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PHENOMENOLOGICAL MODEL APPLIED TO INELASTIC RESPONSE OF
SOIL-PILE INTERACTION SYSTEMS
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ABSTRACT

A dynamic nonlinear Winkler spring model, is developed for the seismic response of deep foundations. The model
utilizes the phenomenological “BWGG’’ model (outlined in a companion paper), and it can treat the inelastic response
of both the soil and the pile. The nonlinear reaction of the soil is modeled realistically by the BWGG interaction
springs and dashpots, with due consideration to effects such as: separation (gapping) of the pile or caisson from the
soil, radiation damping, and loss of strength due to pore-water pressure development. The modeling of pile inelasticity
is also versatile, and can treat from well-reinforced to poorly-reinforced concrete sections. The necessity for the
proposed model arises from the difficulty to predict the large-amplitude dynamic response of piles up to failure. The
BWGG-Winkler model is validated through the results of in-situ monotonic and dynamic pile load tests. It is further
utilized to study the nonlinear soil-pile interaction under lateral monotonic loading. The results of the model are
compared with the venerable Broms (1964) theory for pile lateral capacity

Key words: cyclic lateral loading, monotonic loading separation/gapping, pile, radiation damping, soil and pile
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INTRODUCTION

Dynamic pile-soil interaction involves complicated
geometric and material nonlinearities such as soil and
structural inelasticity, separation and gapping of the pile
from the soil, loss of soil strength due to pore pressure
development.

The general problem of a single pile embedded in a
cohesionless and cohesive soil and subjected to lateral
loading is sketched in Fig. 1. It is interesting to note that
the apparent gapping in the case of a cohesive foundation
soil not only influences the soil reaction but also affects
strongly the pile-soil radiation damping in the dynamic
case. The problem becomes much more difficult when in-
elastic structural response of the pile is involved. Figure 2
presents two experimental force-displacement loops
corresponding to a poorly and a well-reinforced concrete
structural element respectively, subjected to lateral
loading and experiencing intense inelastic behavior (after
Tassios et al., 1996; Priestley et al., 1996).

Trochanis et al. (1994) are the first to utilise the
phenomenological hysteretic Bouc-Wen model in order
to express the force-displacement relation of nonlinear
springs distributed along the pile for approximating the
lateral soil reaction. Their study focused on the static and
cyclic response, and showed that the Bouc-Wen model
was capable of describing the response of pile-soil sys-
tems. Badoni and Makris (1996) who also studied the
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Fig. 1.

The general problem of a single pile embedded in a cohesion-

less (left) and a cohesive (right) soil, and subjected to lateral

loading (Kishida, 1985)

lateral pile response utilised the nonlinear Bouc-Wen
spring in conjuction with distributed viscous dashpots
placed in parallel, as is appropriate for dynamic loading.
The efficiency of their model was demonstrated against
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Fig. 2. Experimental force-displacement loops for a poorly reinforced (left-after Tassios et al.), and a well-reinforced (right-after Priestley et al.)

concrete structural element

the experimentally measured single pile response.
Although these Bouc-Wen type models were versatile in
describing the soil-pile response, they had a number of
limitations: (i) Neither pile nor soil-pile-interface non-
linearities were taken into consideration; (ii) the coupling
between radiation damping and hysteretic soil response
was ignored, and (iii) several features of the inelastic
response of soil-pile systems, such as the stiffness and
strength degradation with cyclic loading, could not be
simulated.

In this paper a phenomenological Winkler-type model,
consisting of distributed hysteretic springs and visco-
plastic dashpots placed in parallel, is utilized to model
both the lateral soil reaction and pile inelasticity and to
compute the nonlinear response of single piles under
monotonic and cyclic lateral load. The constitutive model
used for the soil springs, the soil dashpots, and the pile, is
based on an extension and modification of the Bouc-Wen
model. The model is a system of mathematical expres-
sions capable of fitting experimental data when its
parameters are appropriately calibrated. It is not a
physically motivated force-displacement constitutive law.
This means that a comprehensive methodology for the
identification/calibration of the model parameters shall
be established. This could be achieved through the use of
data: (i) from full-scale field experiments, (ii) from
laboratory tests, (iii) from results of rigorous 3-D numeri-
cal analyses, and (iv) from results of centrifuge and
shaking table tests. Advanced nonlinear optimization
techniques could be utilized for this purpose. Although
identification and complete calibration of the model
parameters is not the prevailing task of this paper, a
physically-motivated calibration procedure is developed

so that many of the parameters of the proposed model are
readily associated with understandable soil and pile
properties, such as the Young’s modulus of elasticity, the
undrained shear strength (cohesive soil), the internal
friction angle (cohesionless soil), the bending stiffness
and the ultimate moment capacity of the pile cross-
section.

