December 2007 ISSN 1090-0241

A SCE Volume 133, Number 12 CODEN: JGGEFK

American Society
of Civil Engineers

Journal of
Geotechnical and
Geoenvironmental
Engineering

Technical Papers

1483  Performance of a Geogrid-Reinforced and Pile-Supported
Highway Embankment over Soft Clay: Case Study
H. L. Liu, Charles W. W. Ng, and K. Fei

Load Testing and Settlement Prediction of Shallow Foundation
J. Brian Anderson, F. C. Townsend, and L. Rahelison

Support Mechanisms of Rammed Aggregate Piers.
I: Experimental Results
David J. White, Ha T. V. Pham, and Kenneth K. Hoevelkamp

Support Mechanisms of Rammed Aggregate Piers.
IIl: Numerical Analyses
Ha T. V. Pham and David J. White

Yielding Pressure of Spread Footing above Multiple Voids
Makoto Kiyosumi, Osamu Kusakabe, Masatoshi Ohuchi,
and Fang Le Peng

Factors Controlling Instability of Homogeneous Soil Slopes
under Rainfall
H. Rahardjo, T. H. Ong, R. B. Rezaur, and E. C. Leong

Three-Dimensional Asymmetrical Slope Stability Analysis
Extension of Bishop’s, Janbu’s, and Morgenstern—Price’s
Techniques

Y. M. Cheng and C. J. Yip

Interpretation of Secant Shear Modulus Degradation
Characteristics from Pressuremeter Tests
Yu Wang and Thomas D. O’Rourke

INSTITUTE Calibration of Soil Constitutive Models with Spatially Varying
s Parameters
Amy L. Rechenmacher and Zenon Medina-Cetina

The Geo-Institute contents continue on back cover




Support Mechanisms of Rammed Aggregate Piers.
Il: Numerical Analyses

Ha T. V. Pham, A.M.ASCE"; and David J. White, A.M.ASCE2

RYY)

Abstract: This paper is the second of a two-part series describing an investigation of the mechanical behavior of rammed aggregate piers
in supporting rigid square footings. In this paper, the performances of two pier-supported footings and three isolated piers during
compressive load tests were simulated using an axisymmetric finite element model and compared to experimental data. A hardening-soil
constitutive model with parameters estimated from in situ and laboratory tests was used to characterize the consmutwe behaviors of the
pier material and the matrix soil. Pier groups were modeled as unit cells with the tributary area determined flom the center~to center
spacing. Cavity expansion modeling was used to simulate the pier installation process. Verifications of the numenca} model were catried
out by comparing the numerical results with the data obtained from full-scale, instrumented load tests. Intelpretanon of the numerical
results focused on the load-deformation behavior, group effect, stress concentration ratio, and the development of stresses m the matrix

soil. The distributions of vertical stress underneath the pier-supported footings are also characterized.
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Introduction

The use of rammed aggregate piers (RAPs) to reduce excessive
settlement of column footings constructed over soft soils has been
well documented (Lawton and Fox 1994; Lawton et al. 1994;
Wissmann et al. 2001). It was reportéd by Lawton and Fox (1994)
that settlements observed at a number of structures stabilized by
RAPs were gehérg_lly less than those predicted using conventional
geotechnical procedures for settlement analysis. Similar observa-
tions were later reported by Lawton et al. (1994), Handy et al.
(1999), and Wissmann et al. (2001). The discrepancy between the
predicted and the actual settlement is believed to be a result of (1)
the conservatism of the stiffness-based approach used to calculate
the upper-zone settlement; (2) the omission of the increase in
confinement in the pier-reinforced zone achieved from pier instal-
lation; (3) the omission of the pier-soil-pier interactions within the
pier group; (4) the limitations of the predicted stress distributions
underneath the pier-supported footing; and (5) the difficulties in
predicting the conipressibility of the soil below the pier group.
Part I of this two-part series (White et al, 2007) describes the
experimental results of full-scale load tests on two trial pier-
supported footings and three isolated RAPs when subjected to
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compressive loads. Part IT of this series herein presents a numeri-
cal study in which the pier-supported footings and isolated RAPs
are simulated through the use of an axisymmetric finite element
(FE) model. The construction-induced stress regime in the pier-
reinforced zone was regenerated by considering pier installation
as a cavity expansion process (Pham et al., private communica-
tion, 2005). Constitutive modeling parameters of the compacted
aggregate and the matrix soils were estimated from the results of
in situ and laboratory tests (White et al. 2002; 2003). In this study,
a pier-supported footing is modeled as a unit cell. The stress
distributions in the upper and the lower zone are characterized
based on numerical resuls.

