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Abstract: The use of rammed aggregate pier (RAP) foundations for support of retaining walls and earth fill embankments has increased
in recent years to become a geotechnical solution for rapid construction of earth structures in soft ground conditions. A naminal 6-m
mechanically stabilized earth wall was constructed over piers installed in relatively compressible soil to investigate the performance of
RAP foundation elements in terms of stress-deformation and setilement behaviors for such applications. Geotechnical insintmentation
consisting of total earth pressure cells, settlement plates, and vibrating wire piezometers was installed within the pier elements and at the
foundation surface for short- and long-term monitoring of pier response. Monitoring data indicate: (1) mobilization and concentration of
veitical siress on pier elements and matrix soil; and (2) load transfer response for the boundary condition associated with support of

geogrid-reinforced earth fll. The practical implications of the experimental research findings are briefly discussed.
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Introduction

The rammed aggregate pier (RAP) system constitutes a ground
reinforcement lechnology that serves as an alternative to deep
foundations and overexcavation of compressible soils. This in-
termediate foundation system was originally used to control ex-
cessive seltienent of Jighly (o moderately loaded structures
{Lawiton and Yox 1994). The RAP system has also Increasingly
been used 1o support carth fill cmbankments and retaining walls
(Lien and Fox 2001; Wong et al. 2004), stabilize slopes (Licn
and Fox 2001; Kwong et al. 2002; Wissmann et al. 2002;
O'Malley et al. 2004; Pawra et al. 2007), and mitigate seismic
harards (Girsang ef al. 2004). With a growing number of success-
ful case histories involving RAPs in difficult ground conditions
for various transportation applications, researchers have contin-
ted 1o investigate the behavior and suppert mechanisms of the
foundation elements,

This paper describes a field experiment in which the perfor-
imance of RAPs supporting a mechanically stabilized earth (MSE)
wall was monitored. The main objectives of the study e to: (1)
document the performance of RAPs for support of the MSE wall;
and (2) describe the stress-deformation behavior of RAPs in con-
nection with goveming load transfer mechanisms. As a limited
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nimber of detailed studies concerning the performance of RAPs
for support of geogrid-reinforced earth fill have been documented,
findings from the experimental research study described herein
may be useful to both researchers and practitioners.

Site Investigation

The subsurface profile at the project site consists of soft, nonuni-
form loessial clay classifying as sandy tean clay (CL) to a depth
of approximately 4 to 5 m. This soil layer is underlain by com-
paratively stiffer, locally discontinuous glacial till. Groundwater
was encoontered approximately 1 m below the ground surface.
Engineering and index properties of the soft clay were evaluated
using both laboratory and in-situ testing methods. The test results
are sumimarized in Table I. Natural moisture content ranged from
174 to 41.2%. Liquid limit and plastic index values were 40 and
20%, respectively, Undraincd shear strength based on unconfined
compression tests ranged from 12.2 to 59.0 kPa. A consalidated-
undrained triaxial test showed an effective stress friction angle
{$") of 28° and cohesion (¢') of 2.4 kPa, Based on the in-situ
borehole shear tests, the intemal friction angle of the soil ranged
from 16.7 to 35.0° and coheston ranged from 0.0 1o 18.5 kPa. Six
ong-dimensional consolidation tests were performed with values
of compression index ranging from 0.16 to 0.37,

Cone penetration tests (CPT) were performed at two locations
within the wall footprint (e.g., Center and North) for defining the
soil profile and identifying soil behavior. CP1 data are shown in
Fig. L. Tip resistance of the soit within the pier length ranged
from 1107 MPa, while friction ratios generally ranged up to
about § percent, Only the CPT profile at the north end of the wall
footprint area identified the glacial till material at a depth of
4-5 m, though drilling hehavior and soil samples provided evi-
dence of this soil layer existing at other locations heneath the
wail. Following the instaifation of RAPs, cone penetration testing
was repeated at the center of the full-height wall section to dem-
onstrate the effect of pler installation on soil behavior, CPT data
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Table 1. Laboratory and In Situ Test Results

