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ABSTRACT

Dynamic response analysis of pile-supported structures in SASSI is relatively complex and requires
proper modeling and knowledge of pile-soil-structure interaction. The original hybrid pile procedure
implemented in SASSI requires a large number of interaction nodes that makes it unappealing for
practical applications. The Spile methodology, developed from the point load solution of an axi-
symmetric pile model in SASSI, provides accurate results for a single pile analysis but cannot be easily
extended to large pile groups. As a result, the current practice in SASSI is to use Beam elements to model
pile groups.

A recent benchmark study to evaluate the adequacy of Beam element to model pile groups in SASSI has
revealed severe deficiencies in this procedure for such applications. To overcome the deficiencies of Spile
and Beam elements, a new Pile element has been developed and implemented in SASSI. This paper
examines the results of Spile, Beam and new Pile element procedures by comparing the dynamic
impedance of a fixed-head single pile and 6x6 pile group with rigid pile cap in a layered soil system to a
frequency of 50 Hz. With DYNAS providing a targeted solution for single pile and Kaynia, 2014 for the
6x6 pile group, the significant improvement in the results using the new pile element procedure is evident.
The results are then extended using the new Pile element to a large pile group to examine the effect of
pile-soil-pile interaction.

INTRODUCTION

Pile foundations are often required to transfer the loads of large structures to competent bearing materials
below the ground surface and to minimize foundation settlements. For majority of ordinary structures
supported on piles, the dynamic response of structures are calculated using static foundation springs
developed from lateral and vertical analysis of a single pile incorporating modulus of subgrade reaction
(P-Y and T-Z springs) or from simplified strain wedge analysis. For critical structures, however, such as
nuclear plants, on-shore LNG tanks and offshore oil production platforms, it is often necessary to
consider the dynamic effects due to seismic or dynamic loads. For large machine foundations with
resonant frequencies falling in the range of operating frequencies of the machinery (generally in the 30 to
80 Hz), it is also necessary that the dynamic effects of the response be adequately evaluated for proper
design and sizing of the foundations. The results and discussions in the present study pertain to dynamic
response of small diameter (d = 0.3-0.76 m) and relatively flexible piles (L/d > 20 where L is the pile
length and D is pile diameter) for which lateral pile behavior is controlled primarily by flexural rather
than shear stiffness.

BACKGROUND

Dynamic response of pile foundations has been the subject of research by numerous investigators in the
past 5 decades. Because of the voluminous literature on this subject, an in depth review and contributions
of various authors is beyond the scope of this paper. In a nut shell, the underlying fundamentals in pile
vibration analysis is in many respects similar to the foundation vibration problem except that the
flexibility of the piles as well as the interaction between individual piles need to be carefully addressed.
In most practical applications, the pile foundation system (i.e. piles, soil and rigid pile cap) is replaced by
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a set of uncoupled springs and dashpots that represent the dynamic stiffness of the foundation (generally
referred to as lumped parameter foundation model). These foundation springs and dashpots are then used
as boundary condition for dynamic response analysis of the structure. To address the effects of soil
nonlinearity in the vicinity of the piles especially near the ground surface where even small loads can
cause yielding of the soil or slips and separation between the soil and pile, satisfactory solutions can be
obtained by incorporating nonlinear static springs arranged in parallel with the linear foundation dynamic
springs and dashpots. Nonlinear springs calibrated from field pile load tests are available for different soil
types or can even be developed theoretically from nonlinear static load analysis. The linear dynamic
foundation springs and dashpots, in general, are obtained from numerical analysis of pile foundations, as
discussed below. As an alternative to nonlinear static springs, a circular annulus of degraded soil zone
around the piles may be included in the pile foundation model to account for soil nonlinearity in the
vicinity of the piles.

For a single pile in a layered soil system, rigorous analytical solutions in the form of frequency-dependent
springs and dashpots (dynamic impedance) have been developed using both continuum and finite element
methods. In the case of pile groups, only limited rigorous analytical solutions for dynamic impedance
functions are available. This is primarily due to the size of pile group that requires significant numerical
effort to rigorously solve for the effects of dynamic interaction between individual piles.

OVERVIEW OF PILE GROUP ANALYSIS

Wolf and Von Arx (1978) presented results of dynamic impedance for a pile foundation with 100 piles.
This solution was obtained by first solving a single pile problem for layered soil system using an axi-
symmetric finite element model with non-reflecting lateral boundaries. The results were then used to
construct a dynamic flexibility matrix by superposition and then inverting this matrix to calculate the pile
group impedance. It is reported from their findings the pile-soil-pile interaction is important for all modes
of vibration and the interaction may be effective up to 10 to 100 pile diameters for the horizontal and
vertical vibration, respectively.

