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Abstract

The beneficial or detrimental role of battered piles on theadyic response of piled foundations
has not been yet fully elucidated. In order to shed more laghthis aspect, kinematic interaction
factors of deep foundations with inclined piles, are preddor single battered piles, as well as for
2 x 2 and3 x 3 groups of piles subjected to vertically incident plane st&®waves. Piles are mod-
elled as linear-elastic Bernoulli beams while soil is assdro be a linear, isotropic, homogeneous
viscoelastic half-space. Different pile group configuras, pile-soil stiffness ratios and rake angles
are considered. The relevance and main trends observed infthence of the rake angle on the
kinematic interaction factors of the analysed foundatemesinferred from the presented results. An
important dependence of the kinematic interaction factorghe rake angle is observed together
with the existence of an inclination angle at which cap fotaand excitation become out of phase
in the low-to-mid frequency range. The existence of a snatlids angle that provides minimum cap
rotation is also shown.

1 INTRODUCTION

Inclined piles are frequently used in foundations that apeeted to resist important lateral loads. Ver-
tical piles transmit these loads only through shear andibgndHowever, raked piles have the ability
of transmitting them primarily in axial compression andi@nsion, which implies an increase of their
lateral stiffness. Thus, when subjected to lateral logdbadgter piles present generally smaller defor-
mations and offer large bearing capacity than verticalspilethe same material and dimensions. Until
1990s, inclined piles were frequently used in seismic desigboridges and design of marginal wharfs
and other port and harbour structures. However, the usectifiéd piles became highly discouraged
after the unsatisfactory seismic performance that deepd@ations with battered piles showed during a
series of earthquakes.

Until today, it has not been clarified whether the use of iredi piles has a detrimental or beneficial
effect on the response of the superstructure or the fowndéself when submitted to seismic loads.
Related studies have been conducted in order to identifgridng@backs and advantages of battered piles.
Some authors]] 2, 3] developed numerical analyses that point to the larger to@als along the pile
shaft as well as to the increasing bending moment at the piel flas arguments to use vertical piles
instead of inclined piles for seismic loads. Converselydfevidence of the beneficial role of battered
piles has been found both for the structure they supporttangites themselveg[5]. These conclusions
are in line with those inferred from different numerical bsé [6, 7, 8].

Given that studies on the seismic response of batteredhmles not yet fully elucidated their bene-
ficial or detrimental role when submitted to dynamic loadstHer research is needed. The contribution
of this paper is related to the influence of inclined piles loa kinematic interaction factors of deep
foundations.

*Draft of the paper originally published in Earthquake Ergiring and Structural Dynamics 2014; 43:2035-2060.



Several studies have been carried out in relation with kateninteraction factors of deep founda-
tions using only vertical piles (see, for instanc®,1[0, 11, 12, 13, 14]). An equivalent knowledge must be
produced for configurations that include inclined pilespiider to provide the scientific and engineering
communities with the kinematic interaction factors neetbeaiccomplish substructuring analyses.

Up to the authors’ knowledge, although other authors hageraplished analysis of the kinematic
response of battered piles (e.d.5] 3]), kinematic interaction factors of inclined piles haveehepre-
sented only by Giannakoud ] for groups of2 x 1 piles.

In this line, kinematic interaction factors of single im@id piles, as well as those @fx 2 and3 x 3
groups with raked piles, embedded in a viscoelastic hatspare presented in this paper. The relevance
and main trends observed in the influence of the rake anglbekihematic interaction factors of the
analysed foundations are inferred from the presentedtseguboundary element (BEM)- finite element
(FEM) coupling formulation 17, 18, 19] has been used to obtain numerically these results. Piges ar
modelled directly using FEM as beams according to the Bdiinoygpothesis, while soil is modelled
using BEM as a linear, isotropic, homogeneous, viscoelastdium. Welded boundary contact condi-
tions at the pile-soil interfaces are assumed and the pddsare constrained by a rigid pile cap which
is assumed to be free of contact with the soil. This formatatmplies a reduction in terms of number
of degrees of freedom in comparison with a pure multi-redionndary element method and provide
accurate results at the same time.

