. However, time-related strength gains also occur in
granular soils. No attempt is made to distinguish between the two
phenomena in this paper, and a process that produces a liquid
through agitation is referred to as liquefaction.

During liquefaction, total stress equals the pore-water pres-
sure, and effective stress is zero. As drainage occurs and pore-
water pressure dissipates, total stress will decrease as effective
stress increases. This process requires a decrease in total volume,
indicating that it probably occurs during compaction of succeed-
ing lifts of a pier. This is discussed in more detail with regard to
pore-water pressure measurements presented in Part II.

Passive Zone (Vertical Minor Principal Stress)

Wood and Wroth (1977) suggest that passive shearing may occur
in soil around an expanding pressuremeter when the minor prin-
cipal stress is vertical, that is, Ko> 1. Passive failure conditions
are observed at shallow depths near laterally loaded piles, where
the maximum soil resistance is somewhat higher than calculated
for the two-dimensional Rankine case (Prakash and Sharma
1989). Mackey (1966) notes that while normal design practice is
to assume two-dimensional Rankine conditions near curved sur-

faces, this is not correct because a convex geometry in effect
incorporates a larger volume of soil into the passive zone. How-
ever, his analysis also indicates that a high tangential stress inher-
ited from Ko can reduce the passive coefficient by a substantial
amount by tangential arching action. Mackey indicates that the
amount of the reduction is proportional to Ko. If <I>=30° and Kois
at the passive limit, which in this case is 3, Kp is indicated to be
3.45, close to the Rankine value for the two-dimensional case.

The Rankine formula can be modified for a radial geometry by
incorporating a dimensionless shape factor, S, which gives
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Table 1. Properties of Soils at Test Sites

Site Memphis Winterset Salt Lake City Des Moines

Soil Loess Soil profile
in loess

Band C C

CH over CL CL; variable
2.0 1.8

]4.9 and ]5.] ]7.3
37 and 26° 21°

8.6 and 8.4 Oa

6] and 54

26 and 24

28 and 25

610

Alluvium Alluvium

Pedological horizon

Classification

gwt (m)

Unit wt (kN/m.1)

<p' from BST

c' from BST (kPa)

Liquid limit (%)"

Plastic limit (%)"

Moisture (%)"

Nomina] pier
diameter (mm)

Nomina] pier

length (m)

"Tested in remolded soil in the passive zone.

"From USDA soil profile data and other sources.

C

CL

2.6

19.6

25-26oa

Oa

33-41

18-23

25-26

760

C

CL

1.9

16.5

11-30°

15-38

910 760

4.27 1.22 4.7 5.79

u~=S["I' h tan2(45 + <1>'/2) + 2e' tan(45 + <1>'/2)]

where u~=radial effective stress for passive failure; S= shape fac-
tor that for <I> =30° can be expected to vary from about 2 to 1.2,
the lower amount for overconsolidated soil; "I' = soil unit weight
on an effective stress basis; h=depth below the ground surface;
and <1>' and e' =angle of internal friction and cohesion on an ef-
fective stress basis. If e' =0, Eq. (4) simplifies to

u~=S'Y'hKp

Passive/Plastic Boundary

Passive failure of soil adjacent to and near the top of a pier puts a
cap on the allowable radial stress in that zone. In unsaturated soil
the boundary between the passive and plastic zones can be de-
fined by a simultaneous solution of Eqs. (2) and (5), which gives

h = u~(rh~f)Ka-l[KjS'Y'] (6)

where h=depth of passive failure at radial distance r; u:f=radial
stress at the normal plastic failure boundary radius rf; and
Ka=active pressure coefficient. This assumes that cohesion of the
soil temporarily is zero from remolding. The shape of the passive
zone is that of an inverted cone except that the side slopes are
concave upward.

Lateral Stress Data

Test Sites

Soil properties at four test sites involving production Rammed
Aggregate Piers are shown in Table 1. An advantage of using
production piers is that they are not "special." A disadvantage is
that after construction is completed, the site is covered by a struc-
ture and is unavailable for further tests, so unanswered questions
require testing at a different site. Two of the test sites are in
fine-grained loessial soils, one in friable, silty loess in Memphis,
Tenn., and the other in a plastic loess at Winterset in southern
Iowa. The other two sites are in alluvium that is more variable.
Lateral stress data for all test sites are listed in Table 1 to the
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Fig. 4. Latera] stresses measured prior to pier installation indicate
overconsolidation from removal of overburden and, at shallower
depths, from prior construction

~

(4) Appendix to Part II of this series, where effective stresses were

calculated by subtracting the static water pressure from respective
total stresses.