The model is shown to be capable of reproducing
complicated experimental behaviour with satisfactory
engineering accuracy, and is subsequently used to
compute the nonlinear response of a pile embedded in
cohesionless soil when subjected to lateral monotonic
loading. The results are compared with the venerable
Broms (1964) theory for pile lateral capacity.

THE MODEL: EQUATIONS AND PARAMETERS

The constitutive relationship for the lateral soil reac-
tion against a deflecting pile is expressed as the sum of an
elastic and a hysteretic component according to:

Fo={aku+(1—a)Py{}(1—r5) (1)

in which F; is the resultant in the direction of loading of
the normal and shear stresses along the perimeter of the
pile of a unit thickness, u is the lateral pile deflection at
the location of the spring; ., is the initial stiffness of the
spring; os is a parameter that controls the post yielding
stiffness, P, is the ultimate soil reaction, r; is a parameter
that controls both strength and stiffness degradation of
the soil reaction to cyclic loading, and {; is an hysteretic
dimensionless quantity that determines the nonlinear
response of soil. The latter is governed by the following
differential equation;

du du n @ n,—1
=1, - .
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In the above equation A, b, g, 1, 115, Ls, {1 and {;, are
dimensionless quantities which control the shape of the
hysteretic soil-reaction-pile-deflection loop; u, is the value
of pile deflection at initiation of yielding in the soil. The
exact role of each of these parameters will be illustrated in
the sequel. Derivation of Eq. (2) is thoroughly explained
in the companion paper ‘‘Constitutive Model for 1-D
Cyclic Soil Behaviour Applied to Seismic Analysis of
Layered Deposits’> (Gerolymos and Gazetas, 2004),
tentatively accepted for publication in Soils and Founda-
tions.

The ‘“‘damping’’ force resulting from the visco-plastic
dashpot is given by;

Fdzcx%
at

where ¢, is the damping coefficient at small amplitude
motions, and ¢ is a viscoplastic parameter which controls

3)
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the coupling of soil and soil-pile interface nonlinearity
with radiation damping.

The inelastic behaviour of the pile is expressed in terms
of a strength-of-materials-type bending moment-pile
curvature relation;

d*'u

={wEn it 0-aMola-rn @

Z4
where E I, is the initial (elastic) bending stiffness (also
called flexural rigidity), o, is a parameter controlling the
post yielding bending stiffness, M, is the value of bending
moment that initiates structure yielding in the pile, 7, is a
parameter that controls both strength and stiffness
degradation of the pile bending moment with cyclic
loading, and {; is the hysteretic dimensionless parameter
which controls the nonlinear structural response of the
pile. The latter is governed by the following differential
equation;

dk
) 17

dr

In the above equation, x is the pile curvature, and 4, b,,
&o» Moy Mps Ly, {1 and ¢y, are dimensionless quantities that
control the shape of the hysteretic bending moment-
curvature loop. «, is the value of pile curvature at the
initiation of pile yielding.

Evidently, Eqgs. (4)-(5) are of the same form as Eqs.
(1)-(2). More specifically Eqs. (1) and (2) relate the
lateral soil reaction to the deflection of the pile, whereas
Egs. (4) and (5) relate the bending moment with the
curvature at each point of the pile. These equations are a
generalization and extension of a model originally
proposed by Bouc (1971) and subsequently extended by
Wen (1976), Baber and Wen (1981), and Baber and Noori
(1985), and used in random vibrations studies of
degrading-pinching inelastic systems. Similar expressions
to those of Egs. (2) and (3) have been previously used by
Sivaselvan and Reinhorn (2000) to model the constitutive
behavior of beam-column cross sections in structural
analysis.

KEY PARAMETERS AND CAPABILITIES OF THE
MODEL

In a companion paper by Gerolymos and Gazetas
(2004), the authors have introduced the model as it relates
to a 7-y or g-¢ constitutive law. Therefore, only a brief
outline is presented herein of the parameters, capabilities
and limitations of the model.

Parameters for Monotonic Loading
The parameter n (n, for soil reaction, and », for pile

M= e
KY1+ Ap_"bplel"ﬂ—gpSign (%)(CDVP'IC;)]{LDCXP [_(C_p_{pz) :|} .