Depth Yd A ' e!
(m) {kN/m?) w {55 (kPa) cl ot C.o c.t {degrees) {kPa)
0.25 13.69 412 41.8 — — — — — —
0.33¢ — — — — — — - 350 0.0
0.367 — — — — — — - 5.4 18.5
0.36 11.51 389 — 0.37 0.04 0.160 0.016 — —
0.51 15.23 22.7 - 0.20 0.03 0.113 0.019 — —
0.94 15.64 215 12.2 — — — — — —
1.07 14.70 248 _ 0.20 0.03 0.103 0.017 — —
1.07¢ — — — — — — — 242 1.0
1.14° 17.50 20,2 — — — — 8.0 24
117 — — — — — — — 16,7 18.0
122 YRyl 24.0 59.0 — — —_ — — —
128 18.17 7.4 — — — — — 28.0 24
1.57 15.54 22.0 — 0.18 0.03 0,096 0.019 — —
1.78 17.75 20.8 39.1 — — — — — —
1.83 16.55 20.8 — 0.16 0.03 0.085 0.018 —

201 17.09 274 - — — — — 280 24
2.64 18.03 22,0 59.2 — — — —_ —
274 15.52 22.0 — 0.20 0.03 0,112 0.018 —_ —

*Compression index frony one-dimensional consolidation test,
*Caleulated from unload curve in one-dimensional consolidation test.
‘Consolidated-undrained triaxial test,
11 situ borehole shear test. 1 KNZm®=6.37 Ib/f1F, 1 kPa=20.9 Ib/fi,

for this test are also provided in Fig. 1. Resuits obtained from the
CPT performed after pier installation showed a slight increase in
tip resistance and a significant reduction in sleeve friction. Re-
duced sleeve friction may indicate plastic remolding of soit adja-
cent to the RAPs and loss of soil cohesion, as also suggested by
Handy and White (2006).
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~ Fig. 1. CPT results for foundation soils at center of fuli-height wall
~ seclion before and after picr installation and at north end of wall
- footprint area before pier installation

Design and Construction

The MSE wall was designed by Tensar Barth Technologies, Inc,
as a flexible faced wall system. Design details of the wall and
supporting pier elements are provided in Fig. 2. The construction
sequence is ilfustrated in Figs. 3{a-f). Plan dimensions of the
nominal 6-m wall are 4.5 mxX 4.5 m. The (2:1) sideslopes yield a
base width of about 28 m. Granular backfill was reinforced using
nine tayers of UX-1100 umiaxial reinforcement and three layers of
BX-1100 biaxial reinforcement with lengths of 3,6 and 1.2 m,
respectively. The L-shaped  welded-wite facisig wunits  were
0.46 m X 0.46 . Diagonal suppost struts provided lateral resis-
tance 10 compaction-induced stresses and also served as commee-
tors for the geogrid reinforcement. A geotextile filter placed inside
of the facing units retained the grannlar backfill material,

The granular backfill classified as poorly graded sand (C,
=275, C,=1.11, Dyp=0.2 mm). The material for each 0.46 m
layer was placed in two lifts and compaeted using vibratory plate
compactors. Compaction energy associated with two ol three
passes was applicd to the malterial. The moisture content and total
unit weight of the compactéd material was measured using a
nuclear moisture-density gange. Based on 110 tests performed in
different wall layers, the mean total nnit weight was 16,57 kN/m?
with a standard deviation of 0.57 kN/m>, The average vertical

overburden pressure at the foundation smface after constiuction
of the 5.94-m wall was about 98 kPa, '

The MSE wall was supported by 22 RADs with lengths
ranging from 3.8 fo 4.6 m. The piers were installed in four rows
with center-to-center spacing of ©1,5 m, The area rephcemem
ratio (R}, defined as the rf\tm nf plct c;oss~scct10nal area fo lot'll
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Fig. 2. Design of MSE wall and rammed aggregate pier support

shown in Fig. 3(a), began with the drilling of 4 0.76-m dizmeter
cavity. Crushed stone classifying as poorly-graded gravel (C,
=18, C.=0.7, D1;=18 mm) was then placed in layers with nomi-
nal thickness of 0.3 m and compacted using a beveled tamper
connected to a hydraulic rammer. The result of the pier construc-

Fig. 3, Construction sequence: {a) pier installation; (b) site grading;
{c) modulus load test; {d) instrumentation installation; (8) MSE wall
componeits; and {f) completed MSE wall

tion process was a column of densely-compacted aggregate sur-
rounded by comparatively weaker matrix soif. Details of the pier
construction process can be found in Lawton and Fox (1994),
Wissmanm and Fox (2000), and Handy and White {2006).

