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ABSTRACT: To gain insight into the inelastic behavior of piles, the response of a vertical pile
embedded in a dry dense sand and subjected to cyclic lateral loading was studied experimentally
in centrifuge tests conducted in Laboratoire Central des Ponts et Chaussees, in Nantes, France.
A three-dimensional finite element analysis with the use of a new constitutive model for the cy-
clic behavior of sand was performed in order to capture the cyclic response of the single pile.
Performance measure parameters were introduced to evaluate the overall response of the pile-
soil system indicating that the proposed model is suitable for the prediction of the lateral re-
sponse of a pile under cyclic loading and the domination of the mechanism of “system densifi-
cation” upon soil densification in cyclic loading. The response of an 1x2 pile group under cyclic
lateral loading is also investigated showing that the model is capable of representing the shadow
effect of the pile group.

1 CENTRIFUGE LATERAL CYCLIC LOAD PILE EXPERIMENTS

Three centrifuge tests on a single pile subjected to cyclic horizontal loading were performed
by Rosquoét et al (2004) at Laboratoire Central des Ponts et Chaussées (LcpC). The centrifuge
models were 1/40 in scale and involved pile head loading with three different force time histo-
ries. The loading time histories were: i) 12 cycles from 960 kN to 480 kN (test P32) ii) 12 cy-
cles from 960 kN to 0 kN (test P344) iii) 6 cycles from 960 kN to -960 kN (test P330). The ex-
perimental set up and the loading time histories (in prototype scale) are portrayed in Figure 1.

The cyclic lateral load tests were conducted on vertical friction pile placed in a sand mass of
uniform density. The Fontainebleau sand centrifuge specimens were prepared by the air sand-
raining process into a rectangular container (80 cm wide by 120 cm long by 36 cm deep), with
the use of a special automatic hopper developed at Lcpc (Garnier, 2002). The desired density of
the dry sand was obtained by varying three parameters: a) the flow of sand (opening of the hop-
per), b) the automatically maintained drop height, and c) the scanning rate. Laboratory results
from drained and undrained torsional and direct shear tests on Fontainebleau sand reconstituted
specimens indicated mean values of peak and critical-state angles of ¢, = 41.8° and ¢., = 33°,
respectively. Figure 1 depicts the idealized small strain shear modulus G, used. Evidently, in
this dense sand the pile used may be considered as flexible. The model pile at scale 1/40 is a
hollow aluminum cylinder of 18 mm external diameter, 3 mm wall thickness, and 365 mm
length. The flexural stiffness of the pile is 0.197 kN m” and the elastic limit stress of the alumi-
num is 245 MPa. The centrifuge tests were carried out at 40 g.

The instrumentation included two displacement sensors, located at the section of the pile
above the ground surface, and 20 pairs of strain gauges, positioned along the length of the pile
so that the bending moment profile M(z) could be measured during the tests. The resultant earth
pressure p = p(z), per unit length along the pile, was obtained by double differentiation of M(z)



as established by Matlock and Reese (Reese and Van Impe, 2001). The strain gauges were
spaced at 0.6 m in prototype scale starting from the ground level to the pile tip. This single pile
was driven into the sand at 1 g before rotating of the centrifuge. In flight, the single pile was
subjected quasi-statically to horizontal cyclic loading through a servo-jack connected to the pile
with a cable. With such a configuration the pile head is not submitted to any parasitic bending
moment. The test results were obtained in the form of horizontal force-displacement time histo-
ries at the head of the pile, as well as of bending moment along the pile.
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Figure 1. Experimental setup of the centrifuge tests conducted in LCPC (Rosquoét et al, 2004) and load time
histories of the three tests (P32, P344 and P330). All dimensions refer to the modeled prototype
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Figure 2. Shape of yield criterion of the proposed constitutive model



2 FINITE ELEMENT MODELING

The above mentioned centrifuge tests were modeled numerically in 3D using the finite element
code ABAQuS. The pile is assumed to be linear elastic while the cyclic soil behavior is described
via a nonlinear constitutive law with kinematic hardening law and associated plastic flow rule.
Approximately 43000 elements were used for each analysis. The soil is modeled with 8-node
brick elements while the pile is modeled with 3D beam elements placed at its center and con-
nected with appropriate kinematic restraints with the nodes at the perimeter of the pile in order
to model the complete geometry of the pile. The solid elements inside the perimeter of the pile
have no stiffness. In this way, each pile section behaves as a rigid disc: rotation is allowed on
the condition that the disc remains always perpendicular to the beam axis, but stretching cannot
occur.

