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Abstract

The pressing need for building resilient and sustainable civil infrastructure systems requires
optimal design of infrastructure components which are not only capable to perform adequately
under service loads but also resilient enough to survive under loads from man-made and natural
extreme events. This report focuses on a component of seismic fragility analysis of bridge
foundations — load-displacement behavior of piles under dynamic lateral loading. Winkler (soil-
spring) models are widely used to capture pile-soil interaction under lateral loading. However,
such simplified foundation-soil interaction model cannot predict ‘true’ serviceability and limit
conditions. Consequently, a high level of conservatism is employed in such analyses, and
therefore simplified soil spring models cannot be relied upon in the assessment of reliability (or
vulnerability) of bridge foundations under dynamic loading.

In order to effectively capture different possible damage conditions in foundations and their
complex interaction with structures, a continuum-based analytical framework is explored in this
study to investigate behavior of single piles under dynamic lateral loading. The governing
differential equations for the pile-soil system are derived by using Hamilton’s principle. The soil
displacement field is assumed to be consistent with two facts: (i) soil displacement decreases as
the distance from the pile increases and (ii) in addition to the radial distance from pile, soil
displacement at any point depends on the direction of the load with respect to that point. Because
of the interdependency between pile deflection and soil displacement, an iterative solution
scheme is adopted. The adopted analysis framework shows promise to eliminate the need for
computationally expensive numerical analyses (e.g., 3D finite element analysis). It is anticipated
that future research based on the work presented in this report will facilitate generation of pile
fragility curves that can provide probabilistic estimation of foundation vulnerability under

dynamic loading.



Introduction

Piles are often used as foundation elements for structures subjected to both axial and lateral
loads. In situations when structures are exposed to high lateral load demands (such as due to
machine vibrations, seismic motions, extreme wind load, sea waves, to name a few) response of
pile foundations under static and/or dynamic lateral load should be critically investigated to
avoid any catastrophic structural failure initiated by the failure of foundations.

Over the last few decades, different analytical and numerical approaches have been adapted
to model and analyze pile-soil interaction and dynamic response of pile foundations. Winkler
spring-based models are the simplest among all available models. In such models, soil
continuum and piles are, respectively, approximated as discretely-spaced and interconnected
springs. In some variations of such discrete modeling approach, dashpots are also connected to
one or more pile segments. The spring and dashpot constants are either back-calculated from
experimental data or directly fed in to the models based on analytical considerations and
judgement. The Novak model (Novak 1974) and the Matlock model (Matlock et al. 1978) are
known as the conventional Winkler models that are frequently used in dynamic response analysis
of pile foundations. The Nogami model (Nogami et al. 1988; 1991) is another variation of
spring-based model that can account for nonlinear pile-soil interaction under dynamic loading.
Other researchers also attempted to account for nonlinearity and inhomogeneity in the soil
continuum, pile-soil separation and hysteretic degradation of soil through modified versions of
Winkler model. For example, El Naggar and Bentley (2000) and Maheshwari and Watanaba
(2006) used nonlinear springs to take into account the gapping at the soil-pile interface.
Numerical simplicity and the ease of implementation are among the top advantages of Winkler
models; however, such models are not capable of (i) considering shear transfer within soil (i.e.,
shear interaction between two adjacent layers of soil) and (2) capturing the three-dimensional
interaction between the pile and the soil. Such shortcomings of Winkler models can be overcome
by using continuum-based methods.

Continuum-based approaches for analyzing pile-soil interaction under lateral loading can
broadly be divided into two categories: using numerical techniques (e.g., finite element, finite
difference) and using analytical or semi-analytical techniques. Finite element method has
extensively been used by researchers for analysis of laterally loaded piles (Kuhlemar 1979,

Krishna et al. 1983, Velez et al. 1983). In finite element analyses of piles under dynamic lateral
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loading, the far field is represented by energy-absorbing boundaries. More advanced finite
element analyses consider the effects of soil plasticity and separation at pile-soil interface on
dynamic lateral response of piles (e.g. Bentley and El Naggar 2000, and Maheshwari et al. 2004).
In spite of their superior capability in analyzing soil-pile interaction, three-dimensional
numerical analyses are computationally expensive for routine practices. Therefore, analytical or
semi-analytical methods are more appealing.