Instrumentation

The instrumentation plan was devetoped primarily to monitor
vertical stress and settlement of pier elements and matix soil, The
instrumentation is sammarized in Fig. 4. Four 0.23 m total earth
pressure cells (EPC) were insialled within Piers 11 and 12 at
depths of 0.91, 2.13, and 3.05 m during pier installation. Six
EPCs (0.23 and 0.71 m) were also placed on the foundalion
surface [see Fig. 3(d)] to measure vertical stress increases on
top of the piers (EPC-1, EPC-3, BPC-5) and the matrix soil
(EPC-2, EPC-4, EPC-6), Four circular, steel settlement plates
(SP) with diameters of 0.76 m were installed on the foundation
surface to measure pier and matrix soil settlement. Of the settle-
ment plates placed on matrix soil, SP-2 was located in the pier-
reinforced zone, whereas SP-3 was located in the unreinforced
zone behind the last row of piers. Two vibrating wire piezometers
{(PZ) were installed immediately behind Pier 5 at depths of 2.0
and 3.8 m. Piezomeler measurements were used predominantly to
monitor the variation of excess pore pressures during and after
pier installation, as well as dwing consolidation of foundation
soils. For brevity, the pore pressure data are not reported in this
paper.

Stress-Deformation Responsge

The deformation behavior of an isolated RAP was evaluated
by condueting a full-scale modulus load test at the wall site [sce
Fig. 3(c}]. The load test was conducted on a sacrificial pier 4.3 m
in length with telltales placed 3.6 m below the ground surface.
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The stress-controlted test was performed by applying nominal
load increments of 75 kN fo the concrete cap and measuring pier
settlement using dial gauges. The stress-deformation response of
the tested pier is provided in Fig. 5. The increasing difference in
setttement of the pier cap and telltales observed with increasing
pier stress is interpreted as pier bulging. This mode of deforma-
tion has been noted to be prevalent for pier lengths exceeding
about three diameters (White and Suleiman 2005), particularly
when the pier tip rests on a bearing soil layer. Stress-dependent
stiffness behavior was determined by caleulating pier stifiness as
the ratio of applied compressive stress to pier seltlement at each
stage of the modulus load test. This stiffness response is provided
in Fig. 6 as a function of pier settlement.

Performance Monitoring Results
Stress Concenltration

The veriical contact stresses measured on top of piers and matrix
soil at five stages of MSE wall coustruction are provided in

Applied Vertical Stress (kPa)
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Fig. 5. Stress-deformation behavior of isolated aggregate pier from
madulus load test

Fig. 7. The ovérburden siresses recorded by all pressures cells
placed on matrix soil were similar to cach other at all stages of
construction. The vertical stress measured by BPC-1 was con-
siderably higher than those recorded by other pressure cells
placed on piers, likely heeause this pressure cell was placed on a
perimeter pier where a portion of the surcharge load could not be
carried by an adjacent pier through soil arching. Shortly after
construction, the stress concentrated on top of the pier elements
averaged about 253 kPa, while the average stress distributed to
the matrix soil was about 59 kPa. Stress measurements of BPC-1
decayed from sbout 310 kPa to about 240 kPa in the 25 days
folowing fill placement, which reduced the long-term average
pier siress o u value of approximately 230 kPa. Because Dunni-
cliff {1993) indicates that the measurement of pressure mobilized
on soft soil can be inaccurate, the accuracy of instrumentation
data was evaluated by mulliplying the pier stress by R, and by
multiplying the matrix sol stress by (1-R,). The sum of these
products is a weighted average equaling about 95 kPa, The agree-
ment between this weighted average and the caleulated overbur-
den pressure based on backfill density measurements {98 kPa)
supports the monitoring results of total earth pressure cells.
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Fig. 6. Stress-dependent sufmcss behavior of !solated ramnted
aggregate pier from modu!us and iesl : ; .
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Fig. 7. Vertical earth pressure measurements and stress concentration
ratio calculated from average vertical strosses

Fig. 7 shows the stress concentration ratio (R,) at the founda-
tion surface, which is calenlated as the ratio of top-of-pier stress
to matrix soil stress, K; increases from about 2.1 to 4.9 as the wall
height increases from 1.4 to 5.9 m. The increase in stress concen-
teation ratio likely results from nonlinear soil hehavior and nearly
elastic pier behavior in the range of working foundation stress.
The increased matrix soil scttlement (relative to the piers) ob-
served with higher surcharge loads promotes soil arching and
stress concentration on the piers, Using the stress concentrated on
matrix soil at the foundation surface and the vertical pier stress
approximately 1.2 dy,, below the foundation giade (520 kPa), a
stress concentration value of about 8.8 is calculated; the higher
stress concentration observed below the foundation surfuce is at-
tributed to the load transfer along the pler length, which is de-
seribed in a later section. Stress concentration ratios produced by
the performance monitoring results of this study agree reasonably
well with values ranging from | to 11 for RAPs in soft ML and
CL soils, as docamented in Warner (2003), Lawton and Warner
(2004), and White ¢t al. (2007).