Ln

bending moment) controls the rate of transition from the
elastic to the yield state. A large value of n (greater than
10) models approximately a bilinear hysteretic curve;
decreasing values of n lead to smoother transitions where
plastic behavior occurs even at low loading levels.
Figure 3 illustrates the role n on the monotonic loading
curve. The parameter o (o5 for soil reaction, and ¢, for
pile bending moment) is the ratio of post yielding to
initial elastic stiffness. Monotonic loading curves for
different values of the post yielding parameter « and for
constant value of »n are presented in Fig. 4. The
parameters n and « can be properly calibrated to match:
(a) any lateral ““p-y”’ curve, such as those proposed by
Reese (1974, 1975), and Matlock (1970) for sand, stift and
soft clay, as shown in Fig. 5, and (b) a variety of bending
moment-curvature curves such as those obtained ex-
perimentally or numerically for a pile of reinforced
concrete (Fig. 6).

Parameters for Unloading-Reloading

Parameters b (b, for soil reaction, and b, for pile
bending moment) and g (g for soil reaction, and g, for
pile bending moment) control the shape of the unloading-
reloading curve. As is shown in Fig. 7 there are four basic
hysteretic shapes depending on the relation between b
and g. When b= g=0.5, upon the stiffness reversal equals
the initial stiffness, and hence the Masing criterion for
loading-unloading-reloading is recovered. In the special
case b=1 and g=0, the hysteretic loop collapses to the
monotonic loading curve (nonlinear but elastic behavior).
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Fig. 3. Normalized soil reaction-pile deflection curves to monotonic loading for selected values of parameter n, computed with the proposed model
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Fig. 4. Normalized soil reaction-pile deflection to monotonic loading for selected values of post-yielding parameter o computed with the proposed

model for piles, n=0.5 and 2

Parameters for Stiffness and Strength Degradation with
Cyclic Loading

The model is capable of reproducing stiffness and
strength degrading behavior. Stiffness decay is controlled
by the parameter # (#, for soil, and #, for pile). Prescrib-
ing # to be an increasing function of time will induce
stiffness decay. # can be expressed as a function of the
dissipated hysteretic energy and/or the cumulative
displacement ductility. Its influence on the hysteretic
loops is depicted in Fig. 8. It is evident that # affects only
the tangent stiffness while the secant stiffness of the
response remains constant.

The proposed model could also simulate strength
degradation with cyclic loading. This can be achieved in
two different ways: (i) By expressing parameters b and g
to be increasing functions of the dissipated hysteretic
energy and/or the cumulative displacement ductility; (ii)
Both strength and stiffness degradation are controlled by
parameter r (r; for soil, and r, for pile). Increasing r, is
equivalent to reducing parameter A without affecting b
and g. Parameter r can be prescribed as an increasing
function of dissipated energy.

Parameters for Separation/Gapping of the Pile from the
Soil, and Pinching Hysteretic Behavior of the Pile

One aspect of the effect of lateral loading on pile
response which deserves particular attention is the

possibility of a gap opening up around the pile near
ground level. The proposed model for piles is capable of
simulating such a complex geometric nonlinearity. The
parameter L, in Eq. (2) controls the extent of the separa-
tion gap of the pile from the soil while the parameter ¢
controls the range of {; about {;=0, in which the separa-
tion occurs, and thus adjusts the ‘‘sharpness’ of the
separation. {, is a constant that controls the shift of the
backbone curve on {; axis. The influence of parameter L
on the shape of a soil reaction-displacement loop is
illustrated in Fig. 9. Notice that the larger the parameter
L, the larger the width of the gap.

Pinching of the hysteretic moment-curvature loops due
to opening and closing of cracks is commonly observed in
concrete structural elements, such as piles. Pinching
behavior is controlled by parameters L,, {,; and {,, in the
same way that parameters L, {,; and ; control the
separation of the pile from the soil.

