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ABSTRACT 
Currently, there exists a limited amount of in situ experimental data to quantify the non-linear lateral stiffness and damping 
of screw pile foundations, yet these properties are key inputs into displacement based design procedures.  Presented in 
this paper are the outcomes from a large scale experimental field testing program used to characterize these properties 
on three screw piles installed in stiff clay soils.  The test piles extended 1.25 m above ground and the supported mass 
ranged from 1.4 to 3.2 tonnes.  Testing was completed in three phases where the first phase consisted of a monotonic 
quasi-static lateral load applied above ground level in order to quantify the nonlinear force-displacement behavior of the 
soil-pile system.  Following the maximum load of each static phase, the load was released suddenly and the pile was 
allowed to undergo free vibration to quantify the damping inherent in the system. The maximum static loads were 
incrementally increased for each test pile to assess the effect of gap development and compressive failure of the soil 
around the pile on the dynamic response.  Finally, the piles were subjected to pseudostatic cyclic loading after the soil was 
allowed to recover around the pile, and the response was compared to the initial pullback and snapback testing.  A 
summary of the test setup, loading regime, and results from testing are presented.  The most important conclusion from 
the paper is that the equivalent viscous damping ratio varies with the magnitude of the pullback force and is displacement 
dependent. Although the elastic damping of the piles was found to be about 3%, even for displacements as small as 1% 
of the pile shaft diameter the damping ratio was found to be 10% or more. 
 
 
 
1 INTRODUCTION 
 
The use of pile foundations in seismically active zones 
requires an understanding of the non-linear stiffness and 
damping provided by the foundation in order to assess the 
seismic demands on the supported structure.  Currently 
there has been limited dynamic lateral testing of pile 
foundations, and in particular screw piles in which the pile 
is installed by using a helix at the pile tip.  Testing that has 
been completed has focused on small displacement 
dynamic response, (Blaney and O'Neill 1986), and there 
has been little work to quantify the damping provided from 
pile foundations when the lateral deformations are 
sufficient to generate significant nonlinear pile-soil 
interaction. 

Outlined in this paper are the results of a testing 
program that investigated the response of closed ended, 
hollow steel screw piles.  A set of three piles were 
subjected to static monotonic, cyclic loading, and dynamic 
snapback testing to quantify free vibration response. The 
response of the piles at increasing horizontal loads was 
assessed, and the different loading regimes were 
compared against one another. It should be noted that 
utilization of these results for seismic behavior additional 
consideration of kinematic loading on the piles as only 
simulated inertial loading was applied to the test pile heads. 
 
2 TEST DESCRIPTION AND SETUP 
 
2.1 Site Characteristics 
 
The site is located approximately 30 km north of Auckland, 
New Zealand, in a region noted on the relevant geological 

map as part of the Northland Allochthon (Edbrooke, 2001). 
The surface and near surface soils at the site are stiff clays, 
LL 60% and PL 31% with natural water content towards the 
plastic limit. The soil conditions at the site were determined 
prior to pile installation with CPT soundings at the 
centerline location of each pile and a borehole adjacent to 
the piles.  Both CPT and borehole depths extended down 
to a depth of 8 m, which was the approximate pile depth.  
Borehole cores and CPT interpretations using soil behavior 
type index from Robertson and Cabal (2010) characterized 
the site as consisting of stiff silty clays overlaying very weak 
mudstone. 

The tip resistance and friction ratio from the CPT 
soundings of each pile, SP1, SP2, and SP3 are shown in 
Figure 1.  As the soil conditions at the site are fairly 
consistent the CPT results for each pile are similar, with an 
average tip resistance of 2 MPa for the top three meters 
and an average friction ratio of 6-7% over the same depth.  
Based upon interpretations from Robertson Robertson and 
Cabal (2010) the average Young’s modulus of the soil for 
the top 3 m was approximated as 40 MPa.  The large tip 
resistance apparent at SP1 from the ground surface to 
approximately 0.5 m likely results from the presence of fill 
placed on site for the concrete driveway 3 m from the pile 
installation.  The presence of this fill material into the test 
site was also identified from the borehole log. 
    In Figure 2 profiles of water content and shear wave 
velocity with depth are given. The water contents defined 
through laboratory testing were obtained from the cores 
obtained from two boreholes during the site investigation 
work. The shear wave velocity profile was obtained using 
surface wave techniques, with the profile representative of 
the overall site. 



