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ABSTRACT   

 
The design of pile foundations likely to be subject to earthquake loading requires information about the 

nonlinear lateral load behaviour of the pile and also the damping properties during cyclic loading. We are 
working on the development of methods for analysing the earthquake response of foundations that 
make use of Soil-Foundation-Structure-Interaction (SFSI) as a means of incorporating nonlinear soil 
deformation effects and nonlinear geometrical effects into the earthquake resistant design of 
foundations. There are three challenges in this work. First, to incorporate adequately the nonlinear 
response of the soil during the earthquake. Second, to account for geometrical nonlinearity during the 
earthquake - that is loss of contact between various parts of the foundation and the underlying and/or 
adjacent soil. Examples of this are the gapping that develops between a pile shaft and the surrounding 
soil during cyclic lateral loading and the uplift beneath parts of a shallow foundation subject to rocking. 
Third, to obtain appropriate values for the soil parameters which describe the nonlinear response of 
the foundations. The main thrust of this paper is to show how snap-back testing is an effective means 
of evaluating nonlinear behaviour of the pile foundation.  An appealing feature of snap-back testing is 
that the pull-back part of the test gives data on the static nonlinear load deformation properties of the pile. 
This information is of use in push-over analyses which are often done as part of the design of piles subject 
to earthquake loading.   
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1 INTRODUCTION 

 
We have been working on the development of methods for analysing the earthquake response of 
foundations that make use of Soil-Foundation-Structure-Interaction (SFSI) modelling as a means of 
incorporating nonlinear soil deformation effects and nonlinear geometrical effects into the earthquake 
resistant design of foundations. SFSI differs from the well-known SSI (soil-structure interaction) in that 
SSI is confined to linear response, whereas SFSI incorporates nonlinear responses. We regard our 
work as a contribution to the development of performance-based design in earthquake geotechnical 
engineering. Our progress to date has been documented in the following papers: Pender (2007), 
Pender et al (2009), Wotherspoon (2009), Orense et al (2010), and Pender et al (2011).  A feature of 
the work has been the modelling of the foundation and the structure supported by the foundation in an 
integrated manner so that a single numerical model of the structure-foundation system is developed 
for design analysis. There are three challenges in this work. First, incorporation of the nonlinear 
response of the soil during the earthquake. Second, accounting for geometrical nonlinearity during the 
earthquake - that is loss of contact between various parts of the foundation and the underlying soil. An 
example of this is the gapping that develops between a pile shaft and the surrounding soil during 
cyclic lateral loading. Third, obtaining appropriate values for the soil parameters that describe the 
nonlinear response of the foundations.  This paper is concerned with the third of these challenges.  
 
We have conducted field experiments at a site in Auckland where both shallow and deep foundations 
have been subject to cyclic loading. The first batch of tests used an eccentric mass shaking machine 
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to excite the foundations with sinusoidal oscillations at a range of frequencies. Although successful we 
recognise limitations to this approach for the following reasons. First, a given level of excitation force 
cannot be obtained until the shaker frequency has been increased from zero to the frequency required 
to generate the required force. Second, the response of the system is measured under steady state 
excitation at a fixed frequency. In this way what is obtained from the use of a shaking machine is not 
representative of what happens during earthquake excitation.   
 
An alternative, which we describe here, is the use of snap-back testing. This test is simpler than using 
an eccentric mass shaking machine. It gives the response of the system to one impulsive excitation 
instead of continuous excitation; it is more representative of what occurs during an earthquake. An 
added bonus is the static load-deflection curve obtained during pull-back phase of the test. The initial 
pull-back can generate a force of comparable magnitude to the maximum force that can be produced 
by the shaking machine.  
 
Below we present results obtained for the damping and lateral stiffness of deep foundations from 
snap-back testing. Tests were done at a site with Auckland residual clay. A series of snaps from 
different initial loads shows how the nonlinear behaviour of the foundation develops as the applied 
load increases.  
 
 
2 SITE DESCRIPTION AND LAYOUT OF TESTS PERFORMED 

 

The site used for the tests, in Albany in the northern part of Auckland, consists of a profile of stiff 
cohesive soil formed by in situ weathering from tertiary age sandstone and siltstone (it is thus a 
residual soil profile). At the site there are four piles - driven closed end steel tubes 273 mm in outside 
diameter with 9.3 mm walls - at the corners of a square of side 3m (Sa’don (2011). The results 
presented in this paper are for pile 4 of the group, the top of which projects 1 m above the ground 
surface. 
 
 The soil profile was investigated with 21 CPT tests between the surface and depths of 5 or 8 m; in 
some of these the shear wave velocity of the soil was measured. The su values obtained from the CPT 
qc values are reasonably consistent with depth at about 100 kPa. Hand shear vane testing was also 
done. The shear wave velocity measurements from the seismic cone penetration tests were 
supplemented with WAK tests (Briaud and Lepart 1990) and SASW tests (Stokoe et al 1994, Stokoe 
et al 2004). All of these indicated a reasonably consistent shear wave velocity for the materials at the 
site equivalent to a small strain shear modulus for the soil of about 40 MPa.  
 