Considering the soil surrounding the pile as a linear elastic continuum, Das et al. 1999
developed analytical solutions to obtain lateral pile deflection along the length of the pile.
However, they assumed the same decreasing trend of soil displacement in both the radial and
tangential directions with the increase of distance from the pile. In case of single pile under static
lateral loading, Basu et al. 2009 indicated that the consideration of the same decreasing trend of
soil displacement in both radial and tangential directions would result in a soil response stiffer
than that is in reality.

The present study explores a continuum-based, semi-analytical framework for dynamic
analysis of laterally loaded single piles. Pile and soil displacements under simultaneous actions
of dynamic lateral load F(t) and moment M(t) are quantified as a function of depth and time. The
analytical formulation is based on the facts that soil displacement decreases as the distance from
the pile increases and displacement at any point in the soil surrounding the pile depends on the
direction of applied load with respect to the point of interest. Hamilton’s principle is utilized in
deriving the governing differential equations that describe pile and soil displacements.
Appropriate boundary conditions are enforced to obtain simultaneous solution for pile and soil
displacements. For a specific case of steady state harmonic loading, closed-form solution is
obtained for pile deflection. Soil displacement fields are evaluated using one-dimensional finite

difference technique.

Problem definition

We consider a circular pile with length L, and radius r, embedded in a semi-infinite,
homogeneous, isotropic soil deposit. The pile head is subjected to a time dependent lateral force
F(t), and a time dependent moment M(t), such that F(t) and M(t) are orthogonal vectors (Fig. 1).

The cylindrical coordinate system (r, 6, z) is employed with its origin at the center of the pile



head and the positive z axis (which coincides with the pile axis) pointing downwards. Specific

assumptions made in the present analysis are:

1.

11.

1il.

1v.

constitutive behavior of soil is elastic with shear modulus G5 and Lame’s constant A

the pile is vertical and it behaves as an Euler-Bernouli beam with a constant flexural
rigidity E,l, throughout its length; E, and I, are, respectively, the Young’s modulus of
pile material and second moment of inertia for pile cross section

the pile is perfectly connected to the soil; i.e. there is no separation or slippage at the pile
and soil interface

vertical displacement of the pile under the lateral load and moment is negligible.
time-dependent pile displacement is a function of depth z only; i.e., displacement at every

point on a pile cross section at depth z is constant

M(t)
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Figure 1 Problem geometry — single pile under dynamic lateral loading

Displacement and strain fields

Displacement of any point at depth z within the ground is assumed to be a function of radial pile

displacement w(z, t) at the same depth (Fig. 2). Dimensionless displacement shape functions

¢,(r) and ¢g(r) are used to account for the decay in soil displacement with increase in radial

distance away from the pile. ¢ (r) and ¢g(r) are equal to 1 at r = rp(compatibility at pile and

soil interface) and are equal to 0 at r - oo . For the domain below the pile (i.e., for z > L),



w(z, t) is the displacement of the soil column, with radius r, and extending infinitely below the

pile. Displacement components at any point within the soil domain are expressed as:

u.(r,0,z,t) = w(z,t)¢p.(r) cos0 (1a)
ug(r,0,z,t) = —w(z,t)Ppg(r) sin 0 (1b)
u,(z,t,r,0) =0 (Ic)

Soil Contimnum

Zv

Figure 2 Soil displacement components at a point within the ground

The strain components at any point within the ground are derived following the displacement

components described in equation (1).
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Governing differential equations
The governing differential equations for pile deflection and soil displacement are obtained

following the Hamilton’s principle for deformable bodies. Mathematically,
2 (8Wpe + 8T — 8U)dt = 0 3)
1

where W, is work done by non-conservative forces, T and U are respectively, kinetic and
potential energy associated with the pile-soil system. The operator & is used to signify variation

of a physical quantity. The potential energy U of the pile and soil system is given by:
0°w 1 poo (21 (L
f Eplp (_) dz + Efrp fo fo P(Orr&rr + 0goE0o + TroYro + TrzVrz +
1 poo 2T o0
TezYez)r drd6 dz + E fO fO pr (Grrsrr + Opo€o0 + TroYro + TrzVrz t

TozYez)r dr dO dz 4)

Combining equations (2) and (4), the potential energy of the pile-soil system can be rewritten as:

LOW ddy door (orm
=3 ppf )Zd + f f {(As + 2Gy)w? (i) +2)\Swzdi;(¢ rd)e)_l_

i~ bg)? d dde (dr
(A + 3G, w2 Lr=0e) rj’e) + Gow? (%) + 2Gw? "’9 @ "’°)+G( 22,2 +

dw 2 2 TC 2 o dw 2
Gs(3) Pe Jrdrdz + -, pr Gs()*dz (5)
The kinetic energy T of the pile and soil system is:

T=2f A(—)Zdz+ f A(at)zd 241 fznf f {(aur)z_l_

("’al:’)z} rdz dr de 6)

where ppand pg are density of the pile materials and soil, respectively, and Apis cross section
area of the pile. Using equation (1) in (6), kinetic energy T for the pile-soil system can be

rewritten as:



T =2ppAp f,P (G2 + 506y [ G2z + S0 [ [0, +

a
(50)7®,"} rdrdz (7
at 0
Now, the work done by the non-conservative forces in variational form can be expressed as:

§Woe = —F(1). 8w(0,1) + M) 2202 4 [ 2 S dz ®)

where, ¢ represents damping of the pile-soil system. Combining equations (3), (5), (7), and (8)

and applying principles of variational calculus:

[ (8Woe + 8T — 8U)dt = [*{[AW)SW + Bw)S (T)1 + [C(9,)56,] +
[D(dg)8d,]3dt =0 ©)

The terms associated with each of the variations 6w, & ( ) 0¢,, and 6¢dg must individually be

equal to zero to satisfy equation (9). This exercise yields the governing differential equations and

boundary conditions needed for solving w(z,t), ¢.(r), and ¢g(r).
Collecting the coefficients of éw and 8( ) for the domains 0 <z <L, and L, <z and

equating each to zero yields the differential equations and boundary conditions that govern the

radial deflections of the pile and the soil column (extending infinitely) below the pile.

e Differential equations

a*w
Eplp >4 — 21 +kW+M102+C—=O for0 <z <L, (10)
—2T56—2+kW+M2?+ ot =0 fOI‘ZZLp (11)

e Boundary conditions

At the ground surface (i.e. z=0):

3w ow
Eplpg - ZTE =F (123)



2
Elaw

pp§=M (12b)

At the bottom of the pile (i.e. z = Ly):

3w ow OWin soi
Eplpg—Zng —ZTSTI (133)
*w
Eplp ? =0 (13b)
Pile-soil interface at z = Lp:
Win pile = Win soil (14a)
Atz — oo (i.e., at a distance far below the pile base):
w=20 (14b)
Parameters M;, M5, T, Tg, and k in equations (10) through (13) are defined as:
M; = ppA, + TP f:: 1‘((1)r2 + d)ez)dr (15a)
M, = psA, + Tpg f:: r(¢.? + do®)dr (15b)
2t = G f:: r(d,” + d*)dr (15¢)
2T = 2T + mGry? (15d)
k =n[(A + 2G)n; + G, + 2An; — 2Gn, — 2Ans + 2Gng + (A + 3G)n, +
A+ 3G)ng — 2(A + 3G)no] (15¢)

The m terms in equation (15c¢) are functions of displacement shape functions and their

derivatives.
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n= [ ooCaar me= [ onCatyar (16
p p
o0 2 o 2

n7=Jr ¢rr dr e = | ¢Tedr
p p

Mo =J ¢r¢9d
rp r

The differential equations to calculate soil displacement shape functions ¢.(r) and ¢g(r) are
obtained by collecting the terms containing 8¢,., and d¢g and equating each to zero. The coupled

differential equations describing ¢, and ¢g are:

¢r | 1dor _ (ﬁ)z v\ )4 _vstdde _ (v1)?

dr2 +r dr < r + rp (I)r_ r dr (r) (I)e (17)
9o | 1ddo _ (v_4)2 vs)” __E%_(ﬁ)z

dr2 +r dr ( r + Ip q)e - r dr r q)r (18)

Equations (17) and (18) are subjected to boundary conditions ¢, = ¢g =1 at r =r, and

¢, = dg =1 at r > oo. The parameters y;, Y3, Y4, and Y in equations (17) and (18) are
constants depending on soil properties and y,and ys depend on w(z,t) at any given time and

depth. These parameters are defined as:

m G Y2 n—L
vil=—=1+ (D)2 =—
m; A+ 2G I'p my
, Mmy+mg A+G , My A
= = =— =34 — 19
Vs m;,  A+2G Yo' = =076 (19)
2
- L m, +m A
Ys\ _n Ve = 2 3142
Iy m, m, G
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where:

ml—(7\+2G)f w? dz m2=Gfoow2
m; = f w? m4=(7\+3G)foow2 dz (20)
~o[ G -0 [ Gy

Solution algorithm

In order to obtain pile deflection as a function of depth and time, equation (10) should be solved.
However, solution of equation (10) needs equation (11) to be solved first in order to satisfy
boundary condition specified in equation (13a). Moreover, the coefficients k, M;, Ma, T and 14 in
equations (10) and (11) depend on ¢, and g, which are not known a priori. ¢, and g, on the
other hand, are dependent on w(z,t) and its derivatives through the parameters y, and ys (see
equations 17, 18, and 19). Therefore, an iterative algorithm is necessary to solve the problem.
Note that equations (17) and (18) are interdependent and should be solved simultaneously. So an
iterative solution procedure is also warranted in order to quantify soil displacement shape

functions. The flow chart presented in Fig. 3 shows the iterative solution steps.
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Fig. 3. Solution flow chart: (a) for finding w(z,t), (b) for finding ¢,.(r) and ¢dg(r)
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Solution for a specific case — undamped pile-soil system under steady state
harmonic loading

The analytical framework outlined in the previous sections is used to solve for a specific case of
undamped pile-soil system (i.e., c=0) subjected to steady state harmonic loading. The harmonic

loading functions considered for this case are:
F(t) = Fyel® (21a)
M(t) = Myel (21b)

where Q is the circular loading frequency and F, and M are the amplitudes of the lateral load
F(t) and the moment M(t), respectively. Pile and soil displacement are assumed to be in-phase
with the loading function. Therefore, the motion of the pile and the soil column beneath it will be
in the form of:

wp(2)e™ , 0<z<L,

it

wg(z)e , z =L, 22)

w(z,t) = {

where w,(z) is the amplitude of the pile displacement, and w(z) is the displacement amplitude

for the soil column just beneath the pile. Substitution of equations (21) and (22) into equations

(10) and (11) yields:

e Differential equations

d*w d?w

Eplp— — 21—+ (k— M; 0w, = 0 for0 <z <L, 23)
d?ws k 2 _

—27s w2z T (k — M Q%)w, =0 forz = L, (24)

e Boundary conditions

At ground surface (i.e. z=0):

d3w dw
Eplp ?3;) - Zrd_zp = FO (253.)
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d?w
Eplp, —2 = M, (25b)

At pile base (i.e. z = Ly):

d3w dw dwy

Eplp?,jp— 2Td—zp+2TS¥= 0 (26&)
d?wp

Eplp =22 =0 (26b)

At the interface of soil and pile (i.e. z = Lp):
W5 = Wp (27a)
At a point far below the pile; i.e., for z —» oo
wg =0 (27b)

The solution of equation (24) with boundary conditions expressed through equations (27a)

and (27b) is given by:

k—-M, 02
wq(@) = wy (L) e TN o (28)

Equation (28) is used in equation (26a) to obtain the pile deflection.
Analytical Solution for Pile Deflection

The general solution of equation (23) can be written as:
Wp(Z) = C1Wp1 + Czwpz + C3Wp3 + C4Wp4 (29)

where Wy, Wy, Wy, and wp, are individual solutions of the fourth order differential equation
and Cy, Cy, Cs, and C, are integration constants. Wy, Wpy, Wp3, and wp, are trigonometric or

hyperbolic functions arising in the solution of linear ordinary differential equations. Finding the

individual solutions using Table 1, and then applying the boundary conditions specified in

15



equations (25) and(26) into equation (29), the integration constants, C;, C,, C3, and C,, can be

determined. Equation (23) can be rearranged as:

d*w d?w
dz4p — 2B dzzp + AWp =0 (30)

where the two parameters A and B are expressed as:

_ k-M;02

A Bl (31a)
BZ — ( T )2 (31b)
Eplp

Based on the relative magnitude of A and B two cases are considered here. For each case,
two other parameters, a and b, are defined and those are used in finding the individual solutions

of the differential equation:

Case1l: A > B?
a= /;wx +B) (322)
b = /%(\/K ~B) (32b)
Case1l: A <B?
a=vB++VB2—-A (33a)
b=+vB—-VBZ—A (33b)

The individual solutions of equation (23), represented through equation (30), and
their derivatives are outlined in Table 1. However, soil displacement shape functions must be

quantified first to calculate individual solutions wy,; through wp,.
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Table 1Individual solutions for pile displacement in equation 29