2 NUMERICAL MODEL

A BEM-FEM coupling model is used in this work to compute thaéiatic interaction factors of pile
foundations. The dynamic response of the soil region is texti®y using a BEM formulation which
considers the tractions at pile-soil interfaces as bodge®racting within the domain. The stiffness
of piles is introduced by longitudinal finite elements lingithe internal nodes of the soil. The whole
approach is depicted in Figufe The main advantage of this approach is that, being abledduge
accurate results, it assumes that soil continuity is netedt by the presence of piles and, consequently,
it is not necessary to discretize the pile-soil interfacgbdundary elements which considerably reduces
the number of degrees of freedom in comparison with a purdiHnaglion boundary element approach.
Moreover, the pile discretization is independent of thémeeish which allows to use the same boundary
mesh for all the pile-group configurations under investayat
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Figure 1: BEM-FEM model.

The soil is modelled by the BEM as a linear, homogeneous;agiat, viscoelastic halfspace. Thus,
the boundary integral equation for a time-harmonic elastathic state defined in this region with bound-
aryI'; can be expressed in a condensed and general form as
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wherec” is the local free term matrix at collocation poitt,'u andp are the displacement and traction
fields in the three directions of spacg,andp™ are the elastodynamic fundamental solution tensors rep-
resenting the response to a harmonic concentrated loagwiitie variation & (wherew is the circular
frequency) applied at a poink’ The second term of the right-hand side of Equatibprépresents the



contribution of the internal loads. Thus, is the total number of load-lines (piles) ahg, represents the
pile-soil interface along the load lingwithin the halfspaceq® denotes the distribution of interaction
loads along the pile shaft applied on a line defined by the ils, whilef,; represents a point load
placed at the tip of the pile. On the other haﬁtf, represents the correspondingtensor computed at
the tip of the pile.

The boundary surfack; is discretized into quadratic elements of triangular aradgiateral shapes
with six and nine nodes, respectively. The displacementi@ution fieldsu andp, over each boundary
element, is approximated in terms of their values at nodaitpdu andp) making use of a set of poly-
nomial interpolation functions2[]. On the other hand, the piles are modelled by FEM accordirte
Euler-Bernoulli hypothesis and are discretized into threde beam elements in which the distribution
of tractionsq; is approximated by the corresponding interpolation florgifL7, 18] in terms of its val-
uesq® defined at a series of internal nodes. Now, Equatigrcén be written for all nodes ifi; as a
matrix equation of the type
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whereH?** andG?*® are coefficient matrices obtained by numerical integrabizer the boundary elements
of the fundamental solution times the corresponding shapetibns; ands°?7 is the coefficient matrix
obtained by numerical integration over load-lin®f the fundamental solution times the interpolation
functions.

When seismic waves impinge on the site under study, refteatid refraction phenomena take place,
and the arising wave field modifies the incident wave train.this paper, the seismic excitation is
assumed to be a harmonic plane S wave impinging the model &dan source. The wave field in
the halfspace discretizatiom)(consists of two parts: the known incident field;Y and the unknown
scattered field(s). The resulting displacement can be obtained by superposisu = u; + ug. Thus,
considering a pile foundation embedded in a soil subjecté@acident waves, equatio@)can be written
in terms of the scattered fields and expressed as
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where, taking into account the problem studied in this pafber boundary conditions over the free
surfacel’s nodes p = 0) have been imposed.

Furthermore, Equationl) can be also applied on internal nodes belonging to loaslliy) in the
same manner as foB), yielding to the following matrix equation
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whereu?: is the vector of nodal displacements along load-line
On the other hand, the dynamic behaviour of pgiia a finite element sense, can be described as:

(Kj = w?M;) 0 =17 — Q;q™ ()

WhereU§ is the vector of nodal translation and rotation amplitudesa the pile,ff” represents the
punctual forces acting at the top and the tip of the pile @ds the matrix that transforms the nodal
tractions to equivalent nodal forcds.andM are the stiffness and mass matrices of the pile, respectivel

Imposing additional equations of equilibrium and comgbtybby correlating BEM load lines and
FEM piles, Equations3), (4) and 6) can be rearranged in a system of equations representisgithale
foundation problem.