(5)

Memphis, Tennessee, Test Site

Soil at the Memphis site is relatively dense CL loess where a
building had been removed for construction of a baseball stadium.
The soil is overconsolidated as a result of prior construction and
removal of unknown amounts of overburden. Overconsolidation

is indicated by stress measurements prior to pier installation (Fig.
4), where the increase in lateral effective stress below 2.5 m depth
follows a line defined by Ko= I-sin <1>,and based on friction
angle that was measured by the borehole shear test to vary from
24 to 26°. The average unit weight of the soil estimated from
nearby site exploration data to be 19.6 kN/m3 (125 pef). As this
is a total, not a buoyant, unit weight, the deeper overconsolidation
appears to have occurred when the groundwater table was below
the lowest depth tested. An estimate of the equivalent overburden
can be obtained by extending the trend line to the ordinate as
shown by the arrow, and gives 2.6 m (8.5 ft).

High lateral stresses shallower than 2.5 m indicate a higher
degree of overconsolidation that probably is relict from the earlier
construction.

Production Rammed Aggregate Piers nominally 0.76 m
(30 in.) in diameter by 4.3 m (14 ft) long were installed, and
radial stresses were measured at five different radial distances.

Where data appeared to be inconsistent, tests were repeated in
borings made at the same distance along different radial transects
from the same pier. The closest previously installed pier was 3 m
(lOft) from the edge of the test pier.

The method of determining median values and ranges of
stresses is illustrated in Fig. 5. Ranges were determined graphi-
cally by encompassing the measured values in the shaded area,
from which a width may be measured at selected depths. Fig. 5
shows stresses measured closest to the pier where outliers are
expected as a result of uneven pier expansion during ramming.

The large increase in radial stress at and below the bottom of
the pier in Fig. 5 confirms effectiveness of increased ramming to
create a bottom bulb. The line representing passive resistance is
calculated from the unmodified Rankine coefficient with <1>=25°

.
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Fig. 5. Radialstresses measured at radial distance of 0.69 m from
pier at Memphis test site

and c=O obtained from borehole shear tests in the remolded soil.
It therefore appears that passive conditions can exist even at 4 m
depth if ramming is continued long enough. This probably is
aided by liquefaction, as will be discussed. Similar graphs were
prepared for radial distances of 1.90, 2.21, 3.43, and 4.95 m.

Apparent Stress Amplification
It later is shown that the maximum radial stress induced by ram-
ming is of the order of 100-125 kPa, depending in part on resis-
tance of the undisturbed soil. Maximum radial stresses shown in

Fig. 5 are 160-175 kPa. Because of the low ramming frequency
and short distance from the pier surface to the measurement point,
resonant amplification appears unlikely unless it might combine
influences of vertical shear waves emanating from the base of the
rammer and compression waves disseminated from the sloping
sides. Further research will be necessary to determine possible
causes for this discrepancy.

Important Inconsistency
On-site plotting of data revealed an inconsistency in radial stress
data measured at 1.90 m radial distance, so tests were repeated
along a different transect at the same distance from the same pier.
Those tests gave the same inconsistency. It later was discovered
that all of the measurements fall into one or the other of two
populations shown in Fig. 6. A statistical t-test shows less than a
0.3% probability that the data represent a single population. The
radial distance of 1.9 m therefore appears to define a boundary
between two discrete soil behaviors. The decrease in stress within

this zone is consistent with stress relief from remolding, which
suggests that this is the anticipated boundary between plastic and
elastic behavior. Boring B-5 may have received an additional
nudge because it was closer to an adjacent pier than B-4, but the
stepped blade was oriented to try and minimize that influence.
Both data populations reflect the increased radial stress from extra
ramming on aggregate in the bottom of the pier.

Lateral stresses prior to pier installation (Fig. 4) all exceeded
60 kPa, whereas stresses in the lower population of Fig. 6 are less
than 50 kPa, indicating that pre-existing lateral stress is relieved
in the plastic zone. On the other hand, most of the stresses in the
higher population in Fig. 6 are higher than the measured pre-
existing field stresses, indicating that outside of the plastic zone
ramming stress must be additive to the field stress. The total radial
stress in the elastic zone exceeds the passive limit calculated with
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Fig. 6. Two data populations at same radial distance appear to define

boundary between plastic and elastic behavior

c=O, a further indication that soil in the elastic zone has not been

remolded. The maximum radial stress in Fig. 6 is about 125 kPa,
which is consistent with the maximum stress deduced to occur at
the pier surface during ramming.

