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Performance of tension piles in seismic events with different signatures
Comportement à l’arrachement de pieux soumis à des événements séismiques de signatures 

différentes
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M.W.O’Neill - University of Houston, Tex., USA 

M.Ochoa - McBride-Ratciiff & Associates, USA

ABSTRACT: Model tests were conducted in a vibrated pressure chamber to study the performance of tension piles driven in saturated 

sa n d , during seismic events with different signatures. Two Califomia-type seismic events, with similar magnitudes and durations of 
shaking but different source mechanisms, were scaled to simulate different magnitude earthquakes. Pile response for different 
combinations of simulated earthquake magnitudes (7.0, 7.5, and 8.0) of the two events was observed for different bias tension loading 

le v e ls . Regions of stability, mobility, and failure conditions of the pile were established. Differences in signature between the two events 

h ad  relatively little effect on the failure of the pile by extraction.

RÉSUMÉ: Des éssais sur modèles réduits ont été conduits dans une chambre pressurisée soumise à des vibrations simulant des 

événements sismiques de signatures différentes; afin d’étudier le comportement à l’arrachement de pieux battus dans du sable saturé. 
Deux sèimes d’origine Californienne, d’amplitudes et de durée de vibrations similaires, mais ayant un mechanisme de source différent, 
furent ajustés en proportion pour simuler plusieurs niveaux de séismes. Les réponses des pieux soumis à des séismes d’amplitudes 

variables: 7, 7.5 et 8 furent observées pour différentes charges moyennes d’arrachement du pieu. Les zones de stabilité, de movement 
progressif et de rupture du pieu furent ainsi établies. Les différences de signature entre les deux types d’événements ont eu relativement 
peu d’effet sur le mode de rupture à l’arrachement du pieu.

1 INTRODUCTION

Tension piles are used to anchor tension leg platforms and 

similar structures. Although they are designed with a margin of 
safety, their serviceability during and after an earthquake may be 

questioned. Degradation of shaft resistance due to pore water 

pressure generation and amplification of load on the pile head 

from the superstructure feedback can cause tension piles either to 

deform excessively or to experience extraction.
The ability of displacement-type tension piles driven into 

medium-dense sand to sustain biased tension loads during 

California-type seismic events is considered here. In particular, 
the effect of the signature of the event is investigated by studying 

experimentally the response of a pile to ground motion when the 

ground is excited by earthquakes of the same magnitude, time of 
strong shaking and at the same epicentral distance, but where the 

earthquakes have different source mechanisms and energy paths 
to the foundation site.

Measured acceleration time histories of two earthquakes at a 

single deep offshore soil site were selected and scaled to higher 

magnitudes. Model piles were driven into a pressure chamber 

containing saturated siliceous sand and loaded axially through a 

spring-mass system (representing the superstructure) to a known 

percentage of the static capacity of the pile. The base of the soil 
column was excited at the scaled time histories of the two 

earthquakes (further scaled to simulate diffusion rates) to 

determine the effect of the magnitude of biased load, earthquake 

magnitude and earthquake signature on the pile performance.

2 SEISMIC EVENTS

T h e  two events chosen were the Oceanside, California, event of 
July 13, 1986, and the Upland, California, event of February 28,
1990. Accelerograms were available for these events at a deep 

offshore soil site known as SEMS (Seafloor Measurement 
Systems) Site, maintained by the Minerals Management Service

of the U.S. Department of the Interior near Long Beach, 
California. The locations of the SEMS site and the epicenters of 
the seismic events are shown in Figure 1. The acceleration-time 

measurements were made at about 76 m below the sea surface 

within 3 m of the seafloor.
Table 1 shows the characteristics of the two events (Hauksson, 

1988, 1991). The two events had similar magnitudes, peak 

ground accelerations and durations of shaking. The difference in 

signatures resulted from the difference in focal mechanisms 

associated with the two events and the directions in which the 

seismic wave energy traveled relative to the strikes of the 

regional formations to reach the recording site. Figure 2 shows 

the Fourier amplitude spectra of the resultant horizontal 
component of ground motion for the two events.
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The measured horizontal accelerograms for the two events were 

not adequate to produce distress; therefore, the resultant 
components of the horizontal motion were scaled to higher 

magnitudes, i.e., Richter Magnitudes (M) of 7.0, 7.5, and 8.0.
The scaling method for each earthquake consisted of 1) 

transforming the time history of resultant horizontal motion into 

the frequency domain; 2) scaling the Fourier amplitude spectrum 

of the original time history to match a “target” spectrum that 
would represent a spectrum for a higher magnitude event (e.g. M 

= 8.0) (Trifunac, 1979) and 3) transforming the scaled spectrum 

back into the time domain while preserving the phase 

relationship of the unsealed (original) record to maintain the 

same earthquake source mechanism (Ochoa, 1990). The resulting 

scaled accelerograms for both events were then integrated twice 

to obtain displacement-time histories. In addition to scaling the 

magnitude of the two events upwards, the displacement and time 

axes of the scaled events were scaled downwards by a factor of
0.19 to model the diffusion characteristics of pore water. These 

scaled displacement time histories were used to control the base 

motion of a pressurized test chamber into which a model pile was 

driven (Ochoa, 1990).