Numerical Modeling

Constitutive Model

The hardening-soil model developed by Schanz et al. (1999) was
used to describe the constitutive behaviors of the matrix soils and
the aggregate in this study. The hardening-soil model is essen-
tially a nonlinear, elastoplastic model in which the yield surface
in the principal stress space consists of a hardening héxagonal
yield surface enclosed by a hardening cap. Failure of the material
is defined in accordance with the Mohr-Coulomb criterion. Non-
associated flow rule is used to determine plastic strains on the
yield surface whereas associated flow rule is nsed to characterize
plastic straining on the cap. Constitutive model parameters of the
hardening-soil model can be readily determined from consoli-
dated drained triaxial and one-dimensional consolidation tests
(Schanz et al. 1999). Constitutive model parameters of the desic-
cated fill layer were assumed based on the data from in situ tests
(see White et al. 2007). Table 1 summarizes the values of the
constitutive parameters used for the matrix soils and the aggre-
gate. Complete details of the constitutive behaviors of the com-
pacted aggregate and the matrix soils are presented in Pham
(2005).
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Table 1. Constitutive Model Parameters for the FE Analysis

i Alluvial Desiccated

© Parameter Aggregate clay _ filt

Effective stress friction angle, ¢’ (deg) » 47 24 35

f. Effective stress cohesion, ¢’ (kPa) 4 2 2

© Dilatancy angle, U (deg) 12 0 0

© Average wet density, vy (kg/m?) 2,100 1,924 1,924

. Deviatoric reference modulus, E‘_%f (kPa) 61,000 3,000 9,000
Compression reference modulus, E5, (kPa) 61,000 1,500 ‘ 4,500
Unloading/reloading modulus, Ef}}r (kPa) 1,220,000 9,000° 27,000°
Power for stress-level dependency, m 0.48 1 1
Unloading/reloading Poisson’s ratio, v, 0.2 0.2 0.2
Reference stress, p™ (kPa) 34.5 25.5 25.5
Failure ratio, Ry 0.88 0.96 0.96
K, for normal consolidation, K- 0.27 0.59 0.43
Initial void ratio, e;y 0.33 1.0 1.0
Minimum void ratio (contraction), ep;, 0.329 — —
Maximum void ratio (dilation), e,y 0.393 —. —
Tensile cut-off, Frepsion 0 0 0]

a
Assume: ES = EST
SAssume: ESf=3p%l

Descriptions of the FE Model

The finite element method has been previously used to model
foundations supported by stone columns (Aboshi et al. 1979;
Balaam and Brooker 1981; Mitchell and Huber 1985; Lee and
Pande 1998; Kirsch and Sondermann 2001). In this study, an
axisymmetric FE model was developed using the computer pro-
gram Plaxis (version 8.2), The pier-supported footings were mod-
eled as a unit cell which consists of a pier element supporting a
circular footing. The tributary area of the unit cell was assumed to
be one-fourth of the trial footing area. Details of the unit cell
concept were described by Barksdale and Bachus (1983). Calcu-
lation of the tributary area based on pier spacing was suggested
by Balaam and Brooker (1981). As will be shown later, this same
model was used to study the response of isolated piers in which
the diameter of the unit cell footing was equal to the pier diam-
eter. Dimensions of the unit cell and thc isolated pier in the mod-
els are shown in Fig. 1(a).