Novak and Aboul-Ella (1978) derived dynamic stiffness and damping for a single pile based on the
dynamic soil reactions to pile displacements assuming that soil consists of infinitely thin layers extending
horizontally to infinity. The methodology is best suited for high frequencies. In the low frequency range,
as the frequency approaches zero, the horizontal and vertical soil stiffness become zero. To correct for
this, the theory is modified to match more rigorous solutions by choosing a minimum cutoff frequency
below which the soil stiffness is taken as constant and the damping is taken as linear. For pile groups, the
foundation stiffness and damping are then calculated by superposition method (Novak and Mitwally,
1990) in which the interaction between each two piles is used to derive the flexibility matrix from which
the group stiffness and damping are calculated. The interaction between two piles are obtained by curve-
fitting to the published static and dynamic group factors available in the literature for small pile groups.
This procedure has been implemented in DYNADS program. It is noted that the accuracy of this procedure
for large pile groups is dependent on the group factors formulated from published results.

Han and Sabin (1995) derived dynamic stiffness and damping for a composite soil layer with a central
hole based on a new model of boundary zone with a nonreflecting boundary. In this derivation, a
parabolic variation of the medium properties is assumed so that the boundary zone has properties
smoothly approaching those of the outer zone to remove any wave reflections from the interface. Using
the impedances of the composite layer, the dynamic stiffness and damping of a single or pile groups are
formulated. This procedure has been used in the DYNAN program. It is noted that because the underlying
formulation is based on the vertical, torsional and radial (breathing) vibration responses calculated from
axi-symmetric formulation, it provides reasonably accurate solution for a single pile and perhaps small
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pile groups. Nonetheless, the accuracy of this methodology for application to large pile groups is not
known.

Kaynia (1982, 2012) has presented results of dynamic impedance for a single pile and small (4x4 and
8x8) pile groups in homogeneous soil layer as well as 6x6 pile groups in layered soil system (Kaynia,
2014). In this formulation, the pile-soil tractions are replaced with piecewise constant cylindrical loads on
the pile shafts and pile tips, then Green’s functions for these loads are used to solve for the soil stiffness
matrix at soil/pile interaction nodes, and finally the resulting soil stiffness matrix is couple with the
dynamic stiffness of the piles and solved. While this analytically-driven Green’s functions solution is
rigorous, the numerical effort to solve for large pile groups can be significant. It is noted that no results of
application of Kaynia’s procedure to large pile groups are reported in the literature.

SASSI PROCEDURE FOR PILE GROUP ANALYSIS

The purpose of this paper is to examine the currently available procedures for dynamic analysis of pile
groups in SASSI (Lysmer, et. al.) and present a new pile element procedure for accurate and effective
analysis of large pile groups.

Hybrid Element Procedure

A hybrid finite element procedure is available in SASSI for dynamic response analysis of pile groups. It
consists of a linear beam element that models the stiffness and mass of the pile connected to inter-pile
elements that model the soil between the piles. The pile foundation zone is discretized using this hybrid
element and the SSI analysis is performed within the framework of the Flexible Volume Method in
SASSI. The advantage of this method is that soil within the piles are directly modelled so their properties
can be controlled. The main disadvantage of this procedure is that it requires a large number of interaction
nodes to model large pile groups, and as a results its use has been limited to small pile groups in practice.

Single Pile Procedure

Single pile or Spile procedure in SASSI is based on the solution of a single vertical pile embedded in
layered soil system using an axi-symmetric finite element model and non-reflecting lateral boundaries.
The pile can have free-head (non-zero rotation) or fixed-head (zero rotation) condition at the top. A
harmonic force with unit amplitude is applied separately in the global x-, y- and z-direction to the pile
head and the resulting displacements in the x-, y- and z-directions at all interaction nodes (basically top of
the piles connecting to rigid pile cap) are calculated. The results from all piles in the group are then
superimposed and used to construct a complex-valued flexibility matrix. This matrix is then transformed
to a 6x6 constrained flexibility matrix associated with rigid pile cap and then inverted to calculate 6x6
dynamic impedance matrix for each frequency of vibration. Spile procedure provides rigorous solution for
a single pile. It is also a fast and quick procedure to derive dynamic impedance of pile groups. However,
when applied to large pile groups, its accuracy appears to quickly deteriorate because it does not account
for the kinematic interaction between individual piles. This will be further discussed below.