Soil Stiffness and Strength Parameters

Under lateral loading, the small-amplitude stiffness k,
(=Py/uy) in Eq. (1) and the small-amplitude dashpot
coefficient ¢, in Eq. (3) can be approximated by (Makris
and Gazetas, 1992)

k,=1.2E, 6)

and
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respectively. E is the Young’s modulus of the soil, p, the
soil density, V; the shear wave velocity of the soil, d the
pile diameter, v the Poisson’s ratio of the soil, and w the
cyclic frequency of motion. Note that k, has units of
stiffness per unit length of the pile, and it corresponds to
the traditional ‘subgrade modulus’ multiplied by the
diameter, d, of the pile. Equations (6) and (7) have been
derived by matching the dynamic head displacement
from Winkler and from dynamic finite element analysis,
for a soil Poisson’s ratio of v=0.4. The reader is referred
to the work of Gazetas and Dobry (1984) for more de-
tails. For piles in cohesive soils the ultimate soil reaction
per unit length of pile can be approximated by the well
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Fig. 6. Comparison of bending moment-curvature monotonic loading
curve computed with the proposed model for piles (smooth lines),
and derived from a rigorous analysis of the pile cross section
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Fig. 8. Effect of parameter n on the stiffness deterioration of force-
displacement hysteretic loops
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Fig. 9. Normalized soil reaction-pile deflection loops with separation
of the pile from the soil computed by BWGG model for piles, for
selected values of parameter L, (n=1, b=0, g=1, {;=0.2)

known expression;
P,=1,5,d 6))

where S, is the soil undrained shear strength, and A,
varies from 9 to 12, depending on the friction ratio f;/S.
at the pile-soil interface. A value of A;=9 is often used
for soft clay, while A,=11 is more appropriate for stiff
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? 12 creasing clay. At shallow depths, the plane strain assumption of
& values of n Eq. (8) is inappropriate because of the non-zero vertical
§ 061 deformation of the soil during lateral motion of the pile.
g The following formulation has been proposed for P, near
z 0] the surface (Matlock, 1970);
B o6 ‘ gl z Ar—A)d
o 08 | P,=|l+"+J>)S.d, M )
2 12 ; S

-16 8 0 8 16 "

where o is the vertical effective stress, and y{ the effective
specific weight of the soil, and A, and J are dimensionless
quantities. Broms (1964) proposed a value of A,=2,
whereas Matlock (1970) used A,=3. Matlock (1970)
stated that the value of J was determined experimentally
to be 0.5 for soft clay and about 0.25 for medium clay,
whereas Reese (1975) suggested a value of J=2.83 for all
types of clay. For piles embedded in cohesionless soils,
Broms (1964) proposed an analytical expression for the
ultimate soil reaction:

2

where ¢ is the angle of friction. Equation (10) is very
often preferred in practice among other more rigorous
expressions for its simplicity and compatibility with ex-
perimental results.

P, = 3yid tan’ (45°+ d’) z (10)

Parameters for
Approach)

Under dynamic loading, part of the input energy is
dissipated through soil hysteresis in the vicinity of the pile
and part is radiated outward away from the pile. These
two types of damping (hysteretic and radiation) are fully
coupled, though usually they are modeled as separate.
Increasing the amplitude of the applied load, increases
soil nonlinearity and reduces radiation damping (e.g.,
Gazetas and Dobry, 1984). In fact radiation of wave
energy is proportional to the S-wave velocity of the soil,
and with increasing nonlinearity this velocity will
decrease in the neighborhood of the pile. In addition, the
lateral inhomogeneity that is effectively created (secant
wave velocity decreases continuously towards the pile-soil
interface) leads to continuous reflections of the radial
propagating waves, thereby further undermining radia-
tion damping. Separation of the pile from the soil also
has a significant effect in reducing radiation damping.

The proposed model could capture this coupling of
hysteretic with radiation damping with a certain degree of
realism. As it is shown in Eq. (3) the dashpot force is
expressed as a function of the first derivative of {; with
respect to pile deflection u, which controls the soil
hysteretic response around the pile. The viscoplastic
parameter ¢, controlling the influence of soil hysteretic
response on radiation damping, ranges from 0 to 0.5.
When ¢;=0, then Eq. (3) reduces to linear (small-
amplitude) dashpot equation.

ou

Fi=c¢c,— 11
dcat 11

Radiation Damping (Viscoplastic
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Fig. 10. Left: Normalized soil reaction-pile deflection loops for selected values of viscoplastic parameter ¢, computed with the BWGG model for
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Left: Normalized soil reaction-pile deflection loops with gapping effect, for selected values of viscoplastic parameter ¢, computed with the

BWGG model for piles, Right: The associated viscoelastic (¢;=0) and viscoplastic (c;=0.5) component of soil pressure (dashpot reaction)

The larger the value of ¢, the more representative the
dashpot is for soil-pile interaction when high-frequency
waves are emitted from the pile periphery. Figure 10
shows typical soil reaction (normalized to the ultimate
soil reaction Py) vs pile deflection (normalized to the yield
displacement u,) loops computed with BWGG model for
piles, for different values of parameter ¢;. The associated
viscoplastic components are also presented in this figure.
Similar curves for soil reaction with gapping effect are
depicted in Fig. 11. Note the profound reduction in
radiation damping either when gapping occurs, or when
the ultimate soil reaction is being reached. Paradoxically
the opposite is observed when a viscoelastic approach for
the radiation damping is adopted (c;=0).