3 GEOMETRICAL PARAMETERS AND PROBLEM DEFINITIONS

All the configurations under study consist of piles arrangedquare regular groups which are sym-
metrical with respect to planeg andyz (see Figure?). Pile heads are constrained (through fixed-head
connection conditions) by a rigid pile cap which is assunetié free of contact with the soil. Free
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Figure 2: Pile foundation geometry.

head single piles are also studied. All piles have identicaterial and geometrical properties. Figure
2 illustrates the main geometrical parameters of the sysales length () and diameterd), spacing
between centers of adjacent pile heagsdnd rake angle between the vertical and the pile #jisTthe
foundation halfwidth is defined ds= d for single piles,b = s for 2 x 2 pile groups, and = 3s/2

for 3 x 3 pile groups. In this paper, the following properties aresidered: piles slenderness ratio
L/d = 15, soil internal hysteretic damping coefficiefit = 0.05, soil Poisson’s ratio; = 0.4, soil-pile
density ratiops/p, = 0.7, and pile soil modulus ratioB,/E; = 10° (soft soil) andE,/Es = 10* (stiff
sail).

Translational and rotational kinematic interaction fastf, = uy/uy, andl, = (¢4b)/ug,, re-
spectively, represents the horizontal,X and rocking {,) motions measured at the pile cap level and
normalized with the free-field motion at the surfacg. Both factors are functions of the dimensionless
frequencya, = wd/c,. In this latter expressiony is the excitation circular frequency andthe speed
of propagation of shear waves in the half-space.

4 COMPARISON RESULTS

The formulation described in Sectidhwas impemented in a previously existent multi-region BEM
FORTRAN code 21, 22]. Its validity for obtaining kinematic interaction funotis of vertical piles has
been checked by comparing the obtained results with thasédaed by Kaynia and Novak2] for a
single pile, as well as fas x 3 groups of piles under vertically incident S waves (sE8)[

This section addresses the validation of this BEM-FEM cimgpformulation (as well as its imple-
mentation), for configurations including battered piles.

4.1 3D-boundary element formulation

In order to assess the accuracy of the BEM-FEM formulati@scdbed in Sectiorz, applied to the
determination of kinematic interaction factors, resulbsnputed with this model are compared with
those corresponding to the multi-region boundary elemedé @1].

This 3-D multi-region boundary element formulation, in wiiboth soil and piles are modelled
as continuum isotropic homogeneous linear viscoelastjons with their actual geometries, is more
rigorous and versatile than the simplified BEM-FEM used is tfaper. However, it involves a greater
number of degrees of freedom due to the fact that the pilergerface must also be discretized.

The boundary integral representation of the displaceniargach region (soil and each pile) can be
written as

c’“uk+/p*udl“:/u*pdr (6)
I I

wherec” is the local free term matrix at collocation poitk,' u andp represent the displacement and
traction fields in the three directions of space, ahéndp* are the elastodynamic fundamental solution
tensors on the boundafydue to a time-harmonic concentrated load at pdint *

All boundaries are discretized into a finite number of quadements of triangular and quadrilat-
eral shapes with six and nine nodes, respectively. As in tigl-BEM formulation, only one quarter of
the geometry needs to be discretized due to the problem syiemésee Figurg).

In order to illustrate the application of this methodologythie problem at hand, a particular example
will be developed in the next few lines. For the specific casa single floating pile embedded in a
viscoelastic half-space, writing equatioB) for each node of each region, yields the following matrix



equations for pile and soil regions:

HiUT, + Hous, = GIpT, + Gopyg (7)
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where the sub-indexek — 3 correspond, respectively, to the pile connection with fy@lrcap where
tractions are nulll(), to the pile-soil interfacel(y), and to the soil free-traction ground surfatg); The
sub-indexs indicates that the equations are written for foattered field Imposing external boundary
conditions ¢} = 0 andp; = 0) together with compatibility (; = u>) and equilibrium 5 = —p,)
along the pile-soil interfaces, the combined equationghferkinematic interaction factors problem can
be written as
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4.2 Validation results

Figure 4 presents comparison results for several configuratiorgs>o® inclined pile groups subjected
to vertically incident S waves that, at free-field groundface, causes motions in the direction of the
x axis. The first and the second rows of the plots correspondpiteapacing ratio ok/d = 5 and
piles inclined, with a rake angle ¢f=10°, parallel and perpendicular to the direction of the taticin,
respectively. The third row shows the results correspantbra pile spacing ratio of/d = 10 and piles
inclined symmetrically along the cap diagonals with a rakgl@ ofd =20° . Finally, the fourth and fifth
rows, present the results for a pile spacing raties6f = 10 and piles inclined, with a rake angle of
# =30°, parallel and perpendicular to the direction of the &xicin, respectively. In all cases, results are
obtained for two different pile-soil stiffness ratios.

