Stress Zones near Displacement Piers:
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Abstract: Transient liquefaction of saturated soils near Rammed Aggregate Piers is described in Part 1 on the basis of radial stress
measurements. This is supported by dynamic pore-water pressure measurements, as peak pore pressures approximately equal radial
stresses imposed at the pier surface by ramming. Stress measurements outside of the liquefied/plastic zone indicate radial tension cracking
in the elastic zone, which is consistent with the observation that pore pressures abruptly drop and momentarily can even become negative
as soon as ramming stops. The drainage ficld created by extended radial cracking and hydraulic fracturing allows Rammed Aggregate
Piers to be effective in saturated, fine-grained soils where other dynamic methods are reported to be less effective. Stress measurements
indicate that liquefied soil injected into open tension cracks causes stress to be retained in the elastic zone through arching action. A stress
path analysis indicates that lateral stress may play an important role in control of foundation settlement, by simulating an increase in the

preconsolidation pressure without vertically surcharging the soil or waiting for it to consolidate.
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Introduction

Rammed Aggregate Piers have been shown to be effective for
reducing settlement of structures on soft, saturated, fine-grained
soils where other dynamic methods such as vibro-compaction,
heavy tamping, and blasting are reported to be less effective
(Mitchell 1982). One assumption has been that excess pore water
pressure is relieved into pore spaces in the aggregate. However,
densely compacted, graded aggregate used in the piers has a rela-
tively low porosity and permeability, and no water has been ob-
served emerging from the piers either during or after their
completion.

Part I of this two-part series presented evidence for temporary
liquefaction of saturated soil close to the rammer, and subsequent
drainage that reduces total stresses to effective stresses that are in
accordance with predictions from plastic cavity expansion theory.
Part IT herein presents in situ stress measurements that indicate
development of radial tension cracks in the elastic zone, and
supplemental pore-water pressure measurements that confirm the
transient nature of the liquefaction and indicate that water is con-
ducted away from the adjacent plastic zone as it is being com-
pacted during ramming of subsequent aggregate layers.
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Previous Studies of Radial Cracking

Radial cracking has long been suspected as playing a role in the
observed rapid dissipation of excess pore water pressures from
fine-grained soils adjacent to driven displacement piles. Massarch
(1978) presented an analysis based on cavity expansion theory
that indicates that the stress and pore pressure conditions may
allow radial hydraulic fracturing in the plastic zone, and he pre-
dicted an array of vertical fractures with a length of 1.5-2.2 m. In
their discussion to Massarch’s paper, Carter and Randolph (1979)
acknowledged that while radial cracks must exist in order to ex-
plain the observed rapid reduction of pore-water pressure, they
are unlikely to survive remolding in the plastic zone and therefore
should occur at “intermediate radial distances.” presumably by
extending into the elastic zone.

The present paper approaches the problem by means of radial
stress measurements made in situ at varying distances and depths
from rammed aggregate displacement piers.

Theory

Radial Stress around Expanding Cylinder in Elastic
Zone

Cavity expansion theory indicates that with increasing radial dis-
tance from an expanding cylinder, plastic conditions give way to
an elastic response mechanism (Vesic 1972; Baguelin et al. 1978).
The elastic case is described by the Lamé solution, which can be
written with an infinite external radius to define radial stress in an
infinite elastic medium around an expanding cylindrical element

o, =0, + (o) —op)[rdrf (1)

where o] =radial effective stress at radial distance r from the cen-
ter of the element; o;=external or field stress: and o/;=radial
stress at the element radius .. The equation is adapted to cavity
expansion theory by considering the expanding element to be the
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outer boundary of the plastic zone of radius r,. Rearranging and
taking the logarithm

log(a] — ;) =[log(a; - o)) +2log r;] -2 log r (2)

=t

As the term in the square brackets is constant, this is a linear
equation in the form y=a+ bx with the slope b=-2. Data that are
in agreement with this equation therefore should plot as a straight
line on logarithmic axes with a slope of —2. It is noted that the v
axis term represents the increase of radial stress over the pre-
existing lateral in situ stress, and not the total radial stress.