The CPT profiles indicate reasonably consistent qc values for about the upper 5 m of the soil profile. 
The water table is noted to be at a depth of 5 m, this reflects the time of the year at which the CPT 
tests were done (June 2009) but since the soil is cohesive it is saturated to near the ground surface 
the whole year. Many of the tests were done shortly after rain so that free water was lying in any 
pockets on the ground surface. 
  
 
3 SNAP-BACK TESTING PROCEDURE AND EQUIPMENT 

 

The equipment required for snap-back testing is relatively simple. Instrumentation and data logging 
equipment are, of course, the same as needed for the testing with the eccentric mass shaking 
machine the kernel of which is a 16 bit A/D converter capable of gathering data at 200 readings per 
second for up to 16 channels. To apply the snap-back force a hydraulic jack, load cell and quick 
release mechanism are needed. The reaction to the pull-back force was obtained from another pile in 
the group (3m from the pile under test). The quick release device we used was obtained from a yacht 
chandler and is one of a range used for releasing spinnakers quickly. The device we obtained, the 
largest available, had a working force capacity up to 100 kN. Activation of the quick-release is done 
with a rapid sideways motion of a crow-bar.  
 
The set-up for the pile foundation tests is shown in Figure 1. Figure 2 demonstrates how the quick-
release device drops away from the connection to the pile and does not interact with the pile during 
the free vibration. 
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Figure 1. Field testing set-up for snap-back testing of a pile 

 

 
 

Figure 2. Quick-release mechanism after release, showing how it does not interfere with the free 
vibration of the pile. 

 
 
4 RESULTS FOR DEEP FOUNDATIONS 
 

Figure 3 gives the response of two of the tests, one with a pull-back force of about 10 kN (Figure 3a 
and b) and the other with a pull-back force of about 40 kN (Figure 3 c and d). Figures 3a and 3c show 
the pull-back lateral load – lateral deformation response of the pile, note that this becomes more 
nonlinear as the lateral load increases. The load deformation response after release is also shown in 
these plots. Figures 3b and 3d show the free vibration response after release of the pull-back force. 
Another set of results, from a pull-back force of 100 kN, was also processed. The main part of 
processing is based on the free vibration response to determine the damping which is estimated from 
the height of successive peaks in the free vibration response as shown in Figure 4b.  

Reaction pile 

Load cell 

Hydraulic ram 

Test pile 

Quick release coupling 

Displacement transducers and 
reference beam 

Pile top mass: 600 kg 

Pile top 1 m above the ground surface 
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Values for the damping ratios, based on the logarithmic decrement method (Thompson 1988), are  
obtained from: 
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where:  is the damping ratio (usually expressed as a percentage), and x1 and x2 are the amplitudes of 
successive peaks in the displacement response curve as shown in Figure 4b. The damping values 
obtained are plotted in Figure 4a; the important observation is that the damping is not constant but 
rather is highly dependent on the amplitude of the first peak from which the ratio was calculated and 
that for displacements greater than one per cent of the pile diameter the damping values are relatively 
large; common values of damping assumed in modelling of the dynamic response of structure-
foundation systems are in the 5 to 10% range. 
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Figure 3. Pile lateral response data for two tests with pull-back forces of 10 kN (a & b) and 40 kN (c & 
d). (a) pull-back and snap-back load deformation response from a pull-back force of about 10 kN; (b) 
time – displacement response after release from a 10 kN pull-back; (c) pull-back and snap-back load 
deformation response from a pull-back force of about 40 kN; (d) time – displacement response after 

release from a 40 kN pull-back. 
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Figure 4. (a) Damping values from the some of the snap-back response of the pile; (b) displacement 
amplitudes used in equation 1 to determine the damping for successive cycles of response. 
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Figure 5 Pull-back load – displacement curves for the three tests contributing data to Figure 4a.  
 
The lateral stiffness of the piles is seen to be nonlinear during the pull-back phase of the tests, Figure 
5. One might expect nonlinear behaviour during the free-vibration phase of the tests; in the free 
vibration response this would be manifested as a changing of the period of vibration. Careful 
examination of Figures 3 b and 3d shows that this is not the case with the period of each cycle being 
close to 0.1 seconds. It is not clear why this is so; it may be a consequence of the elastic response of 
the 1 metre projection of the pile shaft above the ground surface. 
 
 
5 APPLICATION OF THE SNAP-BACK TEST RESULTS 

  
The damping to assign to pile foundations being designed to resist earthquake loading is an important 
point of discussion during the design process. Generally rather conservative values are used. 
However, the test results indicate quite large values of damping even for lateral displacements as 
small as 1% of the pile diameter.  
 
Displaced aseismic design, Priestley et al (2007), is currently being considered as an alternative to 
force-based design. In this approach the value for the damping is a very important part of the required 
input data. The above results, if confirmed for more soil profiles, will be useful in such design. 
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6 CONCLUSIONS 

 

We reached the following conclusions based on our experience of using snap-back testing on pile 
foundations driven into Auckland residual soil at the Albany site: 

 The snap-back test method is relatively simple to perform, can be repeated easily, and 
provides a good information return in relation to the investment of time and resources.  

 The snap-back results show that the pull-back load-deformation response of pile foundations 
is highly nonlinear. 

 The damping during the free vibration response of the piles is highly nonlinear and dependent 
on the lateral displacement of the pile. The damping values were noted to be surprising large, 
even for lateral displacements as small as 1% of the pile shaft diameter. 
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