The results corresponding to the BEM-FEM coupling formokatused in the following section are
in strong agreement with those obtained from the more rigomulti-domain boundary element (BEM-
BEM) code. The resulting relative errors, for a dimensissl&equency value, = 0.25, for instance,
are belows% in terms of rotational kinematic interaction functidg, and below3% in terms of transla-
tional kinematic interaction function,. Therefore, the BEM-FEM formulation is the preferred metho
to carry out parametric studies, since it is more cost-éffec

5 KINEMATIC INTERACTION FACTORS OF DEEP FOUNDATIONS
WITH INCLINED PILES

This section provides kinematic interaction factors ofg&ninclined piles, an@ x 2 and3 x 3 pile
groups with battered elements, according to the geomkepaameters and material properties defined
in Section3 and subjected to vertically-incident plane shear S wavdss Jtudy includes results cor-
responding to different pile groups configurations withepiinclined perpendicular or parallel to the
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Figure 3: Multi-region boundary-element model definiti@msl BEM mesh.
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Figure 4: Kinematic interaction factorsg,and/,, of 2 x 2 pile groups with different spacing ratiegd,
rake angle$ and stiffness ratio&), / E;. Comparison between BEM-BEM and BEM-FEM.

direction of excitation as well as symmetrically along tlag cdiagonals. Four different rake angles have
been considered? =0° (vertical piles), 10°, 20° and 30°. Some vertical pilesiacluded i3 x 3 pile
groups in order to maintain symmetry with respect to plagendyz Results corresponding to pile-soil
stiffness ratiosE,, / E; =1000 (soft soil) and 100 (stiff soil) are presented. Stab#ind convergence
analysis of the meshes have been performed in order to etimuaecuracy of the obtained results.

Figure5 presents the translationtal kinematic interaction facigicorresponding to free-head single
inclined piles, together with the relative vertical disgaents produced at the pile top by the incident
field. When the pile is inclined parallel to the direction bétexcitation (central columnj,, decreases
for increasing rake angles up &g = 0.5 for E,/E, = 1000, and up toa, = 0.8 for E,/E; = 100.
However, inclining the pile perpendicular to the directioinexcitation (left column) has no beneficial
effects in the low-frequency range and even shows a dettahkbehaviour in the intermediate-frequency
region as it leads to increasing values of the horizontalianotFor low values of.,, I,, increases for
increasing pile-soil modulus ratios. The opposite occarsigh values of the dimensionless frequency.
As expected, vertical displacements also grow for increpsike angles, reaching displacements up to
60% of the horizontal free-field ground motionas = 0.3.



Figure6 depicts the rotational kinematic interaction functibnfor the case defined above. For in-
creasing rake angles, rotation slightly decreases forttewid frequencies, and slightly increases for
mid-to-high frequencies. Contrary to what could have begreeted, the rotation is almost independent
of the direction of inclination. In order to look into thisdia the deformed shapes of single piles, in-
clined in both directions, at, = 0.3 are represented in Figuie It can be seen that the direction of
inclination does influence significantly the pile behaviasra whole, although the comparison between
the undeformed and deformed shapes shows similar rotadtidsath configurations.

Figures8, 10, 12 and14 show the influence of rake angle on the translational kinenatieraction
functions of four different configurations of pile groupshellow frequency region in which, increases
with frequency for single piles does not appear in the tetitial kinematic interaction function of pile
groups, case in whicl1,,| < 1 for all a,. Inclining piles perpendicular to the direction of the ¢ation
(left column) leads generally to higher values/gfin comparison with those obtained with vertical piles.
Conversely, the use of piles inclined symmetrically aloing tap diagonals (central column) generally
results in a reduction of this motion in the low-to-mid freqey range. A stronger filtering of the seismic
excitation can be achieved by inclining piles parallel te thirection of excitation (right column). The
kinematic response of pile groups including battered pidsss sensitive to variations of the rake angle
as the pile spacing ratie/d and the number of piles increases. In all cadgsidecreases for higher
pile-soil modulus ratios for low-to-mid frequencies.