Tangential Stress in Elastic Zone

Elastic Theory

As radial stress increases inside a circular hole in an elastic me-
dium, tangential stress decreases by the same amount at radial
distance, r. Eq. (1) is modified by changing a sign as follows

o, =0, — (o) - (‘,r;:)[;}:’r]: (3)

where o, =tangential effective stress and other symbols are as
previously defined. With an interior plastic zone tangential stress
will be a minimum at the boundary between the plastic and elastic
zones where r=ry, and

a, =20, -0} (4)

From Eq. (4), tangential stress becomes negative when radial
stress o at the contact with the plastic zone exceeds two times
the field stress o,. As soil is weak in tension, this introduces a
potential for radial tension cracking.

Stress Concentration Factor

Stress that is transferred through grain-to-grain contacts is not
uniformly distributed, but is concentrated in some areas and di-
minished in others. The ratio of the maximum to the average
stress is defined as a stress concentration factor. The theoretical
factor for an elastic material around a circular hole is 3, in effect
reducing the stress required for tension cracking by a factor of 3
(Murphy 1946). The factor is orders of magnitude higher at the
ends of cracks, and a common method for preventing crack ex-
tension in a brittle material such as glass is to drill a small hole at
the end to reduce the factor to 3.

Radial tension cracking therefore is almost a certainty in an
elastically responsive soil if the average radial compressive ex-
ceeds two times the field horizontal stress, and because of stress
concentration is likely to occur where the average radial stress is
only marginally higher than the field horizontal stress.

Modification of Elastic Stress Field by Radial Tension
Cracking

Without a tangential restraint, the distribution of radial stress in
the elastic zone becomes a simple problem in statics: In Fig. 1 if
the radial contact pressure o; acts on area A, at radius r;, and o]
is the radial stress on area A at radius r, equating forces in a radial
direction gives

oA =0/A (5)
from which
P
o, = (ogr)lr (6)

e e =-._ Elastic zone modified
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Fig. 1. Analysis of radial stress with zero tangential stress because of
radial tension cracks

Expressed in logarithms, Eq. (6) becomes

log o) = [log(o /)] - log r (7)

where the term in the square brackets is constant. Data that are
consistent with this equation therefore should plot as a straight
line on logarithmic scales with a slope equal to —1. The distinc-
tion between unmodified and crack-modified elastic behavior is
illustrated in Fig. 2. It will be noted that Eq. (7) for the modified
condition involves total radial effective stress, not an increase in
radial stress as in the ideal elastic case.

Elastic Zone at Memphis, Tenn. Test Site

The methods used for measuring lateral stress with the K|, stepped
blade and for defining ranges and modes in test data are described
in Part I of this two-part series. Soil properties at the test sites are
presented in Table 1 of that paper.

Figs. 3-5 show test results at 2, 3, and 4 m depth at the Mem-
phis, Tenn. site. Portions of these graphs were presented in Part [
of this series. The arrows at the right indicate modes and ranges
of lateral stresses measured prior to installation of the pier.

Criterion for Initiation of Elastic Radial Tension
Cracking

The maximum stresses available to cause tension cracking are
those at the outer margin of the plastic zone while it was lique-
fied. As shown in Figs. 3-5, peak stresses at the zonal boundary
all exceed the field in situ stresses shown at the right in the
graphs, and at the two deeper depths approach two times the field
stresses (marked x2), indicating a high likelihood of tension
cracking in the elastic zone.

Slope of Logarithmic Stress-Distance Curves

The 1:-1 linear logarithmic relationship between radial stress
and distance indicating radial tension cracking is shown at all
three depths depicted in Figs. 4 and 5. Graphs of the data plotted
according to elastic theory without tension cracks are curved and
do not show that required constant slope of 1:-2. The distribution
of radial stress with distance therefore appears to confirm the
existence of vertically oriented radial tension cracks in the elastic
zone.
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Fig. 2. Theoretical distribution of radial stress in elastic zone around
displacement pier with and without radial tension cracks