Fig. 1(b) shows the dimensions of the FE model used in this
study. The mode! included a pier element installed in a two-layer
matrix soil profile. The matrix soil profile consisted of a 1.0-m-
thick desiccated layer overlying 13.0 m of soft alluvial soil. The
physical boundary of the model was extended to 10.0 m mea-
sured radially from the center of the pier. The concrete in the
footing was modeled as a linear elastic, nonporous material. Full
fixity was provided along the bottom of the model. The vertical
boundaries of the model were locked in the horizontal direction.
An unstructured FE mesh that consists of 15-node, triangular el-
ements was used. A fully drained condition was assumed for both
pier installation and pier loading processes. A static pore water
pressure profile was generated based on the location of the water
table during testing which was set at 2.0 m from the ground sur-
face. Measurements taken from piezometers installed near the
piers edge at this site revealed that the excess pore water pres-
sures dissipated within a few minutes after stopping the ramming
operations (White et al. 2003).

Interface elements with strength reduction ratio of 0.5 were
introduced along the footing-soil vertical interface to reflect a
realistic contact condition between the footing and the soil. Thin

solid continuum elements having effective shear strength param-
eters the same as those of the matrix soil were used along the
pier-soil contact in lieu of interface elements (se¢ Potts and
Zdravkovic 1999).

Modeling Procedure

The initial condition was assumed to be at the end of the cavity
drilling. Initial stresses were generated using the K, procedure in
which the in situ effective horizontal stress was calculated as the
product of the vertical effective stress and the predefined K,
value. For the alluvial layer, Kq=1~sin ¢’ was assumed, whereas
Ky=1.0 was assigned to the desiccated layer. The initial shear
stress was set to zero.

The pier installation process was modeled by applying out-
ward uniform displacement along the shaft and downward
uniform displacement at the bottom of the cavity. The strain-
controlled cavity expansion process was terminated when the cav-
ity strains along the shaft and at the bottom of the cavity were,
respectively, equal to 5 and 10% of the nominal diameter of the
cavity (Pham 2005). These cavity strain values were justified
based on field measurements of the downward displacement after
ramming the first lift of aggregate and diametric expansion mea-
surements near the top of the cavity. The expanded cavity was
filled with layers of compacted aggregate and the reinforced con-
crete footing was placed on top of the pier-soil system, The stress-
controlled load tests were simulated by applying incremental to
the top of the footing,.

Model Verifications

Load-Deformation Behaviors

As plcwously described in Part I (White et al. 2007), two pier-
supported footings (denoted as G; and G,) and three isolated
RAPs (denoted as Py, P,, and P,) were constructed and tested at
the same site. Verifications of the finite element model developed
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Fig. 1. (a) Dimensions of the unit cell and isolated pier; (b) the
structural model of a unit cell (unit; mm)

in this study are made by comparing the FE results with those
measured from the full-scale, instrumented load tests conducted
on both the pier-supported footings and the isolated piers. Fig. 2
compares the load-settlement curves computed from FE analyses
with the measured curves from the full-scale load tests. The loads
used to produce the load-settlement curves for G; and G, were
calculated as one-fourth of the total applied load on the footing.
In RAP design practice (Fox and Cowell 1998), the load capacity
is commonly taken at the point of increased curvature of the
load-settlement curve. Following this procedure, the load capaci-
ties of G; and G,, as indicated in Fig. 2, are about 840 and
880 kN, respectively. As shown by Fig. 2, the computed load-
settlement results agree well with the measurements until the
compressive loads reach capacities. As the applied load exceeds
this load level, FE analyses slightly underestimate the settlement.
Finally, the load-settlement responses in both G, and G, are quite
similar to those of the isolated piers with the same length and
diameter.