The retention of high radial stress outside of a zone of stress
relief appears to violate static equilibrium unless there is arching
action in the elastic zone. This matter is treated in Part II of this
series.

Comparison of Data with Theoretical Stress Distributions
The form of Eq. (3) indicates a linear relationship between radial
stress and distance when plotted on logarithmic axes. (As will be
shown in Part II, this also is the case for a modified elastic dis-
tribution, so similar graphs are used in that presentation.) Median
radial stresses and stress ranges measured at depths of 2, 3, and
4 m at the Memphis site are plotted in a logarithmic format in
Fig. 7. The apparent plastic/elastic boundary at 1.9 m is shown on
all three graphs in this figure, which therefore defines the plastic
zone as cylindrical and vertically oriented with a constant radius.
This suggests that the contribution of variations of the intermedi-
ate principal stress with depth is relatively small or nonexistent.

Unfortunately, data were not obtained at radial distances be-
tween 0.69 and 1.9 m, so it is not possible to confirm the pre-
dicted logarithmic linearity of stresses in the plastic zone at this
site. However, linearity was confirmed by tests at the Salt Lake
City, Utah site, as shown later in this paper.

Pier Contact Pressure

Lines extended through the median data at 0.69 and 1.9 m radii in
Fig. 7 give highly variable values for Ka, but averaging the data
gives Ka=0.33 and ~=30°, which is higher than the value of 25°
measured prior to pier installation. Lines drawn in accordance
with the average Ka are shown by dashed arrows in Fig. 7, and for
the most part are incorporated into the observed data ranges, the
exception being in the transition zone at 1.9 and 4 m depth. Ex-
tending the arrows to the nominal pier radius gives pier contact
pressures of about 100 kPa (I Tsf). Pier expansion during ram-
ming is not accounted for in the extrapolation. A similar extrapo-
lation of data from a Rammed Aggregate Piers test site in sandy
alluvial soil in Salt Lake City, Utah gave 115 and 120 kPa. As
contact pressure develops in response to resistance of the soil to
pier expansion, it may be expected to be lower in soft than in stiff
soils.
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Compaction of Plastic Zone
Backcalculated friction angles are very sensitive to the slope of
the stress-distance line, so a more reliable indication of compac-
tion is the inference that water is ejected from the plastic zone
during ramming. Evidence for this is presented in Part II of this
series.

Liquefaction and Radius of Liquefied Zone
The sawtooth graphs in Fig. 7 indicate that radial stress at the
outer boundary of the plastic zone is very nearly equal to radial
stress developed at the pier surface during ramming. This transfer
of stress is quite extraordinary, and is possible if the intervening
soil temporarily is liquefied during ramming. This also would
mean that soil at the outer boundary of the liquefied zone provides
the reaction necessary to create a contact pressure at the surface
of the pier.

As liquefaction occurs, pressure is transferred as total stress
that is hydrostatically distributed and should remain nearly con-
stant throughout the liquefied zone regardless of distance or di-
rection. It therefore can be expected that the liquefied zone will
continue to enlarge as long as ramming continues, which is sup-
ported by the data in Fig. 5 as well as by materials balance ob-
servations made during pier construction. The radial compressive
strength of soil at that boundary must be exceeded to permit re-
molding and hence liquefaction, which means that if radial stress
does not equal or exceed the horizontal compressive strength of
the soil, there can be no remolding, no liquefaction, and no plastic
zone.

Stress Sequence in Liquefied Zone
The above analysis suggests the following sequence may occur
during ramming of each pier segment in saturated soil:
I. Repetitious ramming energy causes temporary liquefaction

of a bulb of saturated soil adjacent to the pier and below the
level of the rammer head. As ramming continues, the bulb
enlarges, but there should be little likelihood of a breakout of
liquefied soil so long as it is confined by the previously
rammed lift and by competent soil. However, localized
weakness may allow liquefied material to be ejected outward
and/or upward, as will be indicated later in this paper. Liq-
uefied soil also injects into radial cracks developed at the
boundary with the elastic zone, which is discussed in detail
in Part n.

