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SUMMARY The load-deflection behaviour of a small hollow section steel pile, when subjected to lateral

impact at various points along the pile length,

was examined experimentally.

The pile was driven into a

dense dry sand and was provided with lateral support at its upper end by means of a rubber buffer, the whole

arrangement representing a model of a fender pile.

estimates and measurements of the rate of increase of horizontal subgrade reaction
only approximate aggreement with observed behaviour.

1 INTRODUCTION

The response of piles to static or cyclic lateral
loading has been widely investigated (Reese and
Matlock (1956), Davisson (1970), Poulos (1982),
Randolph (1982)) but relatively less interest has
been shown in the behaviour of fender piles with
some form of fendering device fitted at some point
near the upper end of the pile. This device is
provided to facilitate the absorption of energy of
a berthing ship in such a way that the contact
force is not excessive. While the impact of aship
on such a pile might not be considered as dynamic
because of the large mass and low velocities in-
volved,the effect of impact velocity should be
explored, particularly with respect to the eval-
uwation of soil properties. This paper describes
an experimental study into the load-deflection
behaviour of a small fender pile under impact
loading. Predictions of this behaviour have been
made using simple techniques that are widely used
in practice.

2 LATERALLY LOADED PILE DEFLECTION

When a pile is driven into soil and subjected to
lateral loading, the assumption that the soil be-
haves as a series of independent linear springs,
referred to as the Winkler model, has been widely
investigated and techniques based on this assump-
tion are widely used by practicing engineers be-
cause of their simplicity. A non-dimensional sol-
ution for the case of linearly increasing soil
stiffness with depth was developed by Reese and
Matlock (1956). The equations for lateral de-
flection (y) and slope (s) are

y = Ay(PT3/E1)+ By(MTz/EI) D)
s = AS(PTZ/EI) + BS(MT/EI) (2)
where
Ay,By,AS,BS = dimensionless influence coefficients

which are dependent on the D/T ratio,

D = embedded depth
P,M = applied load and moment to the pile
at the groundline
EI = flexural rigidity of pile section
T = (EI/np)1/5 (units of length)
np = rate of increase of horizontal sub-

grade reaction with depth
For a partially embedded pile in a soil with
linearly increasing stiffness with
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Calculated load-deflection behaviour, based upon

with depth, yielded

depth, the influence coefficients are constant if
the embedded depth is greater than about 4T. For
this case, Davisson and Robinson (1965) suggested
that minimal errors occurred in the prediction of
stiffness if the pile was considered as a canti-
lever with a depth (L) to the fixed base of 1.8T
below ground level. Webb (1986) has shown that
this approach overestimates the pile stiffness be-
cause it ignores the influence of the rotational
degrees of freedom. If the rotatiomnal degrees of
freedom are considered, the depth to fixity varies
up to a value of 2.4T. Webb also provided amethod
of modelling the behaviour of piles embedded to
lesser depths, by developing an equivalent stiff-
ness method of analysis.

The use of a linear Winkler spring model is a
simplification of the more common non-linear

deflection behaviour of soil. To take these

linear characteristics into account, the p-y

approach may be used (see Kubo (1965), Reese

(1974) and Reese and Welch (1975)).
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3 PILE IMPACT TESTS

The load-deflection behaviour of a partially em-
bedded fender pile when subjected to lateral impact
loading was observed in a series of tests carried
out under laboratory conditions. The pile used was
a 13 x 13 steel hollow section (SAA-AS1163-1973)
1.8m long and this was slowly pushed into a sand
deposit for each test. The top of the pile was
attached to a flexible rubber buffer (Fig. 1)
simulating a rubber fender. The impact was pro-—
vided by means of a mass attached as a pendulum.
Force observations were made at the buffer location
and at the point of impact, the load cells being
type SSM-100 of 0.44 kN (100 1bf) capacity. Dis-
placement observations were made at the same lo-
cations using Pye Ether Potentiometer Type Trans-—
ducers. For the impact tests these displacement
and force transducers were excited by a HP 6215
power supply, the readings being logged on a
Solartron Orion Data Logger.

The foundation soil consisted of a demse dry sand
deposit prepared by means of pluvial compaction
(Piper (1977)) in a container 1m x lm x 0.6m deep.
Some relevant properties of the sand are given in
Table I. -

Three different rubber buffers were used in the
impact tests, the load-deflection characteristics
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Figure 1 Schematic arrangement for pile tests

TABLE I
PROPERTIES OF COMPACTED SAND

dry density 1560 kg/m>
max. dry demnsity according to 1470 kg/m3
min. dry demsity S.A.A. - AS1289 1310 kg/m3
angle of shearing resistance 41.5°
mean grain size (SP soil) 1.2mm

being shown in Fig. 2. The buffers were located at
a distance of 1200mm above the ground surface. The
impact point was varied from 700mm to 1130mm above
the ground surface.