Seating load

F . =840 kN

capacity

40 | Pler length: L=279m

Settiement {mm]
én
o

.50t —e— Measured (P}
—a— Measured (G,)
[ —o—- Computed (P,)
-80 | —o-- Computed (G,)

60 bt ens . N210KN 9]
0 50 100 150 200 250 300 350 400
Applied Compressive Load per Pier [kN]

Seating load

I Pierlength:L=5.10m
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-70 } —=-- Computed (G,)

Settlement [mm]
A
Lo ]

220kN )

PR PSP rad ‘s

¢ 50 100 150 200 250 300 350 400 450 500
Applied Compressive Load per Pier [kN]

Fig. 2. Measurements versus FE computed values for load-settlement
curves: (a) P, and G| and (b) P, and G,. (Note: Total applied loads
for footings G, and G, were divided by four for comparison to the
isolated pier load test results.}

Lateral Movement in the Matrix Soil

Fig. 3 shows the lateral displacement profile in the matrix soil
adjacent to G, obtained from inclinometer measurements (casing
31 cm from edgé of pier) and FE analyses. The maximum com-
puted lateral displacements are 1.6 and 4.2 mm at compressive
loads of 836 and 1,248 kN, respectively. Compared to measured
displacements of 2.5 and 6.6 mm, the computed displacements
are about 65% of the measured values. The depth of maximum
deflection determined from the FE results is approximately 3.6 m,
which is close to the measured value of about 3.4 m. Differences
between the computed and the measured lateral displacements
can be partly attributed to the incapability of the hardening-soil
model in handling material anisotropy (i.e., different soil moduli
in different directions). ‘

Contact Stresses and Stress Concentration Ratio

Fig. 4 compares the total stress cell measurements and the com-
puted contact stresses on fop of the pier (g¢) and on top of the
matrix soil (g,,) for G{:"Good agreement is achieved between the
measured and the computed-g,. However, FE computed values
slightly overestimate g, for 'G. The computed stress concentra-
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Fig. 3. Measurements versus FE computed values for lateral
displacement in the matrix soil adjacent to G

tion ratio (R,) values range from 2 to 10 for compressive loads of
143 to 1,085 kN, respectively. As shown in Fig. 4(b), R, increases
in G, with the compressive load up to a peak value (1,085 kN)
before dropping to a somewhat constant value at higher loads.
The drop and relatively constant R value at high compressive
loads is aftributed to both the pier and matrix soil reaching a
failure stress state for which no additional load can be applied.
Based on field measurements, Lawton and Warner (2004) also
reported that R, of a RAP-supported rigid footing decreased after
the maximum design load is exceeded. A similar trending was
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Fig. 4. Contact stress and stress concentration ratio for G and Gy
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Fig. 5. Measurements versus FE computed values for stress
distribution along pier shaft: (a) isolated pier (P3); (b) pier group (Gi)

reported in Kirsch and Sondermann (2001) based on scaled model
tests simulating stone columns. Also shown in Fig. 4 are g, g,
and R, values computed for G,. When the applied compressive
load is lower than about 800 kN, calculated g, and g,, for both G,
and G, are quite similar, except that a peak value of R, of about
11 is achieved for G, at a compressive load of 1,584 kN,

Vertical Stress Distributions

Distributions of the vertical stress increase along the shaft of the
isolated pier (P5) and pier group (G;) obtained from FE analyses
and stress cell measurements are presented in Fig. 5. As indicated
in Fig. 5(a), good agreement between the measured and the com-
puted stresses in P; was attained especially at shallow depths
and/or greater loads. Comparison of the measured and the com-
puted stresses in G, [Fig. 5(b)] also showed good agreement,
especially when considering the difficulties in accurately measur-
ing total stress in the field (e.g., Dunnicliff 1993).