Settlement and Stiffness Responses

The long-term settlernent response of the foundation is provided
in Fig. 8. Pier settlement measurements for SP-1 and SP-4 were
identical, such that pier seitlement is presented wsing only one
symbol. The sudden increases in settlement resulted from fill
placement, which occurred on days 1, 2, 4, 5, and 12, Measure-
ments show that the piers, matrix soil, and unreinforced soil had
setiled about 22, 30, and 133 mm, respectively, immediately fol-
lowing completion of fill placement. Interbedded sand layers
within the upper 5 m of the foundation soil {see Fig. 1) and pos-
sibly the aggregate pier itself expedited consolidation of the
highly compressible layer. This interpretation of foundation
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Fig. 8. Foundation settlernent results
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Fig. 9. Camparison of calenlated stiffness based on lop-of-_?ier slress
for isolated pier from modulus load test and production piers support-
ing the MSE wall indicating reduced load transfer efficiency

settlement response was supported by rapid dissipation of excess
pore pressures measured using the vibrating wire piczometers.
The ratio of top-of-pier settleinent w reinforced matrix soil settle-
ment is 0.73. The unrcinforced foundation scil settled about 4.4
times more than reinforced soil,

Fig. 9 provides the stiffness of production piers, calculated
using top-of-pier stress and settlement data, The stiffness values
obtained from the modulus load test are alse provided in Fig. 9
for comparison. The stiffness response of production piers sup-
porting the MSE wall (based on top-of-pier stress measurenients)
appears to be considerably lower than that obtained from the
modulus load test on the test pier. This apparent difference in the
stiffness response between the test and production piers does not
reflect a difference in pier characteristics or behavior, but rather a
difference in boundary condition resulting from comparatively in-
cfficient load transfer to piers for the case of production piers
supporting the MSE wall. The observed load transfer behavior of
RAPs supporting geogrid-reinforced eatth fill is described in the
following sections.

Load Transfer

Total earth pressure cells were used to monitor the vertical stress
disteibution in Piers Il and 12 during pier installation and MSE
wall constructton, The profile of vertical stiess increase (within
the pier) resulting from fill placement is provided in Fig. 10. The
stress increase was caleudated as the difference between the total
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Flg. 10, Vertical stress increase within rammed aggregate piers and
intsrpretation of load transfer
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vertical stress measured at the end of construction and the initial
vertical stress after pler construction. The vertical pier stress is
shown to increase from about 253 kPa at the pier top to about
520 kPa at 0.91 m (1.2 d,;,,) below the foundation surface. Below
0.91 m, the vertical stress decreases nonlinearly to about 181 kPa
at 3.05 m {4.0 dji.). Also provided in Fig, 0 is an estimate of the
maximum vertical pier siress asswming complete soil arching. By
applying the overburden weight only to the pier cross-svetional
area, the theoretical maximum stress is calculated as the ratio of
the overburden pressure to the area replacement ratio. The esti-
mate of maximum verlical pier stress is 483 kPa, about 7 percent
Jess than measured with total earth pressure cells at a depth of
0.91 m. The apparent difference between the theoretical maxi-
mum and that measured with instrumentation might be attributed
to either: (1) stress concentration on the pressure cell within the
pier element as a result of the difference in stiffness of the plate
and {he pier material;, or {2) slight varation in the stiffness of
production piers that causes more load to be concentrated on the
stiffer piers of the group, The stiffncss of different production
piers may vary as a vesull of varable compaction energy deliv-
ered to the pier during construction or variable soil conditions
affecting pier instailation (i.e., stiffer matrix soil generally pro-
duces stiffer pier elements). In this case of variable pier stiffness,
more foad is likely ta concentrate on the stiffer piers than adjacent
plers with lower stiffness, The variation of vertical pier stress at
the foundation surface can be seen in Fig. 7.

The load transfer shown in Fig. 10 results from the surchaige
loads being applied throngh a nonrigid platform with the conse-
quence being that the seittement of mairix soil around the piers
exceeds the settlement of piers (see Fig, 8)—an occurmrence not
seen with pier support of rigid footings. The load on the matrix
soil is tramsmifted to the comparatively stiffer pier elements
through shear at the pier-soil interface in the upper potion of the
pier. This behavior is analogous to negative skin friction or
“downdrag” of deep foundations. Data in Fig. 10 show veriical
stress mobilization of 520 kPa at a depth 0.91 m, which is about
twice as large as the verlical stress increase at the pier top. Be-
cause (his load transfer mechanism increases the vertical pier
stress below the foundation elevation, pier stiffness calculated
using the top-of-pier stress is reduced (see Fig. 9).