Beam Element Procedure

In this procedure the piles are modeled using linear beam finite elements connected to soil at all pile
nodes. The point load solution in layered soil system is used to calculate the dynamic flexibility matrix at
all soil/pile interaction nodes for each frequency of vibration. The flexibility matrix is a fully coupled
matrix of size 3 x n where n is the total number of interaction nodes on the piles. This matrix is then
inverted to calculate the dynamic impedance matrix, which is then added to the dynamic stiffness of the
piles and solved. In this formulation, the piles have zero dimension in the cross section plane and mass of
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the piles are lumped at pile nodes. Both vertical and battered piles with rigid or flexible pile cap can be
modeled. Soil nonlinearity can be accounted for by modeling a circular annulus soil zone next to piles
with solid elements. The properties of these elements can then be adjusted or iterated on using equivalent
linear method. Recent studies of dynamic impedance of single pile developed using the Beam element
procedure in SASSI shows significant departure from the single pile solution which make it unattractive
for application to large pile groups. This discrepancy is attributed to the fact that the pile radius is ignored
in deriving the traction forces on the pile.

New Pile Element Procedure

To address the inadequacies of Spile and Beam element procedure in SASSI to model dynamic response
of large pile groups, a new pile analysis procedure has been developed and implemented in MTR/SASSI.
The new procedure is based on a new formulation of pile element and derivation of traction forces on pile
shafts and tips. The new procedure can handle piles with both the rigid or flexible pile caps and can be
used with any foundation configuration. The soil nonlinearity can be accounted for by modeling a circular
annulus soil zone around the piles with solid elements and including them as part of the foundation
model. The properties of these elements can then be adjusted or iterated on using equivalent linear
method. The accuracy and effectiveness of the new Pile element procedure are investigated in this paper.

DYNAMIC RESPONSE OF SINGLE PILE AND 6X6 PILE GROUP

To evaluate the accuracy of pile group analysis in SASSI, the horizontal and vertical dynamic stiffness
and damping of a single pile and 6x6 pile group founded in a deep layered soil profile are calculated using
the Spile, Beam and new Pile element and the results are compared against those obtained from DYNAbS
for the single pile and Kaynia (2014) for the 6x6 pile group.

Two analysis cases were considered -- casel consists of a single floating pile with fixed-head condition
and Case 2 consists of a 6x6 floating pile group with a rigid massless pile cap at the top. The foundation
stiffness and damping functions refer to the top of the single pile and center of pile cap for the 6x6 pile
group at the ground surface. Figure 1 shows the pile foundation configuration and properties for the
single pile and 6x6 pile group.

The piles have uniform solid circular cross section of diameter d = 0.456m and same embedment length
of L = 15m (L/d = 33). The spacing of the 6x6 pile group is S = 1.2m center-to-center (S/d = 2.6). The
soil velocity profile is shown in Figure 1. The soil has a weight density of 19,000 N/m?® and material
damping of 0.02.

The foundation impedance is presented as:

K(®) =k(w) +1ia, ¢(®) D
where k(w) and c(w) are foundation dynamic stiffness and damping, a, = ®d/Vs is the dimensionless
frequency number, o is the circular frequency of harmonic excitation, Vs is the shear wave velocity, d is

pile diameter and i = V-1. A value of 80 m/s is assumed for Vs for calculating a, used in presenting
results.
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Figure 1. Single Pile and Pile Group Configuration and Properties 16

Results and Discussions

Single Pile Response:

Figure 2 and 3 show the results of the single pile obtained from MTR/SASSI using the Spile, Beam
Element and new Pile procedure compared with each other and with the target results from DYNADS for
the horizontal and vertical loading, respectively. In general, the Spile and new Pile element results show
good agreement with those of DYNADS except for the horizontal damping where the Spile and new Pile
element results are lower than DYNADS results. It is recommended that the damping values calculated by
DYNAGS be reduced by a factor of 2 for design, which would bring DYNAS horizontal damping values
closer to those calculated from Spile and the new Pile element procedure in SASSI.

As seen in Figure 2 and 3 for the Beam element, the calculated dynamic stiffness and damping for a
single pile significantly deviate from the DYNAJS as well as Spile and new Pile results at all frequencies.
These anomalous results are attributed to inaccurate tractions on the pile/soil interface from the Beam
procedure. Because of the discrepancies in the single pile results, the Beam procedure is not used in
further studies of the pile group responses.
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Figure 2. Dynamic Impedance of Single Pile in Deep Layered Soil, Horizontal Loading
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Figure 3. Dynamic Impedance of Single Pile in Deep Layred Soil, Vertical Loading

Pile Group Response:

Figure 4 shows comparisons of vertical dynamic stiffness and damping for the 6x6 pile group calculated
using the Spile and those of Kaynia, 2014. Kaynia’s results are obtained using Green’s functions
solution, as described above and used as target. The results for Spile show significant departure from
those of Kaynia both in terms of the overall shape and amplitude of dynamic stiffness and damping
functions. In particulate, the calculated damping for vertical loading exhibits significant amount of
negative damping in the foundation that is not physical (see Figure 4). The anomalous results obtained
from the Spile procedure appear to be caused by the fact that it ignores the effects of kinematic interaction
between individual piles in the group. Because of the above findings, the Spile procedure in SASSI is not
considered appropriate for application to dynamic analysis of large pile groups.
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Figure 4. Dynamic Impedance of 6x6 Pile Group in Deep layered Soil, Vertical Loading
(Spile vs. Kaynia)