Stress Retention in Elastic Zone

A zone of high radial stress in the elastic zone surrounding a zone
of lower stress in the plastic zone is statically impermissible un-
less there is a contribution from arching action. Arching can occur
if temporarily liquefied soil is pressure injected into open tension
cracks during ramming, such that the injected soil solidifies into
wedges that prevent the cracks from closing. A similar process is
used in the petroleum production industry where sand is injected
during hydraulic fracturing to keep radial cracks open for flow of
petroleum into wells,

Stress Relief in Elastic Zone

Also of interest is that with increasing radial distance, the radial
stresses shown in Figs. 3 and 5 diminish until they are lower than
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Fig. 4. Median radial stresses and ranges in stresses at 3 m depth at
Memphis test site

the field stresses. This can be explained if injected material is
concentrated at entrances to the cracks, reducing stresses in more
distant regions.

Crack Length

As previously discussed, stress concentration factors related to the
existence of voids in a particulate material can be expected to
extend cracks until radial stress equals the field stress, and the
cracks may extend farther if fluid pressure acts to open existing
cracks. Minimum estimates for crack length can be obtained from
end points of the sloping lines in Figs. 3-5. These end points
indicate crack lengths extending 3.4-5m (11-16 ft), being
shortest at the shallower depth that is above the groundwater
table, but still probably in a zone of capillary saturation.
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Fig. 5. Median radial stresses and ranges in stresses at 4 m depth at
Memphis test site
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Fig. 6. Radial stresses measured in soil below 1.22 m pier depth at
Winterset test site

Elastic Zone at Winterset, lowa Test Site

Stress modes and ranges at a depth of 1.75 m in the soft, saturated
loess at the Winterset test site are shown in Fig. 6. Tests were not
conducted close enough to the pier to define a plastic zone. The
1:=1 slope in the elastic zone again indicates radial tension
cracking, with an indicated crack length of 2 m measured from
the center of the pier, which was confirmed by field observations.
This length is shorter than at the Memphis, Tenn. site, probably
the result of a smaller pier diameter and the use of a lower energy
rammer. Arrows at the right in the figure show the field stress and
2X the field stress, and support the interpretation of tension
cracking. As shown in Table 1 of Part I, moisture contents at the

test depths at both the Memphis and Winterset sites were at or
slightly above the plastic limit.

Pore Pressure Measurements

As a further test of the drainage hypothesis, pore pressures were
measured 0.43 m from the edge of a Rammed Aggregate Piers
installed in alluvial clay near Neola in western Iowa. The piezom-
eter boring logs indicated 5.1 m of redeposited or secondary CL
loess over 1 m of water-bearing sand, over weathered shale. Pi-
ezocone data from the bottom of the sand layer indicated that
about 6.7 min were required for a 50% reduction in excess pore-
water pressure after a peak reading was obtained.

Geysering occurred when the piezometer boring entered the
sand, indicating an artesian condition. Water also rose in the first
pier boring as it penetrated the sand, so borings for other piers in
the group were stopped above the sand and remained dry. The
piezometers were monitored during ramming of the first pier.

Piezometer data are shown in Fig. 7. The upper lines show
data at 4.9 and 6.1 m depths, which were in the alluvial silty clay
and underlying sand, respectively. These pressures are nearly
identical and indicate that each filling-and-ramming cycle re-
quired about 2 min, of which approximately 30 s were spent ram-
ming. About 25 min were required for compaction of the entire
pier.

During ramming, the pore pressure suddenly increased as
much as 22 kPa in the lower piezometers and reached a maximum
of 90 kPa. Pore pressures then precipitously declined when ram-
ming stopped and momentarily became negative, indicative
of rebound. They then almost immediately recovered, became
positive, and showed a more gradual decrease prior to the next
ramming.

The peak pore pressure is about 90% of the maximum lateral
pressure typically developed during pier ramming, shown in
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Fig. 7. Increased pore pressures measured during pier ramming in alluvial silty clay
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Figs. 3-5. This is consistent with the interpretation of liquefaction
during ramming.

The abrupt drop in pore pressure when ramming stops may be
compared with the much longer time measured in the piezocone
tests, and is attributed to drainage through radial tension cracks.
Another possibility might be drainage through the underlying
sand. but piezometers located at depths of 0.9 and 2.4 m show the
same sudden drops in pore pressure when ramming stops, indi-
cated by the lower lines in Fig. 7. The peak pressure measured
during compaction of Lift 9 reflects its proximity to the upper two
piezomelers.