Model Capabilities

As it was shown through the discussion of the role of
the key model parameters, the BWGG model for piles
allows considerable flexibility in representing complex
nonlinear features of cyclic behavior of pile-soil systems.
It can reproduce a variety of moment-curvature or force-

0.5 1

-0.5

Normalized soil reaction ( Fs/Py)
o

-1 T T T
6 -3 0 3 6
Normalized displacement (u / u,)

Fig. 12. Hysteretic component of a typical soil reaction on a pile in
stiff clay with gapping effect and strength deterioration, computed
with the proposed model for piles

displacement hysteretic loops. As an example, Fig. 12
illustrates a soil reaction-displacement loop computed
with the BWGG model for a pile embedded in stiff clay
and experiencing gapping and degrading behavior with
cyclic loading. Moreover, Fig. 13 depicts moment-curva-
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Fig. 13. Moment-curvature loop of a well-reinforced (top), and a

poorly reinforced concrete pile section (bottom), computed with
the proposed model for piles

ture loops for a poorly-reinforced and a well-reinforced
concrete pile sections, computed with the proposed
model for piles. Note the flexibility of the model in
capturing the strength deterioration and pinching behav-
iour of the first case, and the strains hardening behaviour
of the second case. It shall be noted here that Figs. 12 and
13 aim at a quantitative demonstration of the potential
capabilities of the proposed model. The methodology of
calibrating the model parameters related to those
hysteretic loops, is beyond the scope of this article.

NUMERICAL MODELING OF PILE RESPONSE TO
STATIC AND CYCLIC LOADING

The problem studied is that of a single pile embedded
in a layered soil and subjected to lateral motion. The pile
is considered as a beam with cross-sectional area, A, and
mass density p,. The bending moment of a pile section is
a nonlinear hysteretic function of its curvature. The soil-
pile interface is modeled as a Winkler foundation, with
continuously distributed nonlinear springs and viscoplas-
tic dashpots, as sketched in Fig. 14. Dynamic equilibrium
of the pile gives

9*M(z,1)
az*

where z is the spatial coordinate (depth) along the pile,
and ¢ is the time. M is the pile bending moment given by
Eq. (4), and F;, and F; are the spring and dashpot
reactions on the pile given by Eqgs. (1) and (3), respec-
tively.

An explicit finite difference method is used for the

d°u(z,?)
+ pPA p(z) atz

+F(z,)+Fa(z,)=0 (12)

Fig. 14. Schematic illustration of dynamic nonlinear pile-soil interac-
tion: The BWGG model for piles

solution of the system of Eq. (12) coupled with Eqgs. (1)
through (5), by considering the variation of pile and soil
properties along the pile length. Head and tip boundary
conditions are appropriately taken into account. The
BWGG model for piles is incorporated into a computer
code named NL-DYAP for the nonlinear analysis of
single piles under lateral loading, Gerolymos (2002).

CASE STUDIES: FULL SCALE EXPERIMENTAL
PILE RESPONSE TO STATIC AND DYNAMIC
LOADING

The capability of the model is demonstrated by predict-
ing the measured data of two full-scale experiments of
single piles subjected to lateral monotonic and cyclic
loading.

Case Study 1: Monotonic Response of Pile in Soft Clay

Matlock (1970) presented results from lateral-load tests
employing a steel pipe pile that was 0.32 m in diameter,
with a wall thickness of 12.7 mm, and a length of 12.8 m.
The yield bending moment was computed to be 231 kNm,
and the bending moment capacity was computed to be
304 kNm. The pile was driven into clays near Lake
Austin, in Texas, that are slightly overconsolidated by
desiccation, slightly fissured, and classified as CH. The
undrained shear strength, measured with a field vane, was
found to be almost constant with depth, about 38 kPa.
The soil properties and pile characteristics are illustrated
in Fig. 15. The pile was subjected to a force-controlled
loading applied at its head, 6.35 cm above groundline
(Reese and Van Impe, 2001).