Comparison between Isolated Pier and Unit Cell
Models

Although RAPs are commonly installed in groups, the settlement
analysis of the pier group is essentially based on the behavior of
an ‘isolated pier (Fox and Cowell 1998). In this section, the re-
sponse of a pier group modeled as a unit cell is compared with the
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Fig. 6. Comparison of FE computed values between G; and P: (a) pier axial load increase; (b) vertical total stress in the matrix soil; (¢} interface
shear stress; (d) interface radial stress; () interface lateral deflection increase; and (f) interface shear strain increase

response of an isolated pier subjected to the same compressive
loads. '
‘Fig. 6 compares the behaviors of G; and P; by showing com-
puted values for axial load distributions, vertical stresses in the
matrix soil, interface shear stresses, lateral effective stresses in the
matrix soil, lateral displacements in the matrix soil, and shear
strains at the pier-soil contact. Three compressive loads (120, 250,
and 300 kN) were selected for comparison. These loads corre-
spond to less than capacity, capacity, and higher than capacity. As
shown in Fig. 6(a), axial load distributions along P; and G, are
almost coincident when the applied compressive load is less than
or equal to 250 kN. This is because at these load levels, the dif-
ferences in lateral effective stress [Fig. 6(d)] and interface shear
strain [Fig. 6(f)] are small. When the applied compressive load is
equal to 300 kN, the difference in both lateral effective stress and
pier-soil interface shear strains becomes considerable between P,
and G,. The computed results show that the axial pier load dissi-
pates more rapidly in G, compared to P, [Fig. 6(a)]. Further in-
terpretation of the numerical results reveals that below a depth of
about 1.0 m from grade, the distributions of all investigated pa-

rameters except the lateral displacement and the interface shear
strain are similar between G; and P;. Moreover, the increased
lateral stress in G; due to the footing-induced vertical stress also
prevents the lateral displacement in the matrix soil as shown in
Fig. 6(¢). At the load level (120 kN) less than capacity, the dif-
ferences in the responses of G, and P; are insignificant.

- Fig. 7 shows the comparison between P, and G,. Similar to Py
an'd Gy, three compressive loads of 120, 250, and 350 kN were
selected for comparison. Above a depth of 1.0 m below grade, the
vertical stress in the matrix soil [Fig. 7(b)], the lateral effective
stress [Fig. 7(c)], and the interface shear stress [Fig. 7(d)} adja-
cent to G, are higher than those adjacent to P,. At greater depths,
all stresses are essentially the same in both cases. Compared to Py
and Gy, the differences in all parameters between P, and G, are
generally less.. As a result, distributions of the axial pier load
along G, and P, are quite similar even at compressive loads that
exceed the load capacity (350 kN). Unlike P, and G, the inter-
face shear strain in P, and G, is concentrated at the upper part of
the pier, Which is indicative of pier bulging.
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Stress Path in the Matrix Soil

To gain further insights into the pier-soil interactions, effective
stress paths (following Lambe 1967) obtained from two soil ele-
ments adjacent to the unit cells (G, and G,) and the isolated piers
(P, and P,) are showh in Fig. 8. These soil elements are arbitrarily
located at 0.75 and 1.5 m below grade (0.29 and 1.04 m from
footing bottom). Failure envelopes based on the friction angle of
the alluvial clay (Ky) and the desiccated layer (Kp,) are estab-
lished in both compression and extension spaces. Stress states in
both soil elements during cavity expansion were found to be on
the extension failure envelopes, which indicate a Rankine passive
stress condition. The application of compressive load on top of
the pier during pier loading increases the shear stress in the soil
elements and causes the stress paths to go upward into the com-
pression space (i.e., above the p' axis). Once the Rankine active
stress condition is reached, the stress path in the soil element
located at 1.50 m' continues to move upward along the failure
envelope. However, the stress path in the soil element at 0.75 m

declines along the failure envelope. This stress path direction in-
dicates an unloading process. The stress paths of the soil elements
at 1.50 m are similar between the unit cell and the isolated pier.
For the soil elements 0.75 m, the stress path obtained from the
unit cell is located to the right of siress path obtained from the
isolated pier before reaching the Rankine active stress condition.
This is because the vertical stress exerted from the unit cell foot-
ing increases the mean stress in the matrix soil.