 

 
 

 
Figure 1. CPT logs located at the center line of each test 
pile. 

 
 

Figure 2. Water content from laboratory testing and 
shear wave velocity profiles. 

 
2.2 Test Setup 
 
The test piles, denoted as SP1, SP2, and SP3, were 
220 mm diameter hollow steel pipe with capped ends and 
a 550 mm diameter helix at the base.  The piles were 
installed in a line to a depth of 7.75 m to achieve long pile 
behavior in which pile deformation and rotation was 
restricted to an active length near the ground surface.  The 
pile extended 1.25 m above ground with a free head 
condition.  A 4.0 m spacing was maintained between the 
piles in order to minimize pile-to-pile interaction. Steel 

billets were installed on top of each pile to bring the 
dynamic response of the piles within the frequency range 
of interest of 2-4 Hz (Tn = 0.25 to 0.5 s) as this range 
corresponds with the natural period of the structures that 
are typically supported by this size pile.  Pile SP1 had 
approximately 1.4 tonnes of mass loaded on its head and 
piles SP2 and SP3 both had approximately 3.2 tonnes of 
mass each.  The mass was connected to the pile head as 
shown in Figure 3.   
    Soil was excavated around the pile to a depth of 
approximately 100 mm and filled with water.  The water 
was removed the day of testing to help maintain consistent 
water content between different pile test set ups. 

Piles were displaced using a hydraulic jack connected 
between two piles.  The two piles were pulled towards each 
other and deformations were measured from an 
independent reference frame with anchor points 2 m from 
the pile center line to minimize interaction during dynamic 
response (galvanized trusses in Figure 3).  Horizontal 
displacement was measured at ground level, load height, 
and center of mass. Rotation at the ground level was 
calculated from curvature measurements using portal 
gauge extensometers on either side of the pile, and 
accelerometers were installed at the center of mass both in 
the direction of loading as well as in the orthogonal 
direction to capture accelerations during snapback testing.  
A schematic of the test setup and instrumentation locations 
is provided in Figure 4. The data logging system used a 16 
bit A/D converter and during the dynamic snapback 
response the channels were logged at 1000 Hz. 
 

 
Figure 3. Photo of a Typical Test Pile (SP2) showing pile 
with billet attached. On either side of the pile the 
reference frames are shown. 

 
2.3 Loading Protocol 
 
Lateral pile testing occurred in three phases. The first 
phase consisted of a force-controlled monotonic pullback 
in which two piles were pulled towards each other to 
characterize their nonlinear static lateral stiffnesses.  Once 
the desired pullback force had been reached, the load was 
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released using a quick-release shackle.  During this 
snapback phase, the two piles were allowed to undergo 
free vibration to quantify the dynamic response of both 
piles.  The center pile (SP2) was then pulled in the opposite 
direction to the same load level repeating both pullback and 
snapback phases.  As such, the exterior piles, SP1 and 
SP3 were displaced in only one direction while the center 
pile, SP2, was pulled back and forward in two directions.  
After completing the pullback and snapback for a given 
load level, the loading protocol was repeated for an 
increased load level.  Load steps for the monotonic 
pullbacks of phase one and two of testing are provided in 
Table 1.  The load steps for monotonic pullback testing 
were only used once for each direction of the piles. 

Before and after each load increment, the depth of 
gapping of the soil surrounding each pile was determined 
based on the elastic dynamic response of the pile and the 
surrounding soil.  The pile was excited using hammer 
blows to excite the pile and mass, where a soft headed 
sledge hammer was used to avoid high frequency 
contamination of the response.  