The transition to more gradual declines in pore-water pressure
may be attributed to cracks becoming filled near their entrances
by liquefied soil. Hydraulic pressure built up during subsequent
ramming cycles tended to reopen the cracks and reactivate
drainage.

Changes in pore pressure mainly occur during the first through
the third cycles of ramming following installation of a particular
layer. As ramming becomes more remole from the piezometers,
negative pressures no longer occur, and the increase in pore pres-
sure from ramming diminishes. Compaction of soil in the plastic
zone therefore mainly occurs during ramming of the next one or
two lifts. Peak pore pressures during ramming of the first lift were
lower because that lift is composed of open-graded stone.

The final pore pressure is about 5 kPa higher than the initial
pressure, which is attributed to tapping into the partially relieved
artesian pressure in the sand.

Stress Sequence in Elastic Zone

Horizontal stresses in the elastic zone appears to evolve as

follows:

1. The initial K, state is K, <K, <K,

2. Ramming initially creates an elastic response, increasing the
radial stress.

3. If radial stress exceeds the pre-existing K stress, radial ten-
sion cracks reduce tangential stress to zero and create an
inverse relationship between total radial effective stress and
distance,

4. Radial cracks developing in saturated conditions form drain-
age paths for water ejected from compaction of the adjacent
plastic zone, leading to a further extension of radial cracks by
hydraulic fracturing.

5. Cracks are literally an open invitation for entry of tempo-
rarily liquefied soil from the adjacent plastic zone. When
solidified. the injected soil forms wedges that preserve high
stress near the inner boundary of the elastic zone while re-
ducing it outside of that area. This should have little effect on
foundation loads that normally are applied closer to the piers.

6. Liquefaction lasts as long as a ramming cycle, after which
pore pressures are relieved in a matter of seconds.

A schematic diagram illustrating the different stages is shown
in Fig. 8. Mitchell (1982) reports that 20% combined silt and clay
is considered an upper limit for vibratory compaction to be effec-
tive. The soils in this investigation all exceed that content, the
loessial soils being over 98% combined silt and clay. The perfor-
mance of the piers equaled or exceeded design expectations,
which emphasizes the importance of radial tension cracking to
accommodate excess pore water ejected from soil during ram-
ming compaction of a pier or pier group.
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Fig. 8. Hypothesized zones developed during ramming of pier in soil
below groundwater table. Liquefaction contributes to expanded
plastic zone, and drainage occurs in tension cracks in the elastic zone.

A three-dimensional representation of a single pier in uniform
soil is shown in Fig. 9. which also shows necking in of the plastic
zone above the level of capillary saturation. At shallow depth,
passive failure will prevent full development of lateral stress from
ramming, which in turn will tend to concentrate bulging in the
upper part of the pier when the pier is loaded. This is supported
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Fig. 9. Schematic representation of stress zones around single
rammed aggregate pier
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Fig. 10. Hypothesized stress zones below groundwater table around
rammed aggregate piers. Similar behavior on smaller scale can occur
above gwt.

by load tests using telltales installed in the piers (Lawton and
Merry 2000).

Pier Groups

The radial extent of the plastic zone and of tension cracking as-
sume added significance in pier groups where the zones overlap.
Limited measurements of lateral stress within pier groups indicate
uniform stress that is multidirectional and not related to the posi-

Stress path

oy
Normally
consolidated

Ramming\

Foundation load

Fig. 11. Hypothesized mechanism for reduction of consolidation
settlement by increasing lateral soil pressure. Arrow labeled
“Ramming” shows maximum increase in simulated preconsolidation
pressure that also may influence modulus [adapted from Handy
(2001)].

tions of the piers. Fig. 10 shows zone overlapping in a nine-pier
group based on the Memphis model with a square footing dimen-
sion of 3.4 m (11.25 ft). The group is enclosed by a compacted
and laterally stressed inner zone and an outer zone of higher stress
resulting from wedging of soil in open cracks.