Figures9, 11, 13and15 present the rotational kinematic interaction factors li@rpile groups under
study in order to illustrate how the use of pile groups inglgdbattered piles influences the rocking
motion at the pile cap. Higher pile spacing ratigg or larger number of piles result in less cap rotation,
though generally, this rotation increases with the rakdearithis effect is more pronounced when piles
are inclined parallel to the direction of excitation. Thermmanclined, the more the pile works axially,
that causes an axial displacement which in turn producdsehigap rotation. In fact, the maximum
value of this rotation occurs at, ~ 0.3, which is the dimensionless frequency corresponding to the
maximum value of the vertical displacement at the top ofizaksingle inclined piles (see right column
of Figure5). However, no relevant effects can be appreciated whemingl piles perpendicular to the
direction of excitation. The dependence on the directioimaination does not exist for single piles (see
Figure 6), which suggests that it is the constraint imposed by thid pgde cap which leads to changes
in the dynamic behaviour of the foundation. Note thatised for the normalization df,) changes for
every configuration. When taking this into account, the hlisocap rotation strongly decreases with
larger pile separations or number of piles.

Contrary to what occurs for vertical piles and even for srigtlined piles, cap rotation and horizon-
tal free-field ground motion become out of phase when inojjrpiles parallel to the direction of excita-
cion or simmetrically along the cap diagonals. This can seplked in the first row of Figured 11, 13
and15. For the purpose of illustrating this effect, Figuré shows the deformed shapeat= 0.3 of
2 x 2 pile groups containing piles inclined parallel to the diiee of excitation with four different rake
angles (solid color lines), together with the undeformeapsls (dashed lines), and the deformed shape
of the incident fieldu,, (grey solid line). The response is qualitatively indeperade the pile spacing
ratio s/d. The lower theE, / E ratio, the better the pile compliance with the free-field iomt

The figures discussed above show a trend consisting in a wrndhcrease of cap rotation at low-
to-mid frequencies for higher rake angles. However, thelesl change of phase suggests that this does
not need to be the case. In order to analyse more closelyfdetsdf rake angle on the rocking motion at
the pile cap, Figuré7 shows the real part and the modulus of the rotational kinienrgeraction factor
of four different configurations with piles inclined pasdlko the direction of excitation. Five different
rake angles have been consideréd=0° (vertical piles), 1°, 3°, 5°, and 10°. It is worth to notitet
the use of configurations with piles inclined a small rakelaifg.g.60 =1°, 6 =3°) leads to a minimum
rocking motion at the pile cap. This might represent a beisfeffect on the dynamic behaviour of
slender structures, case in which the determination of dmam rake angle for a minimum rocking
input motion could be interesting.

The influence of pile-soil Young's modulus ratio and pilenslerness ratid./d on the rotational
kinematic interaction factor has also been studied. Aol L/d and £,/ E; ratios have been studied
for some configurations but are not shown here for the sakeeanith. Contrary to what occurs for
vertical piles, lower stiffness ratias, / E; (stiffer soils) lead to larger cap rotations. On the otherdha
higher stiffness ratios (softer soils) result in an inceea$ the rake angle at which cap rotation and
horizontal free-field ground surface motion become out afggrat low-to-mid frequencies. For instance,
such an angle can reach values ou@t for E,/E; = 5000 (see Figurel6). Finally, it is worth noting
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Figure 5: Translational kinematic interaction facigrand vertical displacement, /u,4, of a single pile
for different rake angle8.

that, when considering configurations with piles inclinedgtlel to the direction of excitation, higher
pile slenderness ratios yield increasing rocking motidrikepile cap in a low frequency range, contrary
to what occurs for vertical piles.

Besides kinematic interaction factors, the influence oérakgle on pile kinematic interaction forces
is an important issue in the study of inclined piles subjgtteSH waves. This is because the possibility
of the development of large kinematic bending moments aedrsforces when inclining the piles has
resulted in a negative attitude towards batter piles (8Pe |n order to look also into this aspect of
the problem, kinematic bending momernits at pile heads are presented, for some configurations and
vertically-incident S waves producing unitary horizorftake-field motion at the ground surface, in terms
of the pile maximum bending strai),. Note that the axis around which such bending moments are
measured is depicted in the corresponding figures. The taty@s of representing, instead of)M are
exposed in25]. The relation between both parameters can be expressetdasst