BZ<A
Individual Functions and their derivatives
. ! 14 nr
solutions wy, wy, wy, Wy,
(@® = bH)wp, a(a® — 3b%)wyp,
Wp1 sinhaz coshbz | aw,, —bwp,
— 2ab w3 +b(b* — 3a*)wp,
(@® = bH)wp, a(a® — 3b%)wp,
W2 coshaz coshbz | awp; — bwy;
— 2abwp, +b(b* — 3a®) w3
(@® = bH)wp3 a(a® — 3b*)wp,
Wp3 coshaz sinhbz | awp, + bwp,
+ 2ab wy,; ~b(b* — 3a*)wy,;
(@® = b*)wp, a(a® — 3b%)wps
Wy sinhaz sinhbz | awpz + bwp,
+ 2ab wy, —b(b* — 3a*)wy,
A < B?
Individual Functions and their derivatives
: 4 n nr
solutions wy, wy, wy, W,
Wp1 sinh az awp; azwp1 a3wp2
Wp2 cosh az awpq a*wy; a*wyp,
Wp3 sinh bz bwp, b?wps b*wps
W4 cosh bz bwy,3 a’wpy bPwps

Finite Difference Formulation for Soil Displacement Shape Functions

The differential equations for ¢, and ¢g (equations 17 and 18) are solved numerically using
finite difference formulation. Using the central-difference scheme, finite difference forms of

equations (17) and (18) can be written as:
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j+1 i j-1 j+1  j-1 2 2 . j+1_ -1
Or —20ter L 1or —or - |(v1)" L (x2 ol = 12% P
r Ij 2Ar

Ar2 rj 2Ar
Y ? j
1
() e

j j—1 j+1 j—1 +1 1
“20p+dh | 1%p ~Pp y_4 y5 ¢; Ve ¢’ ~o}
Ar? Ty 2Ar r]- 2Ar

2
(V—) b} (35)
]

j+1

$o

where Ar is discretization length and j is the nodal index (Fig. 4).

v

; 1<j<m

. T.

I 1

:12345j-ljj+1 m-1 m
. —

! Ar

1

|

1

Figure 4 Finite difference discretization in radial direction
Ar should be sufficiently small to maintain a satisfactory level of accuracy and the total number
of nodes m should be sufficiently large to adequately model the infinite domain in the radial
direction,. After applying the boundary conditions, equation (34) and (35) can be written in

matrix form as:

[K]  [@lmxa = [F] (36)

mXxXm mx1

[K?]  [@glmx1 = [F?] (36b)

mXxm mx1

In equation (36), [K‘Dr] and [K‘De] are tri-diagonal matrices with elements K?ir and Kﬁe

18



( 1 , i=j=1orm

ﬁ‘z;m , i=j—1andj#2
KO = | _i_[(ﬁ)2+(y—2)2] 2<i=j<m-1 (372)
I Ar? Tj rp/ 1’ N N
ﬁ erlAr ji=j+landjzm—1
\ 0 , others
( 1 , i=j=1lorm
ﬁ_z;m , i=j—1 andj#2
K ={ _2_ [(V—‘*)z + (Y—S)Z] 2<i=j<m-1 (37b)
I Ar? Tj rp/ 1’
ﬁ erlAr ,Ji=j+landj#m-—1
\ 0 , others

and the elements of [F‘Z’r]mx1 and [FQ)G]m><1 are:

(1 o 1=1
RSO SIS 70X v O (1) o =2
ArZ  2r, Ar r, 2Ar rz o 1=
o _ ) v220h =0 _ (v1)® :
=9 e e (n Sjsm-—
Fj rj  2Ar rj by 3sjsm=—2 (3%2)
Y42 _¢ém_2) B ( V1 )2 gm—l) , j=m-—1
'm-1 2Ar 'm-1
L0 , J=m
(1 » J=1
N S 7 e O (u)z @ i
Ar2 = 2r, Ar r, 2Ar rz r a
2 L+l -1 2 .
ol e (W azysme o
) rj 2 Ar I r
ve® —4p" Y ( Y4 )2 (m-1) =m-—1
'm-1 2Ar 'm-1 r '
L0 : j=m
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Since, the right-hand side vectors [F@r]m><1 and [F‘De]mx1 in equation (36) have elements
containing the unknown ¢, and ¢y, iterative procedures should be followed to obtain their
values as illustrated in solution flowchart (Fig.3b). A MATLAB code is developed to handle the
iterative solution procedure described herein. Note that the CPU runtime of the MATLAB code
(run on a core-i5 processor with 8 GB RAM) is approximately 100 s for the example cases

presented in this report.