Installation Sequence

In order to assure drainage, pier groups should be installed as a
progression without closure, which is the opposite of the proce-
dure conventionally used in grouting. This sequence was adopted
automatically when it was discovered that boring a hole can
be very difficult in soil that is confined and compacted from all
quarters by Rammed Aggregate Piers.

There’s Mohr?

A stress path analysis indicated that a high lateral stress may
replicate the influence of a preconsolidation pressure without ac-
tually preconsolidating the soil (Handy 2001). That development
did not consider the intermediate principal stress; however, over-
lapping stress zones that do not affect the major principal stress
do tend to increase the intermediate principal stress in the plastic
zone, as discussed with regard to data presented in Fig. 9 of
Part L.

The hypothesis regarding a simulated preconsolidation stress
can be summarized as follows: At the left in Fig. 11 is a Mohr
circle for a normally consolidated soil. If the minor principal
stress remains constant, ramming can increase lateral stress up to
a passive limit indicated by the second Mohr circle, or, if the
minor principal stress also increases, as in a plastic zone, the
second circle moves farther to the right. Application of a vertical
foundation load then can increase vertical stress to a limit defined
by the third Mohr circle before initiating consolidation settlement.
A naturally overconsolidated soil will move the first circle to the
right as far as the second circle, but does not change the geometry
of the third circle. The stress-induced increase in preconsolidation
pressure appears to be accompanied by an increase in modulus
(White and Pham, private communication 20035). This analysis
supports the current settlement design for soil reinforced by
Rammed Aggregate Piers, which assumes elastic response in the
zone penetrated or affected by the piers, and normal consolidation
in soil below that zone.

Relief of Lateral Stress

Consolidation that is prevented by a high lateral stress presum-
ably could begin if lateral stress is removed, as by trenching.
Acting to prevent this is a tendency for remolded soil to gain
strength in time. This is revealed by a “setup factor” for driven
pile. Laboratory tests indicated a time-related increase in precon-
solidation pressure, with the result that a truly normally consoli-
dated soil can be a laboratory oddity that is rare in nature
(Schmertmann 1991). Time-related strength gains occur even in
sands, attributed to an increase in friction and dilatancy. If friction
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involves contact bonding this may reflect an equalization of inter-
granular contact stresses as weak bonds become stronger and
strong bonds become weaker, with slippage depending on a sum-
mation of strengths along selected weaker contacts. Nevertheless,
relief of lateral stress should be avoided during and immediately
after pier installation to allow time for the soil to gain sufficient
strength to remain stable.

Conclusions

In situ stresses measured in soil near Rammed Aggregate Piers

appear to conform to the conventional concept of a remolded.

plastic zone surrounded by an elastic zone, but with some impor-
tant modifications. The following conclusions embody results
from both Part I and Part II of the investigation:

1. Radial tension cracking occurs if radial stress induced by
ramming is about two times the pre-existing field stress, and
is likely to occur if it exceeds the field stress. This can occur
in unsaturated as well as in saturated soil.

2. In saturated soil or soil that becomes saturated during ram-
ming, temporary liquefaction acts to transfer ramming stress
outward, enlarging the liquefied zone and increasing the ex-
tent of radial cracking. The liquefied zone will continue to
expand as long as ramming continues and liquefied soil pres-
sures exceed the compressive strength of the soil.

3. Open cracks form a drainage gallery for water ejected as soil
in the liquefied zone compacts and becomes plastic. This
allows the system to be effective in fine-grained soils.

4. Liquefied soil injected into open tension cracks creates soil
wedges that preserve radial and tangential stress in the elastic
zone.

5. Liquefaction is transient, as drainage occurs in a matter of
seconds after ramming stops on each layer in the pier. Com-
paction of soil in the liquefied zone therefore is essentially
complete after ramming of the next two or three layers of a
pier.

6. Compaction in layers from the bottom up normally creates a
containment for liquefied soil. but soil also can be displaced
laterally and replaced by aggregate where ramming encoun-
ters very soft soil layers.

These conclusions may be modified as stress measurements
are made near piers installed in a wider variety of soils. It also can
be anticipated that observations made in these studies may also
apply to other dynamic displacement elements such as driven
pile.