3 CONSTITUTIVE SOIL MODEL

Soil behavior is modeled through a constitutive model with nonlinear kinematic hardening and
associated plastic flow rule. The evolution law of the model consists of two components: a
nonlinear kinematic hardening component, which describes the translation of the yield surface
in the stress space (defined through the back-stress a), and an isotropic hardening component,
which defines the size of the yield surface 60 at zero plastic deformation. The kinematic harden-
ing component is defined as an additive combination of a purely kinematic term (linear Ziegler
hardening law) and a relaxation term (the recall term), which introduces the nonlinearity. The
model incorporates two hardening parameters C and y that define the maximum transition of the
yield surface, and the rate of transition, respectively. A user subroutine is imported in ABAQUS,
which relates the model parameters to the principal stresses and the Lode angle at every loading
step. Incorporating the Lode angle effect allows for significant accuracy in three-dimensional
shear response environments. The yield surface of the proposed constitutive model is deter-
mined to fit the Mohr-Coulomb failure response in a triaxial loading test for both compression
and extension conditions assuming linear interpolation for the intermediate stress states. For this
reason, the parameter k is introduced which is a function of Lode angle and takes values from 0
to 1. k=0 corresponds to pure triaxial extension conditions and k=1 to pure triaxial compression
conditions. In summary, the constitutive model parameters are calibrated to match the Coulomb
failure criterion on the principal stresses plane for every apex of the hexagon with the smooth
envelope of Figure 2.
The distribution of Young’s modulus varies parabolically with depth according to:

C:E:EO(GVJ (1)
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where Eq is the reference Young’s modulus, o, the vertical stress and m a parameter that de-
fines the distribution of E with depth. E, is equal to 192000 kPa and m is equal to 0.5 according
to the calibration performed by Gerolymos et al (2009). The hardening parameter y, which is a
function of the internal friction angle, was calibrated to correspond to a critical-state friction an-
gle @, = 33°. The constitutive model parameters E,, m and y were calibrated only to predict the
recorded “force — displacement” curve at the head of the pile from the strain gauges for the 12
cycles of loading of test P32.

4 NUMERICAL SIMULATION

The model is then used to simulate test P344 where the single pile is subjected to one-way cy-
clic load with maximum horizontal force 960 kN and minimum horizontal force 0 kN. Subse-
quently it is applied to predict the response of an 1x2 pile group subjected to the same average
horizontal cyclic loading. It should be noted that the applied loads always stay in the domain of
service loads. Bending moment, shear force and soil reaction profiles were compared, but due to
lack of space, only the results for the bending moments are presented herein.



4.1 Simulation of single pile

The computed force-displacement curve at the pile head is compared to the experimental data in
Figure 3 for the 12 cycles of loading. In one way cyclic loading, the pile displacement increases
as the number of cycles increases. In this figure it is observed that the model is capable of pre-
dicting the plastic shakedown response of the pile. This plastic shakedown response is the resul-
tant of the following two mechanisms: (a) Soil densification due to the reduction of voids, and
(b) “System densification” due to the gradual extension of the resisting soil mass, towards
greater depths with cyclic loading. Only the second mechanism is captured by the proposed
model. Despite the small discrepancy in the residual displacement at the pivot point of each
unloading phase, the comparison is quite satisfactory.
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Figure 3. Experimental and Computed Force — Displacement curve at pile head for single pile
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Figure 4. Comparison of computed and recorded bending moment distributions for test P344 at two
different stages of loading : a) at the 1st cycle, and b) at the 6th cycle. The maximum applied load is
960 kN and the minimum load is 0 kN.
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Figure 5. a) Normalized tangent stiffness with respect to the first cycle of loading, b) Normalized secant hori-
zontal pile stiffness with respect to the first cycle of loading, c) Relative pile-head displacement between two
consecutive re-loading—unloading reversal points normalized with the one between the loading-unloading
and the first re-loading — unloading reversal points

Figure 4 compares the bending moment profiles at the first and sixth cycle of loading. In gen-
eral, the agreement between the measured and the computed curves is quite satisfactory. The
model predicts well the shape of the moment distribution and the increase of the bending mo-
ments with the increase of the number of cycles both for loading and unloading of the pile. The
model is also capable of simulating the depth of the maximum bending moment both for loading
and unloading conditions as well as the shift of the maximum bending moment at a higher depth
as the number of cycles increases. The discrepancy in the unloading phase is attributed to that
the developed soil constitutive model cannot reproduce soil densification.