Three months after the initial testing, the piles were 
retested with a slow cyclic protocol for comparison between 
the monotonic pullback and dynamic snapback response 
to this more traditional testing method.  The slow cyclic 
testing was also performed to investigate the ability of the 
soil surrounding the pile to recover after three months of 
wet weather and whether the same lateral stiffness that 
was observed during the initial phase of testing was 
evident.  The loading protocol for the slow cyclic testing 
was similar to the monotonic pullback testing in which two 
piles were pulled towards each other at a given load level, 
but during slow cyclic testing, the load was released in a 
slow and controlled manner.  Both exterior piles were again 
only displaced in one direction, and the center pile was 
displaced in two directions.  Unlike the monotonic loading 
phase, a series of cycles were performed at all but the 
highest load increment to compare to the multiple low level 
cycles and potential soil damage present during the 
snapback phase of testing.  The load steps used during the 

slow cyclic phase of testing and the number of cycles at 
each step are shown in Table 1. 

 
Table 1. Load Steps for Monotonic and Slow Cyclic Testing 
of Piles SP1, SP2, and SP3. 
 

Monotonic pullbacks1 

(kN) 

Slow cyclic 

(kN) 

Cycles per load 
step 

5 5 3 

10 10 3 

20 20 3 

40 40 2 

60 60 2 

- 75 1 

1only 1 cycle per load step was performed during 
pullback/snapback testing. 

 

 

3 TEST RESULTS 
 
3.1 Static pullback results 
 
The force-displacement response of the initial pullback 
testing of Piles SP1, SP2, and SP3 are shown in Figure 5, 
Figure 6, and Figure 7 respectively.  The 60 kN pullback 
response of Pile SP2 when it was displaced towards Pile 
SP3 is not included due to complications with 
instrumentation during this loading step.   

As expected, the response of the pile and soil is highly 
non-linear and becomes more evident as the applied load 
increases.  For all piles, the response up to 10 kN load 
remained essentially elastic with little discernable change 
in force-displacement response and no noticeable gap 
development around the pile.  The lack of soil gapping 
observed during the test is also consistent with the inferred 
gap depths calculated from the change in natural frequency 
following the hammer tests between each load increment.  
As can been seen in Figure 8, for the 5 kN and 10 kN load 

 
Figure 4. Schematic of test set up and typical instrumentation per pile. Acc: CoM = accelerometer at center 
of mass, LVDT: CoM = LVDT at center of mass, LVDT: GL = LVDT at ground level, PG = portal gauge 
extensometer 
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levels no more than a 0.1 pile diameter (22 mm) gap depth 
could be inferred. 

For load steps above 10 kN, the stiffness of the force-
displacement response has a higher degree of non-
linearity than the low level load steps.  This non-linearity is 
associated with gapping depths between 0.25 to 2 pile 
diameters (55 to 440 mm) (Figure 8), which is indicative of 
moderate to substantial plastic deformation of the 
surrounding soil.  Additionally, the stiffness of subsequent 
load steps was less than the previous loading until the 
maximum displacement reached in the previous load step 
was exceeded.  Furthermore, the force-displacement 
response is more linear in its behavior within this 
displacement range, and then resumes non-linear behavior 
once the displacement of the previous loading step is 
exceeded.  This response is most clearly observed 
between the 40 kN and 60 kN load steps shown in Figure 
5-7.  For all three piles the 60 kN load step had a force 
displacement response that was approximately 80% the 40 
kN load step response for displacements below 20 to 25 
mm (approximately 0.1 pile diameters).  After the 
displacement of the previous load step had been 
exceeded, the force-displacement response of the 60 kN 
load steps follows the same tangent stiffness as previous 
load step.   

This observed force-displacement response is due to 
the development of soil gapping adjacent to the pile shaft.  
Once a gap forms from during previous loading step, the 
effective free length of the pile extends by that gap depth.  
The near constant and reduced stiffness is a result of the 
longer free pile length and the limited soil displacement at 
the base of the gap.  Once the pile head displacement has 
reached the maximum displacement in the previous 
loading step, the soil gap is closed and the pile response 
resumes the tangent stiffness of the previous load level 
with the stiffness resulting from the elastic pile and the non-
linear plastic deformation of the soil.  This change of 
stiffness is most evident between 40 kN and 60 kN load 
steps because a much larger gap depth developed at these 
load steps than at the lower load steps (Figure 8). 

