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Abstract

Different phenomena such as soil consolidation, erosion, and scour beneath an
embedded footing supported on piles may lead to loss of contact between soil and the
pile cap underside. The importance of this separation on the dynamic stiffness and
damping of the foundation is assessed in this work. To this end, a numerical
parametric analysis in the frequency domain is performed using a rigorous three-
dimensional elastodynamic BEM-FEM coupling method. Dimensionless plots relating
dynamic stiffness functions computed with and without separation effects are
presented for different pile-soil configurations. Vertical, horizontal and rocking
modes of oscillation are analyzed for a wide range of dimensionless frequencies. It is
shown that the importance of separation is negligible for frequencies below those for
which dynamic pile group effects start to become apparent. Redistribution of stiffness
contributions between piles and footing is also addressed.
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1. Introduction

When soil under a footing consolidates, significant settlement may be generated
depending on the compressibility and thickness of the soil material. When this
phenomenon is expected to take place, the magnitude of settlement can be limited by
the addition of piles under the footing. In this case, foundation stiffness is increased,
but the contact between soil and pile cap underside may be lost and a series of gaps
form under the footing (Fig. 1). Analogous effects may take place due to erosion or
scour in the soil.

The importance of the presence of this separation on the dynamic behaviour of
a piled embedded footing has not been assessed to date. A related topic is the
influence of a ground-contacting cap on the performance of a pile foundation [1, 2, 3].
A common assumption is that the cap is separated from the ground, as its contribution
to stiffness is often negligible. This assumption has been checked [2, 3], but, to the
extent of the Authors’ knowledge, it has never been verified in the case of pile groups
under embedded footings. It is worth mentioning that the behaviour of pile rafts
(where separation effects can also take place) is a different topic in which research
findings have been reported [4, 5].
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In this paper, the influence of footing-soil separation at the base of a rigid
piled embedded footing on the dynamic stiffness and damping is assessed. To this
end, a numerical parametric analysis in the frequency domain is performed for
different pile-soil stiffness ratios, embedment ratios and pile-to-pile separations,
making use of a rigorous linear boundary element — finite element coupling
formulation [6]. It is shown that the influence is negligible for frequencies below
those for which dynamic pile group effects start to become apparent. Redistribution of
stiffness between piles and footing is also discussed.

2. Problem parameters

The geometry of the model is depicted in Fig. 1, where B and D are foundation
halfwidth and depth of embedment, L and d are length and sectional diameter of piles,
and s is the center-to-center spacing between adjacent piles. In this study, B/s = n/2
where n = number of piles per side in square configuration. The dimensionless
parameters sets considered are: s/d = 2 and 5, D/B = 1 and 2, pile-soil stiffness
contrast £,/E; = 1000 and 100, » = 2 and 3 — leading to B/s = 1 and 1.5, dimensionless
frequency a, = 0 to 1 in steps of 0.05 — a total of 336 parameter combinations. The
dimensionless frequency is defined as a, = wd/cs, where  is the circular frequency of
excitation and cs is the shear wave propagation velocity in the soil. The rest of
properties, having generally second-order influence on dynamic response, are: mass
density contrast between soil and pile py/ p, = 0.7, pile slenderness ratio L/d = 15, soil
damping coefficient & = 0.05 and soil Poisson’s ratio v¢ = 0.4. Note that the total
number of dimensionless ratios describing the response is ten (L/d, s/d, B/s, D/B,
EJ/E, ps pp, ao, 1, €, vs), being equal to the difference between thirteen dimensional
and dimensionless quantities (L, s, d, B, D, E,, Es, ps, pp, @, n, &, v5) and three
fundamental units (Mass, Length, Time) [7]. Note that the opening, in units of length,
of the gap between soil and pile cap (Fig. 1) is not defined, as re-establishment of
contact during dynamic response is not considered.