For a 400mm embedment depth and 700mm impact point
location, the effect of different rubber buffers on
the observed load-deflection behaviour at the point

of impact is illustrated by the full lines in Fig. 3.

A comparison of Figs. 2 and 3 indicates that a much
stiffer response occurs at the impact point com—
pared with that of the buffer itself. The rather
unusual behaviour with buffer 3 could not be ex-
plained but it was considered to be related to a
buckling type of response in the buffer.:

For a particular buffer and embedment depth, the
effect of different impact point locations on the
observed load-deflection behaviour at the impact
point is illustrated by the full lines in Fig. 4.
This figure shows that the impact point stiffness
decreases as the impact point location rises up the
pile towards the buffer. This is obviously a result
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Figure 3 Effect of buffers on load-deflection
behaviour of impact point

of the relative stiffness of buffer and pile.

4 CALCULATION OF LOAD-DEFLECTION RESPONSE

In the calculation of pile response, the soil could
be modelled as a series of non-linear springs for
which p-y curves should be used, or alternatively
and more simply, as a series of linear springs.



This latter approach could be further simplified

by using the equivalent stiffness method proposed
by Webb (1986). If the pile is embedded to a depth
of about 4T, the Davisson and Robinson (1965) model
with a 1.8T depth to fixity could be used and this
is the approach that is follwed in this study. The
results shown in Figs. 3 and 4 are for piles em~
bedded to 400 mm, which corresponds approximately
with 3.6T. The difference between this embedment
and the recommended figure of about 4T is small and
has been ignored.

For linear calculation, the key soil parameter that
has to be determined is the rate of increase of
horizontal subgrade reaction (np) with depth.
Various recommendations (Terzaghi (1955), Davisson
(1970), Das (1984))have been made about np values
for dense sand and these vary from 11 to 23 MN/m°.
All of these recommendations were based upon static
calculations or tests. With impact loading the
existence of possible strain rate effects was
briefly explored. A number of authors (Isenhower
and Stokoe (1981), Poulos (1982)) have found that
soil rigidity increases with an increase in the
logarithm of the rate of loading, suggesting that
slightly increased values of ny should be used
compared with the range quoted above.

Tests were performed on a variety of pile sections

driven into the laboratory sand to different depths.

These showed that any strain rate effect was in-
significant, when compared with the variability in
soil properties from one bin to another. The piles
were deflected at the ground surface at a constant
velocity within the range of 2.8 to 23.8 mm/sec.
These velocities are similar to those (3 to 18
mm/sec) estimated to occur at ground level in the
impact tests. Secant values of np calculated from
the constant deflection rate tests using equation
(1) were within the range 13.9 to 20.9 MN/m®. This
range is not vastly different from that based upon
purely static considerations as given above.

For comparisons with the observed load-deflection
curves in Figs. 3 and 4 it was decided to use an
ny value of 16 MN/m® and a depth to fixity (L) of
1.8T for calculation purposes. The calculations
were carried out point by point using secant values
of the buffer stiffness. Fig. 5 demonstrates the
effects of using different values of ny and L on
the load-deflection curves, and these effects are
clearly not negligible. For a typical calculation
with ny = 16M¥/m® and L = 1.8T, Fig. 6 shows that
the stiffness at the impact point may be greater
than, equal to, or less than the secant value of
stiffness of the rubber buffer. This figure also
shows that for impact 500mm below the buffer lo-~
cation the load carried by the buffer (Pp) is less
than half of the load (P) applied at the point of
impact.

The calculated load-deflection curves plotted in
Figs. 3 and 4 agree with the observed curves in an
approximate way only, the stiffness sometimes being
underestimated and sometimes overestimated. The
error in calculated deflection (excluding the
buffer 3, Fig. 3 case for the reason previously
mentioned) may be as large as 30%. The highly
simplified analytical procedure used cannot solely

- be blamed for the lack of close agreement between
the calculated and observed curves.

As mentioned above, variable measurements of the np
values were obtained from the deflection rate tests.
Consequently varied fender pile response must be
expected from test to test. Further, there was no
certainty that all impact tests generated deflec—
tions in the same plane, and this may cast some
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doubt on the accuracy of a two dimensional predict-
ion.

Two other predictions, the equivalent stiffness
method and a method using elasto-plastic p-y curves
were investigated by Webb (1984 and 1987). The
equivalent stiffness method was not found to yield
a significantly better level of agreement between
calculated and observed load-deflection curves.
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The non-linear prediction did provide a better
estimate, but both methods still provided only

relatively approximate estimates of the the behaviour.

5 CONCLUDING REMARKS

Based upon results of lateral impact tests on a
model pile driven into dry sand, the calculated and
observed load-deflection curves at the point of im-

pact were found to be in approximate agreement only.

It was considered that the lack of excellent agree-
ment was related, not merely to the simplified
analytical method used but to the variability in-
herent in the experimental procedure used, includ-
ing the variations in soil properties.
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