The re-engaging of the soil at the maximum 
displacement from the previous load step also explains the 
low initial stiffness of the 40 kN loading step response of 
Pile SP2 when it was pulled towards pile SP3.  Unlike the 
other 40 kN pullback responses for pile SP1, SP3 and SP2 
when pulled towards SP1, this pullback response had an 
initial stiffness that more resembled that observed in the 60 
kN pullback tests.  This response is the result of the 
snapback testing between piles SP1 and SP2.  Because 
Pile SP2 was displaced towards Pile SP1 first during the 
40 kN pullback load step, when the pile was released 
during snapback testing, the pile was displaced 
approximately 20 mm toward SP3 during free vibration.  
This displacement was sufficient enough to cause gapping 
on the SP3 side of the pile and as such reduce the initial 
stiffness of the system.  This influence of the snapback 
displacements on the static pullback response was not 
observed at lower load levels, because the displacement 
was not large enough to create a gap depth greater than 
0.5 pile diameters, and as such the change in free length 
of the pile was minimal. 

 

 

Figure 5. Force-displacement pullback response of SP1. 
Displacement measured at load height. 

 
 

 

Figure 6. Force-displacement pullback response of SP2. 
Displacement measured at load height. 

 

Figure 7. Force-displacement pullback response of SP3. 
Displacement measured at load height. 
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3.2 Static slow-cyclic results 
 
The hysteretic force-displacement response of Pile SP2 
and Pile SP1 during the slow cyclic testing performed three 
months after the initial pullback testing are shown in Figure 
9 and Figure 10 respectively.  The loading portions of 
hysteretic response for both piles displayed behavior 
similar to that observed during the initial pullback testing 
portion summarized in the previous section.  The response 
to loading below 10 kN was essentially elastic and once 
loading exceeded 20 kN there was a noticeable reduction 
in stiffness for subsequent cycles at the same load level 
until the previous maximum displacement was exceeded.  
The unloading portion of the hysteretic response was also 
non-linear, and is a result of the elastic rebound from soil 
away from the soil-pile interface and the increasing 
interface loss between the pile and soil as the pile returns 
to zero displacement.   

A small amount of residual displacement of 
approximately 15% of the maximum deformation at each 
cycle was observed during the slow cyclic testing.  
Because this residual displacement was observed at small 
load levels it is unlikely a result of pile yielding.  More likely, 
the residual displacement is due to soil filling the gap that 
formed behind the pile during loading and as such stopped 
the pile from returning to zero displacement. This 
characteristic was visually observed during testing. 

To investigate the ability for the soil to reconstitute three 
months after the initial testing, the secant stiffness at the 
maximum load for each loading step was calculated and 
compared in Figure 11.  As can be seen from the solid 
lines, the secant stiffness observed during different 
displacement levels of the initial pullback tests are all very 
similar, with SP1 having slightly higher stiffness values 
than SP2 or SP3. This is consistent with the higher soil 
stiffness from the ground level to 0.5 m depth due to the fill 
inclusion at SP1 (Figure 2).  When comparing to the slow 
cyclic secant stiffness values, the stiffness values at SP1 
were very similar and stiffness values for SP2 when loaded 
towards SP3 were only slightly lower for the slow cyclic 
tests when compared to the initial loading.  The only 
substantive change in stiffness characteristics between the 
two loading protocols is the response of Pile SP2 when 
pulled towards SP1. 

For displacements less than 0.1 pile diameters (22 mm) 
the secant stiffness values for the slow cyclic tests are two 
to three times lower than the initial pullbacks.  The 
difference in stiffness reduces as the pile displacement 
becomes larger and suggests that most of the lateral 
stiffness could be recovered from the soil reconstituting 
around the pile after three months of wet weather. 

 
 

Figure 8. Inferred pile gapping from hammer testing of 
piles SP1, SP2, and SP3. Note that SP1 has reduced 
pile head mass compared to SP2 and SP3. 
 

 

Figure 9 Force-displacement hysteresis of SP2 during 
slow cyclic loading. Displacement measured at load 
application height. 

 

Figure 10 Force-displacement hysteresis of SP1 during 
slow cyclic loading. Displacement measured at load 
application height shown in Figure 4. 
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Figure 11 Secant stiffness for pile system with respect 
to the displacement at the load application height for the 
static slow-cyclic and static pullback tests. 