3. Numerical model

The parametric analysis is performed using a previously developed three-dimensional
elastodynamic BEM-FEM coupling scheme [6]. The direct boundary element method
(BEM) [8] in the frequency domain is used to model the dynamic behaviour of the
soil, which is assumed to be a linear, homogeneous, isotropic, viscoelastic, unbounded
region with hysteretic damping. However, it is assumed that the piles can be studied
as load lines, with certain stiffness, but acting within the soil as volume loads, in such
a way that the soil remains continuous and the piles can be modeled as elastic Euler-
Bernoulli beams via one dimensional finite elements. With such assumption, the
integral equation of the homogeneous linear elastodynamic problem is written taking
into account the term corresponding to the domain forces, which are usually
considered to be zero. After discretizing the different surfaces of the geometry into
nine-node quadrilateral quadratic boundary elements, and the piles into three-node
one-dimensional finite elements, a collocation procedure is carried out in order to
write a set of boundary element equations for each domain of the problem. A set of
finite element equations is also built for every pile. Finally, a linear system of

equations is obtained for each frequency by taking into account the boundary
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conditions and imposing equilibrium and compatibility at the interfaces of the
different coupled regions in the problem.

An example of the meshes used in this study is depicted in Fig. 2. It is worth
noting here that the full-space fundamental solution has been used to compute the
BEM equations, which is the reason why a small region of the free soil surface has to
be discretized. Fig. 2 illustrates the boundary conditions applied to the model, in
which fully bonded contact conditions are considered in the vertical interfaces
between soil and footing, and soil and pile. The gap between soil and the underside of
the footing is modelled by pertinent zero-traction boundary conditions on the
horizontal interface. In the numerical analyses, a minimum of 1145 nodes and 255
elements, and a maximum of 3600 nodes and 830 elements, depending on the
configuration, were used. For more information on the model, the interested reader is
referred to [6]. Detailed presentations of general BEM techniques for elastodynamic
problems are provided in [8] and [9].

4. Importance of footing-soil separation on dynamic stiffness of piled embedded
footings

The impedance functions of the foundations, which relate the forces (and moments)
applied and the displacements (and rotations) observed at the top of the footing, are
complex functions of the form K = k + ia,c, where k and ¢ are the frequency-
dependent dynamic stiffness and damping coefficients, and i=V-1 [12]. In this
formulation, k and ¢ have the same units, the former denoting storage stiffness and the
latter loss stiffness. The relation between complex impedance functions of piled
embedded footings considering either a gap (K°) or bonded contact conditions (K®)
between soil and footing underside is determined for different oscillation modes.
Differences in modulus and phase of the impedance functions are presented in terms
of the following real-valued parameters:

mod (K ®) —mod (K ¢)
mod (K ®) (1)

Xc

®, = phase (K ") — phase (K %) 2

where
mod (K) = /k*> + (a,c)’ 3)

phase (K) = arctan (%J + % 4)

o

Evidently, the limits yc— 0 and ®g — 0 indicate an insignificant effect of gapping on
dynamic stiffness, whereas yg — *1 and ®g — Z=m suggest a dominant effect of
gapping.

Results are shown in Figs. 3, 4 and 5 for vertical, horizontal and rocking
oscillations, respectively. It can be observed that the differences between the
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impedance functions for separated and bonded conditions are negligible for
frequencies below those for which dynamic group effects start making the system
stiffer. Hence, for closely spaced groups (s/d = 2), differences are almost zero for a, <
1. For larger pile spacings (s/d = 5), they become significant for a, > 0.25 in the
vertical mode and for a, > 0.4 in the horizontal and rocking modes. These threshold
frequencies are in accord with those reported for dynamic group effects [10, 11].
Interestingly, these differences can be either positive or negative that is, the gap may
decrease or increase the stiffness of the system due to wave interference depending on
excitation frequency. The effect of separation is, naturally, more noticeable in the
vertical mode and may decrease the stiffness of the system by 50% beyond a, = 0.5.
On the other hand, the change in stiffness in the lateral mode is smaller and does not
exceed a mere 20%.

An important issue relates to the redistribution of the relative contributions of
piles and footing to overall stiffness, so that the difference between K and K® is
negligible at low frequencies. To investigate this, Fig. 6 shows a comparison between
the impedance functions of simple embedded footings for which the piles have been
removed (termed here “un-piled” footing), and the contribution of the footing to the
stiffness of a ground-contacting piled footing for different embedment ratios, E,/Es =
1000 and s/d = 5. As expected, the stiffness of the un-piled footing is higher than its
contribution to the overall stiffness in a piled foundation. On the other hand, Fig. 7
compares the impedance functions of a 2x2 pile group with a cap at ground surface
level and the contribution of the pile group to the stiffness of a ground-contacting
piled footing for the same embedment ratios (£,/Es = 1000 and s/d = 5). In this case,
the static stiffness of the ground-raised cap pile group is twice the contribution of the
pile group to the overall stiffness of a piled ground-contacting foundation. Then, when
a gap develops at the underside of a piled footing, the loss of stiffness of the footing is
counterbalanced by the increase in stiffness of the pile group.