Three performance measure parameters where introduced to evaluate the overall response of
the pile-soil system. Figure 5a depicts the tangent stiffness at each unloading-reloading reversal
point divided by the tangent stiffness at unloading-reloading reversal point of the first cycle,
which is indicative of the elastic response of the pile. It is interesting to observe that the com-
puted tangent stiffness remains constant for the proposed model described above, unaffected by
cyclic loading, while the measured tangent stiffness increases in test P344. This increase in the
measured tangent stiffness is attributed to soil (material) densification during cyclic loading, an
effect that is not simulated by the utilized soil constitutive model and which prevails in the elas-
tic response of the pile.

Figure 5b presents the secant stiffness between two sequential reversal points normalized by
the secant stiffness of the first cycle, which is indicative of the overall response of the pile dur-
ing cyclic loading. It is worthy of note that both the computed and the measured secant stift-
nesses increase with the number of cycles. Given that the system densification is captured nu-
merically, the difference between measured and computed response is only attributed to soil
densification.

Figure 5c presents the relative pile head displacement between two consecutive re-loading—
unloading reversal points normalized with the one between the loading-unloading and the first
re-loading — unloading reversal points. The pile displacement at pivot points increases in the as-
symetric cyclic loading with a decreasing rate and the pile finally reaches a zero-plastic strain
rate equilibrium. It is observed that the computed versus measured response is in well agree-
ment, implying that the mechanism of “system densification” dominates upon that of soil densi-
fication.

4.2 Simulation of 1x2 pile group

Having compared and validated the proposed constitutive model with the analysis of a single
free-head pile under lateral cyclic loading in nonhomogeneous sand, the effects of lateral cy-
cling loading on a 1x2 pile free-standing free-head pile group are investigated. The piles, lo-
cated at a distance of three diameters, are parallel to the load direction. The pile heads are
hinged (zero bending moment) to the pile cap via appropriate kinematic constraints which en-
sure the diaphragmatic action towards the loading direction.
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Figure 6. Force — Displacement curve of the single pile and the pile group for the loading of test P344
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Figure 7. Comparison of computed bending moment distributions of the pile group and the single pile for
test P344 at two different stages of loading : a) at the 1st cycle, and b) at the 6th cycle. The maximum ap-
plied load is 960 kN and the minimum load is 0 kN.

The pile group is subjected to an asymmetric cyclic lateral loading similar to that of test P344
but with double amplitude (1920 kN). Figure 6 plots the average force per pile versus group
displacement and compares it with the corresponding force-displacement loop of the single iso-
lated pile. For the same average load, the group displacement is greater than that of the solitary
pile. This behavior is attributed to that the passive failure zones of the piles in the group tend to
overlap (shadow effect) as the lateral load increases, thus reducing the average soil resistance on
the piles in the group. The shadow effect becomes more dominant with decreasing pile-to-pile
distance. As in the case of the free-head single pile, the group displacement increases at a de-
creasing rate with the number of cycles finally reaching a plastic shakedown equilibrium. Inter-
estingly, the force-displacement loop of the pile group is wider than the corresponding of the
single isolated pile, implying greater soil plastification.

Figure 7 depicts the detailed distribution of bending moments with depth along each pile in
the group computed for different stages of loading. Comparison is given with the respective re-



sults from the analysis of the single isolated pile. As in the case of the single pile, it is observed
that the maximum bending moment increases with the number of cycles and shifts to greater
depths following the progressive extension of soil yielding for both piles of the group. Further-
more, the leading pile develops the largest bending moment in comparison to both the trailing
and the single pile which shows an intermediate response. The discrepancy in the bending mo-
ment distribution between the trailing and the leading pile is attributed to the shadow effect. Fi-
nally, upon unloading, and for zero applied lateral force, the bending moments are not zero, in-
stead they retain large values comparable to those for the maximum applied load. This reduction
in the maximum values is about 40% for the bending moments. It should be noted, that in the
case of a linear soil all the aforementioned quantities would vanish to zero, as soil elasticity
would act as a restoring force for the pile.
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Figure 8. Cross-section of the model with the contours of the active and passive stress states in terms of
the state parameter k at three different stages of loading of the single pile and the pile group: a) at the 1%
cycle at 960 kN, b) at the 12™ cycle at 0 kN, and c¢) at the 12™ cycle at 960 kN. k = 1 corresponds to pure
triaxial compression loading condition (passive state), and k = 0 to pure triaxial extension loading condi-
tion (active state) while k = 0.5 sets the boundaries between the active and the passive state. (Deforma-
tion Scale Factor = 5)