The system is far more complex than previously imagined.
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Appendix. Lateral Stresses Measured In Situ at Four
Test Sites

Boring
and
radial Effective
distance Depth Stress stress
Site (m) (m) (kPa} (kPa)

Memphis B-1 1.56 83 83
Tenn. 0.00 1.69 97 97
(loess) (K,) 1.82 112 112
2.65 72 72

2.78 62 62

3.57 72 72

3.70 71 71
4.64 129 109

4.76 94 73
4.89 145 123

B-4 1.44 45 45

1.90 1.56 21 21
1.69 97 97

1.82 34 34

2.65 32 32

2.78 19 19

291 39 39

3.04 46 46

3.57 52 48

3.70 52 47

3.82 52 46

3.95 48 41

B-5 1.44 84 84
1.90 1.56 111 111
1.69 92 92
1.82 119 119

2.65 81 79

2.78 89 85

291 99 94

3.04 92 86

3.87 63 48
4.00 134 119
4.13 148 130

B-3 1.44 73 73
2.21 1.56 48 48
1.69 66 57

2.50 85 82
2.63 138 134

2.76 90 85
2.88 174 168
4.79 138 113
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Boring Boring

and and
radial Effective radial Effective
distance Depth Stress stress distance Depth Stress stress
Site (m) (m) (kPa) (kPa) Site (m) (m) (kPa) (kPa)
4.91 129 103 City., 1.71 155 155
5.00 129 102 Utah 1.84 73 73
517 170 142 (alluvium) 1.97 65 64
132 119 114
B-6 1.44 31 31 2.45 166 160
3.13 1.56 74 74 258 51 a
1.69 103 103 2.93 62 51
1.82 119 119 3.06 88 76
2.63 48 48 3.19 65 52
2.76 78 78 3.54 75 58
4.15 81 68 3.67 = 68
428 127 13 3.80 84 64
4.15 54 32
B-2 1.44 289 289 e & x
4.95 1.56 270 270 £ e o
1.69 294 294
2.50 72 64 T-7 1.10 56 56
263 134 125 1.91 1.23 66 66
2 28 90 73 1.71 116 116
3.57 48 29 1.84 61 61
4.61 115 86 2:32 98 3
474 70 39 2.45 93 87
4.86 104 73 2.58 & 58
3.06 93 81
Winterset B-1 0.98 82 82 i i i
Towa 1.00 1.22 134 134 asy i o
(CH 1.83 141 141 :i; ;g :‘:
loess) 2.44 128 124 & :
441 84 59
B-2 0.98 77 77
1.62 1.10 77 77 :46; :;2 ;} ;;
1.22 151 151 e i 5 s
173 103 103 B
o & - 1.71 35 35
2.95 115 113 ;23 ‘:: ::
2.44 148 144 o B .
2.45 61 54
2.58 58 51
B-4 0.19 104 104 203 33 .
3.14 0.61 108 108 306 74 62
0.98 106 106 3.54 8l 64
1.10 64 64 67 88 20
1.22 59 59 415 3 10
1.58 70 70 428 54 30
1.71 12 112
1.83 59 59 i 5 5
&l » H 9.52 1?70 83 73
2.36 45 42 & g . .
2.44 62 58 = ; )
2.58 37 30
2,65 55 45
Salt T-8 1.10 60 60 978 40 29
Lake 1.14 1.23 52 52 20] ” 2
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Boring
and
radial Effective

distance Depth Stress stress

Site (m) (m) (kPa) (kPa)
3.54 44 27
3.67 53 35
446 45 19
4.58 39 12

Des B-1 and Radial® Tangential®

Moines. B-2 0.99 — —
lowa 0.85 1.09 55 65
81 88
(glacial 1.19 74 79
till) 1.30 91 108
1.91 — 79
1.96 66 -

2.01 - 116
2.06 83 -

2.11 — 108
217 135 —
2.82 112 65

292 102 108
3.02 81 84
3.12 — 85
3.73 — 91
3.83 - 94

394 — 139
4.04 109 —
4.24 130 -

“Total stress.
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