Comparisons of horizontal and vertical dynamic stiffness and damping for the 6x6 pile group calculated
using the new Pile element procedure in MTR/SASSI and those of Kaynia, 2014 are shown in Figure 5
and 6, respectively. As show in Figure 6 there is very good agreement between the new pile procedure
and Kaynia’s results for the vertical loading at all frequencies. For the horizontal loading shown in Figure
5 the overall shape of the stiffness and damping functions for the new Pile procedure match those of
Kaynia’s solution relatively well except that the peak of stiffness and damping functions are shifted
slightly to lower frequencies with the peak amplitude slightly lower. Because the frequency of the peak is
associated with the soil velocity and spacing of the piles, it appears that in Kaynia’s solution, the point of
fixity of the pile is deeper so that higher velocities are sampled from deeper depths and/or the effective
spacing of the piles is smaller than that of the new pile procedure. In either case the difference between
the two results is not large and is generally covered by peak broadening considering variations in soil
properties for design.
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Figure 5. Dynamic Impedance of 6x6 Pile Group in Deep layered Soil, Horizontal Loading
(New Pile vs. Kaynia)
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Figure 6. Dynamic Impedance of 6x6 Pile Group in Deep layered Soil, Vertical Loading
(New Pile vs. Kaynia)

DYNAMIC RESPONSE OF LARGE PILE GROUP

To evaluate the effects of number of piles on dynamic response of pile groups, one additional case of
11x11 pile group with rigid pile cap at the top was analyzed. For this, the same piles with same soil
profile and pile spacing was used. The SASSI pile model is basically the same as that shown in Figure 1
except that it incorpoates two vertical planes of symmetry at the center of pile group, and adjusts the pile
properties on the symmetry planes. This effectively increases the size of the model from 6x6 to 11x11
pile group. The numerical effort is only slightly more than that of the 6x6 pile group model.

Results and Discussions

Comparison the dynamic impedance for the 6x6 versus 11x11 pile group normalized with respect to the
total number of piles is shown in Figure 7 and 8 for the horizontal and vertical loading, respectively. An
inspection of the results shown in Figure 7 reveals very comparable effective horizontal stiffness and
damping from two models except for the value of dominant peak of the pile group which is lower for the
6x6 pile group. It is noted that even the frequency of the peaks and valleys match very well between the
two models, which as stated before is due to the fact that the effective soil velocity and spacing of the
piles are the same for both models as the number of piles increases.

For the vertical impedance shown in Figure 8 some difference between the two results is evident below
the dominant frequency of the system, which is by the way again is about the same in the two models. At
frequencies higher than the dominant mode of the pile groups, the two results are essentially the same. It
appears that in the vertical direction, the results are influenced significantly by energy dissipation
capability of the model when the number of piles is increased. However, as soon as this dominant mode is
past, the effective damping drops significantly at higher frequencies and decreases slowly with increasing
frequency but not affected by increasing the number of piles. The effective stiffness, however, only
slightly drops and remains fairly constant past dominant mode of impedance and also not affected
significantly by the number of piles.
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Figure 7. Comparison of Normalized Dynamic Impedance of 6x6 and 11x11 Pile Groups in Deep layered
Soil, New Pile Procedure, Horizontal Loading
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CONCLUSION

The available procedures for dynamic analysis of pile groups in SASSI were briefly reviewed. Among
these only the Spile, Beam and a newly developed Pile procedure are capable of solving large pile groups.
The accuracy of these procedures were evaluated by comparing the horizontal and vertical dynamic
impedance of a single pile and 6x6 pile group founded in a deep layered soil profile with those obtained
from DYNADS and Kaynia, 2014. Based on these comparisons, it is concluded that:

e The use of Beam element procedure to model single pile in SASSI results in dynamic stiffness
and damping that significantly deviate from target solutions at all frequencies.

e The Spile procedure provides reasonably accurate solution for dynamic stiffness and damping of
a single pile. However, when applied to a 6x6 pile group, the results are anomalous and deviate
significantly from the target solutions. For example the results for vertical loading exhibit
significant negative damping at most frequencies of vibration, which is not physical.
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e The new Pile procedure results in dynamic stiffness and damping for the single and 6x6 pile
group that agree reasonably well with those of other rigorous solutions.

The effect of number of piles on dynamic response of pile groups was evaluated by comparing the
normalized dynamic stiffness and damping of a 6x6 and 11x11 pile group founded in the same soil profile
using the new Pile procedure in MTR/SASSI. The normalized dynamic stiffness and damping of 11x11
pile group are found to converge to those of the 6x6 pile group at all frequencies except for some
differences at and below the frequency of dominant mode of foundation.
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