2. Outward drainage of excess water from the liquefied soil
allows a transition from total to effective stress. The loss of

water and corresponding decrease in volume are driven in
part by compaction of the next aggregate layer. The final
distribution of radial effective stresses in the plastic zone
appears to follow plastic state cavity expansion theory, that
is, with the major principal stress radial and the minor stress
tangential. This may be subject to change from ramming of
adjacent piers.

Radius of Plastic Zone without Liquefaction
Only limited testing was conducted above a groundwater table,
but on the basis of the above interpretations some predictions can
be made. Without the stress transfer mechanism from liquefac-
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Fig. 8. Radial and tangential stresses measured near pier in alluvial
soil at Des Moines test si te

tion, radial stress will be transmitted according to cavity expan-
sion theory that as indicated in Eq. (2) is governed by Ka and the
friction angle of the soil. Calculations indicate that this typically
should cause about a 50% reduction in radius of the plastic zone,
but this will vary depending on the strength of the soil. A high
tangential stress inherited from Ko will tend to further restrict the
development of a plastic zone.

Calculation of Passive Zone

Although tests were too shallow at the Memphis site to detect a
passive zone, it can be calculated from Eq. (6). Data in Fig. 7(a)
indicate that at 2 m depth (J'~=22 kPa at rj= 1.9 m. Substituting
values for the soil unit weight and friction angle
(-y'=19.6 kN/m3, <1>=25°)and using a conservative 5=1, at the
pier boundary the depth of passive failure is h= 1.2 m. A similar
calculation for depth of the plastic zone at the outer limit of the
plastic zone gives h=0.46 m. However, these are maximum
depths that are based on the soil having no cohesion.

Des Moines Test Site

Radial and Tangential Stress

Radial and tangential stresses respectively are major and minor
principal stresses in the plastic zone, but that may be subject to
change from ramming of an adjacent pier. Stress measurements
therefore were made at a radial distance of 0.85 m from the center
of a 0.76 m diameter (30 in.), 5.79 m (19 ft) long pier in a line of
piers spaced 1.8 m center-to-center. The test pier is part of an
array of production piers used to reduce settlement of a road
embankment at Des Moines, Iowa (White et al. 2001). Soil infor-
mation is included in Table 1 and stress data are in the Appendix
to Part II.

As shown in Fig. 8, radial and tangential stresses are virtually
equal, suggesting a possible reliquefaction that can occur if there
is a further increase in density of saturated soil in the plastic zone
of a finished pier. Both stresses increase with depth. Overlapping
stress zones are illustrated in Fig. 9.

Fig. 9. Influence of ramming of adjacent pier on tangential
intermediate principal stress

Winterset Test Site

Although the first measurements of lateral in situ stress near
rammed aggregate piers were made at the Winterset site, it was
not until tests were performed and analyzed at other sites that the
significance of the early tests was more fully realized.

Soil at the Winterset site is plastic, clayey loess with the upper
1 m weathered to stiff, expansive clay. This layer is referred to by
soil scientists as a "B horizon," and has a characteristic blocky
structure as a result of seasonal volume changes related to mois-
ture content. Overlying the B horizon was a topsoil layer called
the "A horizon" that was removed prior to construction.

Radial stresses measured at radial distances of 1.0, 1.3, and
3.1 m are shown in Fig. 10. Stresses induced by ramming of a
bottom bulb are highest closest to the pier and decrease outward,
as also observed at the Memphis site. Particularly significant is
that the influence of ramming extends to a depth that is over a pier
length below the bottom of the pier. This can be attributed to the
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Fig. 10. Radial stresses measured at Winterset site
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very soft nature of the saturated loess below the B horizon and
possible temporary liquefaction in this zone. The extension of
stress into the soft zone is of obvious practical importance for
extending the effective depth of the soil reinforcement below the
bottom of a pier. Radial stresses measured close to and below the
bottom of the pier exceed passive limits obtained from the friction
angle measured in the undisturbed soil. As these stresses were
measured in remolded soil with a cohesion of zero, they suggest
compaction of soil adjacent to the pier.