Results and Discussions
The application of the developed analysis methodology is demonstrated using an example

problem with input parameters listed in Table 2.

Table 2- Input parameters used in the analysis of sample problem

Radius, r, (mm) 0.5
Pile Geometry
Length, L, (m) 5,10, 15, 20
Modulus of Elasticity, Ej, (Gpa) 25
Material Properties for Pile .
Density, p, (kg/m”) 2400
Modulus of Elasticity, Eg (Mpa) 25
Material Properties for Soil Poisson Ratio,vg 0.3
Density, ps (kg/m®) 1500
Amplitude, Fy (kN) 1000
Force
Circular Frequency, Q (rad/s) 10

The effects of pile length L, and pile-to-soil stiffness ratio are also investigated. Fig. 5 shows the
amplitude of pile deflection, wy,(z), for different pile lengths (= 5m, 10m, 15m, and 20m). For
pile length L, = 5m, a rigid body rotation that signifies short-pile response under lateral loading,
is observed. A transition behavior is observed for L, = 10m and the pile behaves as a long-pile
for L, = 15 and 20m. Figure 6 shows, at some selected time instants, the variation of pile

deflection with depth.

20




Amplitude of Pile Deflection (mm) Amplitude of Pile Deflection (mm)
8$-7-6-54-3-2-1012345¢6738 8-76-54-3-2-10123456738
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a) b)
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Fig.5. Amplitude of pile deflection along the pile length (wp(z))
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The bending moment and shear force at different pile cross-sections are important design
parameters for laterally loaded piles. Figure 7 shows the variation of bending moment and shear
force with along the length of a 10-m-long pile. The maximum bending moment occurs at a

depth of 2 m (= L,/10) from the pile head and the maximum shear force occurs at the pile head.
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Fig.7. (a) Bending moment and (b) Shear force diagram along the pile length

A parametric study is done to investigate the effects of parameters L,/r, (i.e., slenderness ratio of
the pile) and E,/E; (i.e., pile-soil modulus ratio) on pile behavior under harmonic lateral loading.
Figure 8 shows that lateral displacement of pile base is more sensitive to change in pile
slenderness ratio L,/r, when compared to pile head displacement. Both pile head and base
displacements decreases with increase in L,/r,; nonetheless, they become insensitive to the

change in slenderness ratio for L/r, > 25.
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Fig.8. Effect of pile slenderness ratio L,/r, on pile head and base displacements
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For a long pile (L, = 25 m), the ratio E,/Es of elastic modulus of deformation for pile and soil
significantly affects the displacement at the pile head; pile head displacement appears to be
linearly proportional with E,/E. The displacement at pile base also increases as the ratio Ey/E

increases ( or E decreases); however, the relationship between these two parameters is not linear

(Fig. 9).
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Fig. 9. Effect of E,/E; on the displacement of the pile at the head and the bottom

The variations of soil displacement shape functions, ¢, and ¢g, with radial distance from the
pile are presented in Figure 10. The slope of decay in the soil displacement shape function is
larger in tangential direction than that in the radial direction. Figures 11 and 12 shows soil

displacements u; and ug recorded at different depths z and at different angular coordinates

0 (= O,g,g,g) with respect to the direction of the applied force. Note that u, =ug =0 for 8 =0

and O =§ , which directly follows the assumption of no separation between pile and soil

surrounding it (an assumption necessary for the present analytical continuum-based approach).
Figure 13 demonstrates the effects of radial distance and angle with respect to the direction of the

applied load on the radial and tangential displacement at any point (for depth z = 0.5 m).
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Soil displacement in tangential direction,
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Fig.12. Soil displacement in tangential direction at the angel of (a) 8 = g,(b) 0=
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Fig.13. Variation of soil displacement (for L,=20 m and z=0.5 m) at various locations within the
domain surrounding the pile (a) radial displacement u; and (b) tangential displacement ugy

Summary and Conclusions

A semi-analytical continuum-based approach is developed for predicting response of a single
pile subjected to dynamic lateral loading. Soil surrounding the pile is considered to be elastic,
homogeneous and isotropic. A MATLAB code is developed to perform analysis following the
proposed framework. It appears that the developed semi-analytical framework is computationally
efficient (much so when compared to 3D FEAs). Although results show promise of the analysis
methodology presented in this report, accuracy of such results needs further verification using

real-lie data and/or conventional three-dimensional finite element analyses.
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