 
3.3 Dynamic test results 

 

After each dynamic snapback test, a hammer impact test 
was used to provide low-level excitation so that the elastic 
natural period of the pile system could be observed. Figure 
12 shows the response of the accelerometer at the centre 
of mass for three hammer blows after a snapback from a 
10 kN pullback force. Also shown in Figure 12 are the  
envelopes used to characterise the damping of the pile 
response from the hammer blow decays. In this case, 
equivalent viscous damping ratio of about 3% is indicated 
for the three hammer blows analysed. 

The frequency content within the accelerometer traces 
in Figure 12 was obtained using a Fast Fourier Transform. 
For each hammer blow sequence data from at least three 
recordings were processed. In all cases there was a clearly 
defined first mode frequency of the system which 
decreased with the magnitude of the pullback force that 
was applied prior to the snapback, as shown in Figure 13. 
As explained above the decrease in natural frequency is 
assumed to be a consequence of increasing depth of the 
gapping between the pile shaft and the surrounding soil as 
the pullback force is increased. 

Figure 14 shows the dynamic response of pile SP2 
when released from a 60 kN pullback in the direction of pile 
SP1; it is apparent that there is considerable damping in 
the system during the free vibration decay. In Figure 15 the 
data from Figure 14 has been overlaid with the calculated 
response to a sudden removal of load for a single degree 
of freedom model of the system, Inman (2014). It is 
apparent that an equivalent viscous damping ratio of 20% 
matches the measured response very well for most of the 
first cycle of response, after which the damping in the 
system decreases. Using the logarithmic decrement 
method the relationship between damping per cycle and 
mean of the two displacement peaks is plotted in Figure 16  
for snap data from pull back forces between 5 and 60 kN. 
In this figure the displacements are normalized with respect 
to the pile shaft diameter. The most important observation 
from Figure 16 is that the damping value is not constant but  

varies with the magnitude of the pullback force, or the 
mean of the displacements corresponding to the two peaks 
for which the logarithmic decrement is calculated. There is 
also a suggestion, looking at the result for the pullback from 
60 kN, that as the pullback force  increases a point is 
reached where there is so much degradation of the soil  
around the pile shaft that the maximum damping value 
decreases.  Also plotted in Figure 16 is the damping value 
obtained from the hammer impulse tests, which is seen to 
be at the lower limit of the damping characterised during 
the snapback testing. 

 
 
 

Figure 12. Pile displacement response to hammer 
strikes following load step following a 10 kN pullback.   

 
 
 

Figure 13. Shift in the elastic natural frequency of the 
pile system after each load step characterised using 
hammer strike testing.  
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Figure 14. Snapback displacement response of Pile SP2 
following the application of the 60 kN pullback force.   

 
Figure 15. Snapback response of Pile SP2 fitted with the 
elastic response from step function excitation to 
determine equivalent viscous damping.   

 
Figure 16. Observed equivalent viscous damping ratio with 
respect to lateral pile displacement.  

4   Conclusions 

 

The following conclusions are reached: 

• Nonlinear load-displacement curves for long 
220 mm diameter steel tube piles up to about 20% 
of the pile shaft diameter are presented, but 
nonlinearity is evident even at lateral 
displacements of a few per cent of shaft diameter. 
(Figures 5, 6, 7, 9 & 10). 

• As a consequence of the nonlinear response of 
the soil there is a continuously decreasing secant 
lateral stiffness for the pile shaft as the lateral load 
is increased (Figure 11). 

• The post-snapback hammer impulse tests show a 
reduction in natural frequency of the pile - mass 
system as the pullback force prior to the snapback 
increases (Figure 13), which is controlled by the 
increase in the depth of soil gapping that develops 
adjacent to the pile shaft. 

• Equivalent viscous damping of the pile exhibited 
during the response of the hammer impulses was 
observed to be about 3% (Figure 12), which 
provides a measure of the elastic damping of the 
system. 

• Figure 16 shows that pile head lateral damping is 
displacement dependent, and even for 
displacements as small as 1% of the pile shaft 
diameter the equivalent viscous damping is 10% 
or greater. 

• The damping values discussed above are 
equivalent viscous damping ratios, however the 
mechanism of damping is hysteretic (with 
possible additional contributions from impact 
effects) and depends on the area of lateral load – 
lateral displacement loops (Figures 9 and 10). 
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