The monotonic loading parameter, n;=0.065, of the
proposed model was calibrated by fitting the p-y curves
for soft clay with free water surface proposed by Matlock
(1970), as was already shown in Fig. 5. n, (parameter for
bending moment-curvature monotonic loading curve) is
taken as being equal to 3. The Young’s soil modulus of
elasticity used for the calculation of the small-amplitude
spring stiffness, Eq. (6), is estimated from empirical
correlations with the undrained shear strength.
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Fig. 15. Soil properties and pile characteristics of the in-situ pile load
test carried out by Matlock (1970)
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Fig. 16. Comparison of computed head force-displacement curve
(solid line) with the experimental data (circles) from Matlock (1970)
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Computed pile deflection, soil reaction, and bending moments profiles at selected loading levels corresponding to the full scale pile load

test carried out by Matlock (1970): The experimental data for bending moment are plotted with bold squares

Figure 16 compares the computed versus recorded
force-displacement curve at the pile head. The resulting
bending moment profiles computed for the different
stages of loading are compared with the moment record-
ed at the end of loading in Fig. 17. The comparisons are
very satisfactory. Also portrayed in Fig. 17 are the
computed distributions with depth of pile deflection and
soil reaction at the same stages of loading. The variable
parameter in these plots (indicating the stages of loading)
is the ratio of the applied displacement to the ultimate
head displacement (=0.057 m). Note that the plastifica-
tion of clay surrounding the pile begins at the very early
stage of loading, causing a softened pile response despite
the appreciable initial stiffness of the soil.

Case Study 2: Cyclic Response of Pile in Saturated Silty
Sand

Ting (1987) conducted a detailed study of the dynamic
response of a cylindrical steel pile driven into a dense,
saturated, silty fine sand located at Seal Beach, Califor-
nia. Details on the experimental setup can be found in the
original paper. The soil Young’s modulus is assumed to
be constant, 6 MPa, for a depth of 2 m; it then increases
linearly with depth having a value of 30 MPa at depth of

P E, (MPa) @°
z=0m ||
z=2m
£
R E,l, = 8000 kNm2
@ d=061m
= t=0.013m
d t ps = 2.0 ton/m3
z2=9.75m 31

Fig. 18. Soil properties and pile characteristics of the in-situ dynamic
load test contacted by Ting et al., 1987

9.75 m (location of the pile tip). The angle of internal
friction is reported as ¢ =31°. The soil properties and pile
characteristics are illustrated in Fig. 18.

By best fitting the ‘‘experimental’’ p-y curves for sand
with free water surface proposed by Matlock (1970), as
already shown in Fig. 5, the optimum monotonic loading
parameter n;~1 was obtained. A value of n,=3 was
adopted for the monotonic pile bending moment-curva-
ture loading curve. It is reported (Reese and Van Impe,
2001) that separation and gapping occurred during
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Fig. 19. Comparison of predicted dynamic soil reaction (solid lines) at frequency f=2.1 Hz and at depths of —0.61 m and — 1.22 m respectively,
against the recorded data from Ting (1987): The computed soil reactions are (a) the purely hysteretic component, (b) the resultant soil pressure
with viscoplastic radiation damping and (c) the resultant soil pressure with viscoelastic radiation damping

Depth (m)

-0.01  -0.005 0

Pile deflection (m)

Fig. 20.
applied force on the pile head is 11 kN

loading. The measured depth of the gap was about 1.5 m;
the choice of the model parameters L, {; and {, was such
as to capture this gapping. Admittedly, utilizing the extra
information (in addition to the local p-y curves) makes
our “prediction” a little less ‘‘blind’’ than a genuine
(Class A) prediction as would be the case in a practical
design application.

Figure 19 compares the computed static deflections and
bending-moments profiles, with the experimental data
points. The agreement is indeed very good, which attests
both to the realism of the p-y curves themselves and to the
capability of our model to reproduce them; and as
already mentioned, the information on the depth of the
(actual) gap has, undeniably, also helped.

To further investigate the capabilities of the model, the
resultant soil pressure is computed at different depths.
Figure 20 compares the predicted soil pressure-vs-pile-
deflection loops against the recorded data at two different
depths. Evidently, the model can capture with reasonable
accuracy the consequences of gapping. The success of this

0.005 0.

01

100
Bending moment (kNm)

Comparison of computed pile deflection and bending moment distributions (solid line) with the experimental data of Ting (1987): The

comparison is equally encouraging in view of the well
known difficulty to predict in detail simultaneously both
stiffness and damping at this local level.