In an axisymmetric analysis, there are four nonzero stress
components: radial stress (o;), vertical stress (o]), tangential
stress (og), and the shear stress in the z-r plane (1,,). As other
shear stresses (7,9 and Tg,) are zero, the tangential stress, Ues is
always: one of the principal stresses. Depending on the loading
condition, the tangential stress can either be the minor principal
stress: (or3) or the intermediate principal stress (o3). Principal
stresses of two soil elements located at 0.75 and 1.50 m next to
G, and G, are shown in Fig. 9 at different loading stages. Loading
stagesinclude the initial stress condition (initial), incremental
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Fig. 8. Stress paths in the matrix soil adjacent to pier groups and
single piers (a) Py and Gy; (b) P, and G,

steps of cavity expansion during pier construction, and the appli-
cation of vertical compressive loads. For the soil element at
1.50 m [Figs. 9(a and b)), the tangential stress in both G| and G,
is always the minor principal siress. Therefore, for a given major
principal stress {o{}, the tangential stress controls the magnitude
of the deviator shear stress, On the other hand, the tangential
stress is not always the minor principal stress in the soil element
located at 0,75 m. As indicated in Figs. 9(c and d), the magnitude
of the deviator stress is only controlled by the tangential stress
when the applied compressive load is higher than 278 kN. At
lower loads, the minor principal stress in the z-r plane controls
the magnitude of deviator shear stress.

Stress Distribution underneath Pier-Supported
Footings

Distributions of the vertical stress underneath footings supported
by columnar systems are of practical importance. Knowledge of
the stress distribution within the column-reinforced zome (i.e.,
upper zone) is necessary in estimating settiement and global sta-
bility (Barksdale and Bachus 1983). The characterization of the
vertical stress distribution underneath a strip footing supported by
end-bearing compacted sand columns using plain-strain FE analy-
sis was conducted by Aboshi et al. (1979). In their analysis, ver-
tical stress contours in the sand column-reinforced zone were

compared with the stress ‘contours obtained from Boussinesq’s
solution for a homogeneous, unreinforced soil. Following this ap-
proach, Barksdale ‘and Bachus (1983) suggested a simplified
method to estimate the vemcal stress in the stone columns and the
matrix soil by combining the Boussmcsq s stress distribution with
stress concentration ratio.

For floating systems such as RAPs the distribution of vertical
stress below the pier-reinforced zone (ie., lower zone) is also
needed for estimating the lower-zorie settlement. Fig. 10 shows
that the distribution of vertical stress underneath G, and G, can
be estimated from the shaft length, Hg, using two linear func-
tions with the following form:

A 2= Dy
Ty =gq —_bz (]-)
9o ":Hsha_ft

where Ao, =vertical stress increase; go=applied footing pressure;
z=depth below footing bottom; D,=footing depth; and
Hg.q=pier length. Values of a and b in Bq. (1) for the upper and
the lower zone are shown in Fig. 10. As a conservative approach,
current design practice for analyzing the settlement of RAP sys-
tems assumes that the vertical stress increase underneath the pier-
supported footing follows the Westergaard’s solution and that the
stress distribution in both the upper and the lower zone is not
affected by pier installation (Fox and Cowell 1998). Other analy-
ses methods such as Schmertmann’s layer strain approach, Bouss-
inesq, and simple rules of 1.67 to 2.0 V:1.0H can also be used. In
Fig. 10, the average vertical stress increase in G, and G, normal-
ized by the applied footing pressure (gy) is plotted against
normalized depth. A hypothetical case which considers a fooiing
constructed in an unreinforced soil is also analyzed using West-
ergaard’s and FE solutions. Vertical stress distributions computed
by these methods are compared with those determined by FE
analyses when the footing is supported by G; and G,. For the
pier-reinforced cases, the average vertical stress is determined as
the weighted average of the vertical stresses on top of the pier and
on the matrix soil:

Ao'u = AQgRa +(1 - Ra)AfIm (2)

where Ao, =average vertical stress increase; Ag,=vertical stress
increase on the pier; Ag, =vertical stress increase on the matrix
soil; and R,=area replacement ratio, As can be seen in Fig, 11, for
the unreinforced case, Ao, computed by the Westergaard’s
method is higher (conservative) compared to the FE solution. If
the settlement induced by Ac, is assumed to be terminated at the
depth where Ag,/q, is 0.05, then the depths of zero settiement of
G, and G, are equal to 1.5B and 2B, respectively (where B is
footing width). In other words, for a given footing width, the
longer the pier, the deeper the vertical stress will be transmitted,
As can be seen in Fig. 11, if the same assumption regarding the
zéro settlement depth is used for Westergaard’s method then the
settlement will be terminated at about 2.5B. The sole dependence
of Aa,/qgy on the footing width when following Westergaard’s
solution can potentially cause inaccuracy in estimating stresses
underneath pier-supported footings.