Behavior of RAP Groups Supporting
Geogrid-Reinforced Earth Fill

The dilference in stiffliess between matrix soil and piers support-
ing MSE walls or embankments results in stress concentration on
the piers. This stress concentration, which gives pier stress con-
siderably higher than vertical overburden pressure, is mohilized
through differential settlement between the piers and matrix soil
and development of a soil arch in the overburden material. Alter-
natively, the stress concentration observed in a pier group sup-
porting a rigid footing is principally attributed to the difference in
sliffness of the piers and matrix soil, where the footing imposes
strain compatibility between the elements.

The stiffness of an isolated pier based on a modulus joad test
has been shown by White et al. (2007} to represent a practical
approach for the design and analysis of pier groups supporting
rigid footings. However, the current sludy suggests that the dif-
ferent loading conditions and load transfer mechanisms of pier
groups for cases of support of footings and geogrid-reinforced
earth Gl must be considered during design. The vertical stress
concentrated on the top of piers supporting earth fili is less than

for piers supporting a rigid fooling. This response results from
comparatively inefficient load teausfer to the picr clements at the
foundation {top-of-pier) elevation, which is also supported by
differential settlements measured between the piers and matrix
soil. Because earth fill does not impose a rigid boundary condi-
tion, the stress which is applied to matrix soil at the foundation
surface is transferred {o the adjacent piers thiough shear along ihe
pier-soil interface, This load transfer response is supported by
data in Fig. 10 showing incrcasing vertical pier stress with depth
below 1he foundation surface. The below-grade load transfer be-
havior moves the effective top-of-pier elevation deeper, where the
below-grade vertical pier stress approximately corresponds to
total surcharge load transfer. The practical implication of this re-
sponse is a reduced effective pier length for transferring pier
stresses to foundation soils. The load transfer efficiency for RAPs
supporting a mechanically stabilized earth wall or earth fill em-
bankment may be increased by constructing a stiffer load appli-
cation device, such as a platform comprised of stiff, closely-
spaced geogrid inumediately overlying the RAP foundation,

Summary and Conclusions

The RAP foundation for a nominal 6-m MSE wall was instru-
mented with total earth pressure cells and settlement plates for
long-term performance monitoring and investigation of the be-
havior of RAPs for support of geogrid-reinforced earth fill. The
data collected during construction of the MSE wall and following
fill placement indicate the following:

f.  Stress concentration ratios at the top of the piers ranged from
2.1 to 4.9 and increased with overburden pressure, These
values ave generatly less than for pler groups supporting rigid
footings. Stress concenlration for support of geogrid
reinforced earth fill should alse depend on tensile sliffness
and arrangement of the reinforcement.

2. Using the stress concentrated on matrix soil at the foundation
surface and the vertical pier stress approximately 1.2 di.,
below the foundation grade, a siress concentration value of
about 8.8 is calculated. The higher stress concentration ob-
served below the foundation surface is attributed to the load
transfer along the pier length.

3. RAPs provide significant settlement mitigation potential,
with setdement reduced from 130 nim for umeinforced soil
to about 22 mm for RAPs (six-fold reduction).

4. The vertical stress distribution observed within pier eleients
indicates significant load transfer from the matrix soil to the
pier elements in the upper potion of the pier. The below-
grade lead transfer behavior moves the effective top-of-pler
elevation deeper, fhereby decreasing the effective pier length
for transferring pler stresses to foundation soils,
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Notation

The following symbols are used in this paper:
= gompression index;

C; = swell index;

C, = coefficient of uniformity;

o
1

¢' = ecffective cohesion;
Dy = 10th percentile particle size;
dy, = pier diameter;

gp = initial void ratio;
H. = thickness of compressible soil layer;

k, = stiffness of pier element;
ky, = stiffness of matrix soil;

= vertical overburden pressure;
g, = stress concenirated on pier element;
q, = stress concentrated on matrix soil;
go = initial vertical stress at mid-layer depth;
R, = area replacement ratio;
R, = stress concentration ratio;
5, = undrained shear strength;
w = molsture content;
Y¥g¢ = dry unit weight;
& = settlement;
3, = settlement of pier clement;
8, = settlement of matdx soil;
B, = seitlement of unreinforced soil;
Ag = vertical siress increase at midlayer depth; and
&' = effective internal friction angle.
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