INELASTIC SOIL-PILE INTERACTION UNDER
LATERAL MONOTONIC LOADING

The developed model is further utilized in studying the
problem sketched in Fig. 21: a reinforced concrete pile of
length L=20m and diameter d=1m, embedded in a
cohesionless soil, undergoes lateral loading up to failure.
The pile is considered to be fixed at its head with no
rotation allowed, while a small length of 0.5 m protrudes
above the ground surface. The Young’s modulus and the
internal friction of the soil are E;=33 MPa and ¢ =30°,
respectively. The bending moment capacity of the pile
section is M,=2000 kNm. The pile is subjected to a
controlled lateral monotonic displacement at its head
until complete ‘‘failure”’.

Three cases are considered: (a) Nonlinear response is
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Fig. 21. The studied problem and the computed pile head monotonic force-displacement curves referring to: (a) nonlinearity in the pile only, (b)
nonlinearity in the soil only and (c) nonlinearity in both soil and pile
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Fig. 22, Pile deflection, soil reaction, and bending moments profiles at different stages of loading, for the first case (nonlinearity in the pile only)

restricted in the pile only, while the soil remains elastic,
(b) nonlinear response is allowed for only in the soil, and
(c) nonlinear response applied to both the pile and the
soil. For all the three cases the ductility capacity (in terms
of curvature) of the pile is considered to be unlimited.

The predicted force-displacement curves at the head of
the pile for the three cases are illustrated in Fig. 21.

It appears that a dramatic reduction in ultimate
capacity occurs when both pile and soil develop plastic
deformation. The details of the computed pile deflection,
soil reaction, and bending moment distributions at
different stages of loading are presented in Fig. 22,
Fig. 23, and Fig. 24 for the first, second and third case,
respectively. The parameter is the ratio &/8,, of the
applied lateral displacement to the maximum head
displacement; it is given values from 0.035 (almost linear
case) to 1 (ultimate load).

The following observations are worthy of note in these
figures:

(a) Regarding the first case (Fig. 22), where only non-
linearity of the pile is allowed to occur, the formation of
the first plastic hinge at the pile head (M,=2000 kNm),
takes place at an early stage of loading, before even the

applied pile head displacement reaches 4cm (or &/
0.~0.10). The in-depth local maximum of (negative)
bending moment initially appears at the depth of about
4.5 m. With increasing load this local maximum is being
shifted upwards, until the development of a second
plastic hinge (M, =2000 kNm) at the depth of about 3 m,
for a head displacement of 8 cm (or 6/d,~0.19). With
further increases in head displacement, this second plastic
hinge is also being shifted upwards to a depth of 1.5 m,
which is, approaching the first plastic hinge. It is worthy
of note that no catastrophic failure mechanism is created,
despite the formation of the second plastic hinge (at a pile
head force of 4000 kN). This is because in the analysis,
the piles capacity for continuous increase even beyond the
maximum imposed pile head displacement (=0.40 m).
This of course is only an artefact of assumed unlimited
ductility capacity of the pile which in conjunction with
the soil confinement allows a redistribution of pile
bending moments to occur.

(b) Regarding the second case where only the soil is

allowed to yield, Fig. 23 shows that:
» The ultimate soil reaction, theoretically being
equal to py =3 K, ¥, 2 d (where K, is the Rankine
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Fig. 23. Pile deflection, soil reaction, and bending moments profiles at different stages of loading, for the first case (nonlinearity in the soil only)
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Fig. 24. Pile deflection, soil reaction, and bending moments profiles at different stages of loading, for the first case (nonlinearity in both pile and
soil)

coeficient of passive earth pressure), is mobilized
from the early stages of loading, but of course
initially only down to very small depths from the
surface (notice the linearly increasing portion of
soil reaction). Soil yielding extends progressively
to greater depths as the load increases. At the
ultimate condition, (6/d.=1, soil yielding has
reached down to a depth of about 7.5 m, with a
soil reaction of 1000 kN/m—a value falling
within 10% of the idealized theoretical value:
Pur=3%X3%X16%x7.5=1080kN/m (e.g., Poulos
and Davis, 1980).

« The assumed perfect elasticity of the pile leads to
exceedingly high bending moments at the fixed
head position; such moments will exceed the
ultimate capacity of even the most heavily rein-
forced concrete pile of d=1m. Nevertheless,
since nonlinearity of the pile is not taken into
account, the ultimate lateral capacity will be
reached only when soil plastification along the

whole pile length will take place. Hence the
undiminished ascend of the F-6 curve (a) of
Fig. 21.