Figure 8 depicts the contours of the active and passive stress states in terms of the state pa-
rameter k at three different stages of : a) at the 1st cycle at 960 kN, b) at the 12th cycle at 0 kN,
and c) at the 12th cycle at 960 kN for the single pile and the pile group. k = 1 corresponds to
pure triaxial compression loading condition (passive state), and k = 0 to pure triaxial extension
loading condition (active state) while k = 0.5 sets the boundaries between the active and the pas-
sive state. It is interesting to observe that the plastic shakedown effect on the single pile is re-
flected by the gradually developing fan-shaped stress bulb, the frontal part of which represents
the mobilized soil mass that is in a passive state and expands with increasing cycles of loading,
while the trailing part corresponds to the mobilized soil zone that is in an active state and
shrinks with increasing number of cycles. The larger the bulb of “passive” stresses the greater
the lateral soil reactions that resist the applied load, and finally, the pile reaches a steady state
equilibrium of constant plastic strain (plastic shakedown). For the case of the pile group, the
gradual expansion of the compression stress bulb with number of cycles signals the plastic
shakedown process until the pile group reaches a steady state equilibrium of constant plastic
strain. The shadow effect is manifested by the formation of a relaxation zone (k = 0) at the back
of the leading pile which softens the response of the trailing one.
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Figure 9. Comparison of efficiency factors of the numerical analysis with the efficiency factors proposed
by Reese and Van Impe.

Finally, Figure 9 compares the efficiency factors of the piles (should not be confused with
pile-to-pile interaction factors) calculated with the constitutive model and proposed by Reese
and Van Impe (2001). It is interesting to observe, that the calculated efficiency factors converge
to those of Reese and Van Impe (2001) at very large pile head displacements, with a small dis-
crepancy for the leading pile which shows to recover its initial stiffness (; = 1), a hardening re-
sponse which may be attributed to the plastic shakedown effect. On the contrary, the computed
efficiency factor for the trailing pile decreases with increasing horizontal displacement, as a re-
sult of the shadow effect, but at decreasing rate due the plastic shakedown induced hardening
response of the pile group (reaching a minimum value of (1, = 0.7).

Of equal, if not more, interest is that at zero and/or very small pile displacements (elastic re-
sponse), all the three computed efficiency factors (for the leading pile, the trailing pile and the
pile group) are very close to 1 (= 0.97), implying that pile-to-pile interaction has an insignificant
effect on the elastic response of the pile group. This could possibly suggest a “destructive” in-
terference in pile-to-pile interaction rather than that pile-to-pile interaction factors are zero



(which are certainly not, according to valid published results, e.g. Mylonakis and Gazetas
1998). The negligible pile-to-pile interaction effect is also evident in Figure 6 which compares
the computed force-displacement response of the single pile and the pile group.

5 CONCLUSIONS

A simplified constitutive soil model for the static and cyclic response of piles embedded in
cohesioneless soil was materialized into a three-dimensional finite element code. The model
predictions were compared with experimental results of a single pile in dry sand, and subse-
quently it was applied at a pile group of two piles with similar geometric characteristics and soil
conditions to those of the experimental tests. The main conclusions are:

» The plastic shakedown response of both the single pile and the pile group is mostly attrib-
uted to the so-called “system” densification rather than to cyclically-induced soil densification.

* During cyclic loading, the mechanism of “system” densification dominates upon soil den-
sification with the contribution of the latter to the macroscopic response of the piles (or pile
group) being rather insignificant.

» The formation of a relaxation zone at the back of a leading pile (in the pile group) signifi-
cantly reduces the lateral soil resistance on the trailing pile. This behavior, well-known in the
literature as “shadow effect” is more prominent at large pile deformations.

» The efficiency factor of the leading pile decreases with increasing pile displacement but at
extremely large deformations recovers if not overpasses its initial (zero-amplitude) strain value.
On the contrary, the efficiency factor of the trailing pile decreases monotonically with loading,
but at a decreasing right, finally reaching an asymptotic value.

» The asymptotic values of all three efficiency factors (for the leading pile, the trailing pile
and the pile group) compare well with those by Reese and Van Impe, 2001.
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