Summary and Conclusion
Numerical analyses using the FE method were conducted to study

the mechanical behaviors of RAPs in supporting rigid footings.
Group effects were investigated by comparing the behaviors of an

‘individual pier in the group with those of an isolated pier of the |
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Fig. 9. Principal stresses in two soil elements adjacent to G| and G,
same length and diameter. The numerical model developed in this length and diameter. The stress concentration ratio was found
study utilized model parameters that were estimated from in situ to increase with the compressive load up to a peak level
and laboratory tests. The FE model was verified by comparing the corresponding to the maximum design load. Continuing to
numerical results with those obtained from full scale compressive increase the compressive load causes the stress concentration
load tests with instrumentations. Conclusions drawn from this ratio to drop. This behavior was not observed in the field
study are: measurements.
1. The FE model developed in this study successfully captured 2. Construction of the footing on top of the pier group increased
the mechanical behaviors of RAPs used to support rigid foot- the vertical stress in the matrix soil within the first meter
ings. The load-settlement response of a pier group can be from the footing bottom. As the vertical stress in the matrix

computed from the modeling of an isolated pier of the same
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soil increased, the lateral stress in the matrix soil also
increased, thus promoting the development of pier-soil inter-
face shear stress. However, it was found that the improve-
ment in the pier-soil interface shear stress was not significant
in this study. As a result, the behavior of the unit cell and the
isolated pier are quite similar in terms of the distribution with
depth of the axial pier load.

3. Analyses indicated that the Rankine passive stress condition
was reached during pier installation. The application of com-
pressive load on top of the pier during load tests increases the
vertical stress in the soil elements and causes the stress paths
to go upward toward the compressive failure envelope. The
tangential stress only became the intermediate principal in
the soil element located at 0.75 m when the compressive
load was less than 278 kN.

* Using FE analyses, the vertical stress distribution in the
upper and the lower zones underneath pier-supported foot-
ings can be characterized by two simple normalized linear
functions.
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Notation

The Jollowing symbols are used in this paper:
= footing width;
¢’ = effective stress cohesion;
Ecomp = elastic modulus of the pier-soil composite;
E, = elastic modulus of the pier element;
e = initial void ratio;
E, = elastic modulus of matrix soil;
E' = reference unloading/reloading modulus
corresponding to p'f;
Ef)eefd = reference modulus corresponding to 7
E% = reference secant modulus corresponding to p“’f
€nax = maximum void ratio;
emin = Minimum void ratio;
Ky = slope of the failure envelope in p-g space;
Ky = at-rest coefficient of lateral earth pressure;
m = power for stress-level dependency;
p©f = reference confining stress;

v
|

p’ = mean effective stress;
g, = stress concentrated on top of the pier element;
g,, = stress concentrated on top of matrix soil;

gy = induced pressure at the footing bottom;

R, = area replacement ratio;

Ry = failure ratio;

R; = stress concentration ratio;
Syz = settlement of the upper zone;

v = wet density;
Ag, = increase in the stress on top of the pier element;
Ag, = increase in the stress on top of matrix soil;

Ao, = vertical stress increase due to footing pressure;
Py = unloading-reloading Poisson’s ratio;
o, = radial effective stress;

Cension — tension cut-off stress;

o, = vertical effective stress;

oy = tangential effective stress;

oy = major principal effective stress;

o3 = minor principal effective stress;

T,, = shear stress in z-r plan;

¢’ = effective stress friction angle; and
Y = dilatancy angle.
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