(c) The lateral capacity of the pile in the third case
(nonlinearity in both pile and soil) is computed to reach a
mere 1150 kN, at pile head displacement of only 0.10 m.
At this relatively early stage of loading not only a fully
plastic hinge (M=M,=2000kNm/m) forms at the
pile head but yielding of the pile cross-section
(M = Mqa= 1000 kNm) also develops at a depth of about
5 m, as shown in Fig. 24. The development of the second
“‘partial’’ plastic hinge at the depth of 5 m is not associ-
ated with the full ultimate bending capacity at this point,
even at very large pile deflections. This is because the soil
plastification propagates rapidly downward with increas-
ing pile head displacement, (notice the increasing depth
of the linear p; soil reaction) and passes the depth of 5 m
before the bending moment had a chance to reach its
maximum value at this point. This local maximum of
bending moment is finally stabilized at 1500 kNm.
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Plastic
Hinges

3yfdK,

Fig. 25. Failure mode of a fixed head pile in cohesionless soil, with the
corresponding soil reaction and bending moment profiles (after
Broms, 1964): K,=the Rankine coefficient of passive earth
pressure: The qualitative agreement with the results of Fig. 24 for
the largest applied load is evident

Observe that the displacement profile retains a nearly
triangular shape with maximum value at the surface and
zero value almost at z=35 m. Below this depth the pile
remains idle to reminiscent of the “‘active’” length of piles
under elastic conditions (Randolph, 1979; Gazetas and
Dobry, 1984).

Comparison with Broms Theory of Pile Lateral Capacity

Broms (1964) ingenious theory of pile lateral capacity
is still very often used in practice because of its simplicity
and rationality. It is an ultimate capacity method, in that
both soil and pile develop their full inelastic response.
The fundamental assumption underlying the method is
that the pile movements are sufficient to fully mobilize the
plastic capacities everywhere, and that the elastic defor-
mations are ignored.

The failure mode of a fixed head long pile in cohesion-
less soil along with the corresponding soil reaction and
bending moment profiles, is illustrated in Fig. 25.
According to Broms the lateral capacity is reached when
the moment from soil reactions balances the summation
of the ultimate bending moment at pile head and at the
depth where the maximum soil resistance develops. The
qualitative similarity of Broms’ Fig. 25 with our Fig. 24 is
striking. Applying Broms theory to our problem, the
ultimate capacity of the pile is obtained as 1380 kN. As
expected this estimate overpredicts the value of 1150 kN
computed with the proposed model for piles. This is
attributed to the fact that, Broms theory does not
account for any soil-pile interaction and the formation of
the second plastic hinge is always associated with ultimate
bending moment in the case of a large pile. In other
words, the ‘‘inability”’ of the pile in our analysis to
develop a second plastic hinge when extensive soil
plastification takes place, largely makes the small differ-
ence between the two methods. This attests to the realism
of the prediction of the developed BWGG model.

CONCLUSIONS

A beam on Winkler foundation analysis is presented
for laterally located piles. Both piles and soil are treated
as nonlinear-inelastic materials. To model the nonlinear
reaction of the soil with realism we develop the “BWGG
interaction springs and dashpots’ model, which can
capture such effects as: soil failure, separation and gap-
ping of the pile from the soil, radiation damping, and loss
of strength and stiffness due to degradation and pore-
water pressure generation. The coupling of hysteretic and
radiation damping is also modeled in a realistically sim-
plified way. The modeling of structural pile inelasticity is
versatile, and can treat from well-reinforced to poorly-
reinforced concrete sections. Although some guidelines
are drawn regarding the calibration of the model
parameters and their relation with the physical/geometric
characteristics of the soil and the pile, as well as with
results from experimental tests, identification and com-
plete calibration of the model parameters is beyond the
scope of this paper. The model is shown to be capable of
reproducing complicated experimental results of pile load
tests, both static and cyclic. The model was utilized to
compute the nonlinear response of a pile embedded in
cohesionless soil when subjected to lateral monotonic
loading. Three cases were studied: (a) nonlinear response
for the soil only, (b) nonlinear response for the pile only,
and (c) nonlinear response of both pile and soil. The
results are in accord with the venerable Broms (1964)
theory of ultimate pile lateral capacity.
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