The pre-existing field Ko lateral stress was determined to be
high in the B horizon, attributed to seasonal shrinkage cracking
and crack filling of the expansive clay. Boring and placement of
the pier resulted in about a 30% reduction in radial stress, and the
indicated 75 kPa is less than that which would have been trans-

ferred from ramming had the soil been liquefied. This is explained
if the compressive strength in the B horizon prevented remolding
and liquefaction. The passive resistance at I m depth calculated
from data in Table I is 77 kPa times a shape factor, Eq. (4).

Radial cracks about 2 m long were observed at the ground
surface emanating from piers installed at this site. The field ob-
servation of radial cracking confirms interpretations that are pre-
sented in Part II of this series.

Salt Lake City Test Site

A soft, saturated silt layer was encountered at a depth of 2-3 m in
alluvium at a research site in Salt Lake City, Utah where Rammed
Aggregate Piers were used for uplift anchors. Borehole shear tests
gave </>'=21 ° compared with 30-39° above and below the soft
layer. The piers therefore were extended through this layer, and
Ko stepped blade tests were performed. An older model blade was
used that had an inoperative pressure cell, so in order to gain
precision the slopes of the stepped blade thickness-log pressure
diagrams were averaged (Handy et al. 1982).

Results in Fig. II show a linear logarithmic relationship pre-

-I

I'

Fig. 12. Stepped blade data indicating passive conditions in what is
believed to be displaced soft silt layer

dicted by cavity expansion theory for the plastic zone. The slope
of the line in the plastic zone is drawn for </>=21° obtained from
borehole shear test (BST) data.

Closer to the pier, radial stress is relatively constant, suggest-
ing a passive condition, probably a result of localized liquefaction
of the soft layer during ramming. The horizontal stress line was
drawn on the basis of uncorrected Kp based on the measured
</>=21°,and an average overburden unit weight of 17.3 kN/m3
(110 pef). A decrease in stress close to the pier also was found at
other depths and may relate to the development of moderate arch-
ing action in the plastic zone as excess pore pressure in soil ad-
jacent to the pier dissipated into the pier.

Stresses measured at a radial distance of 3.43 m show an un-

usual linear relationship to depth (Fig. 12).Extension of the trend
line to intersect the ordinate gives an estimate of 0.6 m for the
thickness of soil placed on top of the pier. A minimum thickness
of 0.3 m was specified to protect the pier from construction traf-
fic. A similar extrapolation of lateral stress versus distance data
can provide a clue to how much overburden has been removed
(Handy et al. 1990).

A linear relationship to depth suggests a possible passive con-
dition that can allow backcalculation of a friction angle. Because
the soil cover was added after the pier was completed, it is ap-
propriate to use the net depth in that calculation. The level of the
groundwater table was not measured at this boring location. With-
out the influence of static pore water pressure the data are linear
to a larger depth. In either case the backcalculated </>'= 19.3°
based on an average unit weight of the overburden of 17.3 kN/m3
(110 pcf). If the overburden unit weight is that of the displaced
soil, estimated to be 15.7 kN/m3 (100 pef), the backcalculated
friction angle is 22°, in closer' agreement with that measured with
the BST.

A linear increase of stress with depth did not appear in borings
closer to or farther from the pier. Because soil showing this rela-
tionship cuts through shallower layers having a significantly
higher friction angle, soil from the soft layer may have become
liquefied during ramming, then pushed outward and upward into a
zone of lower confining stress. Such displacement should be ben-
eficial to performance of a pier. The uplift piers were subjected to
a vigorous regime of repeated loading and showed only moderate
deflection (Lawton and Merry 2000).

As shown at the right in Fig. II, radial stress measurements in
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the soft layer suggests that the plastic boundary extends farther
than 10m, which is the limit of the measurements. This compares
with 4-5 m at other depths, and is consistent with the premise
that the position of the plastic/elastic boundary depends in part on
finnness of the resisting strata.

The data in Fig. 12 are an indication of the precision attainable
with the Ko stepped blade, which in this case is on the order
of +5%.

Conclusions

Measurements of radial and tangential stresses near Rammed
Aggregate Piers with the Ko stepped blade indicate that transient
liquefaction can occur in saturated soil near the rammer if the
lateral stress exerted by ramming exceeds the compressive
strength of the soil. Liquefaction allows ramming stress to be
transmitted outward with little or no reduction in pressure, such
that the plastic zone may continue to enlarge as long as ramming
and liquefaction continue. Part II presents evidence that excess
pore water drains outward into the elastic zone, which allows the
temporarily liquefied soil to be compacted during ramming of
subsequent lifts.
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