M d
T E,L,2
beingI, the pile cross-sectional moment of inertia.
The third row of Figure® and11, illustrates how the variations of the rake angle affecntizaimum
bending strain of piles in configurations ®fx 2 pile groups. When piles are inclined parallel to the
direction of excitation (right column) or symmetricallyoaly the cap diagonals (central column), the
maximum bending strain increases with the rake angle fdn mt and high frequencies (in terms of
the frequency range presented in the figures) wheh= 5, reaching an increment of up 9% in the
low frequency range (whe#k,/E; = 100) with respect to the values corresponding to vertical piles
Nevertheless, for intermediate frequencies the rake ahmgs not have a significant influence on the
maximum bending strain. In those cases in whig}y £, = 1000, the maximum bending strain reaches
increments of up td6% in the low frequency range. Wher/d = 10, maximum bending strain tends
to increase with rake angle at mid-to-low frequencies betefeses at higher frequencies. On the other
hand, in those cases in which piles are inclined perperatitalthe direction of excitation (left column),
the maximum pile bending strain decreases as the rake amméases for low-to-mid frequencies in all
configurations. In short, in the mid-to-low frequency ramgaximum pile bending strains at pile heads
tend to increase when piles are inclined parallel to thectioe of the shaking; but tend to decrease when
the piles are inclined perpendicular to such direction.

€p (20)
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Figure 6: Rotational kinematic interaction factgy of a single pile for different rake anglés
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Figure 7: Deformed shape (solid line) and undeformed shdagh(line) of simple inclined piles with
different rake angle$ considering|uy,| = 1 (u; displaced 10 units to the left only for illustration
purposes)a, = 0.3. E,/Es = 1000.

6 CONCLUSIONS

This paper presents kinematic interaction factors of singtlined piles, an® x 2 and3 x 3 pile
groups including battered elements embedded in a homogenéscoelastic half-space and subjected
to vertically-incident plane shear S waves. The possjilithe development of large kinematic bending
moments and shear forces when inclining the piles has eskinlta negative attitude towards batter piles
(see B]). In order to study the effect of rake angle on kinematicdieg moments, maximum pile bend-
ing strain at pile heads are also presented for some casesurfdary element-finite element formulation
has been used to obtain numerical results for differentsoperties, rake angles and configurations.

The main conclusions drawn from the analysis of the restitaioned for the cases under study are
summarised below:

» The ability of a deep foundation to filter the seismic inpudreases significantly if all or some of
it members are inclined in the direction of shaking.

» The beneficial role of the pile inclination disappears ghhfrequencies.
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Both kinematic interaction factors strongly depends andhection of inclination of piles. Deep
foundations including piles inclined perpendicular to theection of excitation generally have a
detrimental role in terms of horizontal motion.

The rotational kinematic interaction factfy of battered single piles is almost independent of the
rake angle.

Cap rotation and horizontal free-field ground motion beeamt of phase when inclining piles
parallel to the direction of excitation or symmetricallpaf the cap diagonals. This effect depend
on the rake angle, as well as on the pile-soil Young’s modrdtis.

There exists an optimum rake angle (usually small) for Whaicminimum rotational motion at
pile cap is obtained in the low-to-mid frequency range. Ttisnomenon could be used in order
to minimize the seismic input of a structure submitted tsreé loads although, in some cases,
the realization of the optimum small rake angles could nofdasible. A monotonic trend of
increasing cap rotation for increasing rake angles is ekséior larger angles.

Higher stiffness ratios (softer soils) result in an inaeaf the rake angle at which cap rotation
and horizontal free-field ground surface motion become bphase at low-to-mid frequencies.

The kinematic response of pile groups including batteiitxs is less sensitive to variations of the
rake angle as the pile spacing ratitl or the number of piles increase.

Lower stiffness ratiodr, / E (stiffer soils) lead to higher cap rocking motions.

Contrary to what occurs for vertical piles, a reduction foé pile slenderness ratib/d leads to
decreasing values of the rocking motion at the pile cap,astle a low frequency range, when
considering configurations with piles inclined parallethie direction of excitation.

In the mid-to-low frequency range (usually the most imanttin the seismic design of deep foun-
dations), maximum pile bending strains at pile heads terct@ase when piles are inclined par-
allel to the direction of the shaking; but tend to decreasemthe piles are inclined perpendicular
to such direction.
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Figure 9: Rotational kinematic interaction facty and maximum pile head bending strain(consid-
ering|u,,| = 1) of a2 x 2 pile group with battered piles with different rake anglesnds/d = 5.
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Figure 15: Rotational kinematic interaction facthy of a 3 x 3 pile group with battered piles with
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