Finally, Fig. 7 shows that the contribution of the pile group to the overall
stiffness of the piled footing is independent of embedment ratio. This suggests that the
impedance functions of a pile group are governed by the boundary conditions at the
surface immediately above the cap, which should be taken into account when
estimating impedances of piled footings by superposition.

5. Conclusions

Numerical parametric analyses were carried out to investigate the influence, on
dynamic stiffness and damping, of loss of contact between soil and the underside of
an embedded footing reinforced with piles, due to soil consolidation, erosion or scour
effects. The study has been performed in the frequency domain using a rigorous linear
three-dimensional BEM-FEM formulation considering piles as Euler-Bernoulli beams
and soil as a homogeneous, isotropic, viscoelastic, unbounded material with
frequency independent damping. Fully bonded contact conditions were assumed in
the vertical soil-footing and soil-pile interfaces.
It was demonstrated that under the above assumptions:

(1) The influence of separation is negligible for frequencies below those for which
dynamic group effects start becoming apparent.
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(2) The effect of separation is more noticeable in the vertical mode and may
decrease the stiffness of the system by 50% beyond a, = 0.5. On the other
hand, the change in stiffness is minimized in the lateral mode and does not
exceed 20%.

(3) The overall stiffness of the foundation when no separation exists
is not necessarily higher than that corresponding to the system after
soil consolidation/erosion/scour. The relationship between the dynamic
stiffness in both cases depends on the constructive and destructive interference
of the waves generated at the pile-soil and the footing-soil interfaces and,
therefore, it is frequency-dependent.

(4) A counterbalance between footing and pile group stiffness contributions was
found to exist under loss of soil-pile cap contact.

(5) The contribution of the pile group to the overall stiffness of the
system is independent of embedment, but depends on the ground-cap
contact  condition, i.e., changes between  ground-raised and
ground-contacting caps. This property can be used to simplify the models
when estimating the dynamic stiffness functions of piled footings by
superposition approaches.
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Figure 1: Geometry of an embedded footing on piles with footing-soil separation at the base
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Figure 2: Discretization of one-quarter of an embedded footing on a 3 x 3 pile group



2 x 2 pile group 3 x 3 pile group

0.8

0.8

)

BY—mod(KS,
mod(KB)

mod (K,

A6 = phase(KE )—phase(K$)(°)

a, =<4
——— s/d=2,D/B=1, E,/E;=1000 —— s/d=5, D/B=1, E,/E, = 1000
—o— s/d=2, D/B=1, E,/E;, =100 —a— s/d=5, D/B=1, E,/E; =100
- — - S/d:2, D/B:Q, Ep/Es =1000 .-.-. - S/d:5’ D/BZQ’ Ep/Es: 1000
--0--8/d=2, D/B=2, E,/E; =100 .-¢ .- s/d=5, D/B=2, E,/E,; =100

Figure 3: Comparison between modulus and phase of vertical dynamic impedances of embedded
footings on piles considering a gap K or bonded contact conditions K between soil and footing

underside.
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Figure 4: Comparison between modulus and phase of horizontal dynamic impedances of embedded
footings on piles considering a gap K or bonded contact conditions K2 _ between soil and footing

underside.
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Figure 5: Comparison between modulus and phase of rocking dynamic impedances of embedded
footings on piles considering a gap Kg; or bonded contact conditions Kj, between soil footing
underside.
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Figure 6: Comparison between the dynamic impedances of unpiled footings and the contribution
of the footing to the dynamic impedance function of a ground-contacting piled footing for different

embedments. E,/E; = 1000, s/d = 5.
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Figure 7: Comparison between the dynamic impedances of a ground-raised-cap 2 x 2 pile group and
the contribution of the pile group to the dynamic impedance function of a ground-contacting piled
footing for different embedments. E,/E; = 1000, s/d = 5.