3 TESTING ASSEMBLY

The pressure chamber used was 0.53 m in height and 0.51 m in 

diameter. It had provisions for applying controlled lateral and 

vertical stress to the soil mass deposited in it and ports on the top 

for pile insertion and drainage during shaking. The soil sample 

was prepared in the chamber by depositing very fine silty sand 

(d„, = 0.10 mm) in a medium-dense condition using the pluvial 
(raining) technique. The soil mass was then purged with carbon 

dioxide gas and saturated with deaired water.
A closed-ended steel pipe, 25.4 mm in diameter and 405 mm in 

length with a wall thickness of 1.2 mm was driven by impact into 

the saturated soil mass, which had been consolidated under an 

isotropic effective stress of 17.24 kPa, representing the mean 

effective stress around a 6.0 m long by 380 mm diameter 

prototype pile. The pile was driven offset from the center of the
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T able 1. Event characteristics

Deiail Oceanside Event Upland Eveni

Focal Mechanism Reverse faulting Left lateral ' 

slrike-slip faulting

Causative Fault San-Diego 

Trough-Bahia 

Soledad Fault

San Jose Fault

m l 5.3 5.2

Ms 5.8 5.5

Seismicity: 1 (1932-1984) 2 (1981-1989)

No. of earthquakes M L > 4

Distance from 74.0 km 74.4 km

Recording site (SEMS)

PGA 0.027 g 0.029 g

Predominant Frequency 3.5 Hz 1.0 Hz

Hypocenler 9 km deep 5.2 km deep

Length of Rupture 7 - 9  km 4 km

Duration of Shaking 80 secs 90 secs

M l  - Body Wave Magnitude

Ms - Surface Wave Magnitude

chamber with a steel cylinder placed in the center of the chamber 
so that near-uniform strain gradients were developed around the 
pile during the application of ground motion through rotational 
motion at the base of the chamber.

The pile was instrumented with a single level of strain gauges at 
its head to sense the axial load. Movement at the pile-head was 
monitored using an LVDT. Miniature pore water pressure 
transducers were placed in the soil mass at the level of the mid
depth of the pile to sense the pore water pressure in the “near 
field,” 1 diameter from the pile wall and in the “far field,” 14 
diameters from the pile wall.

A cable was attached to the head of the pile, through which the 
biased tension load was applied continuously by means of a 
spring-mass system during the seismic loading. The spring-mass 
system had a natural period of about 2 sec, which was above the 
longest period in the wave train for the simulated seismic events. 
This system simulated a simple superstructure of a known natural 
frequency that feeds axial load back into the pile during the 
seismic event.

In order to express the bias uplift load applied on the pile as a 
percentage of the static uplift capacity, a load test was conducted 

on the pile prior to applying bias loading during every shaking 

test. The pile was then restruck by a single blow of a hammer, 
following which the pile was loaded to the desired percentage of 
static uplift capacity using the measured static capacity as a 
reference.

A closed-loop servo hydraulic testing machine was used to 
apply the programmed horizontal component of seismic motion 

to the soil-pile system contained in the pressure chamber. The 
displacement-time histories were applied to the base of the 
containment vessel through the rotary motion of the actuator of 
the testing machine.

4. TEST RESULTS

4.1 Pile response during seismic events

Seismic loading tests were performed on the model test pile by 
applying the displacement-time histories scaled for event 
magnitude, geometry, and diffusion for the Upland and the 
Oceanside events to the base of the pressurized soil chamber 
while the pile was held under biased uplift load by the spring- 
mass system. Several tests were conducted by varying the 
magnitude of the scaled earthquakes (7.0, 7.5, and 8.0) and the 
magnitude of the applied biased load (45% to 90% of the static 
capacity) on the pile for each of the two events. For piles that did 

not fail during the seismic events, static loading was perfo rm ed  

to failure to define the capacity of the pile after the event.
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Figure 2. Fourier amplitude spectra o f horizontal 
ground acceleration for the Upland event (a) and 

the Oceanside event (b)
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Figure 3: Time history of pile-head load (a),pile-head movement (b), and normalized near field pore water pressure (c) for M = 8.0 Upland 

event

Typical time-history measurements in which the pile was 

completely pulled out of the chamber (M = 8.0 and bias loading 

of 75% of static capacity) are shown in Figure 3 for the Upland 

event. Extraction occurred at approximately 13.5 secs, 
corresponding to a prototype time of 71 secs for the Upland event 
and 13 secs, corresponding to a prototype time of 69 secs for the 

Oceanside event. In both cases the degradation in strength due to 

buildup of pore pressures coupled with the load excursions due to 

feedback from the spring-mass system was sufficient to cause 

failure. The extraction of the pile was accompanied by a drop in 

pore water pressure close to the pile, possibly as a result of 
dilation of the soil, as the pile was pulled out. Local liquefaction 

took place immediately after extraction of the piles around the 

drainage ports which served as points of stress relief. The 

similarity in behavior of pile extraction for the two events can be 

linked to the shear strains induced in the soil mass by these 

events. Computations of maximum peak shear strains in the 

vertical plane using SHAKE (Schnabel et al., 1972) for M = 8.0 

indicated a value of about 0.02% for both events, despite the 

differences in time histories.
The following observations were also made: For both events, (i) 

for any given magnitude of the earthquake there existed a 

threshold uplift static bias load below which the piles remained 

in a stable condition during the seismic event with very little or 

no movement under sustained loading, (ii) extraction did not 
occur unless the biased load plus the excursion produced by 

superstructure feedback exceeded the static capacity of the pile 

minus the inferred loss in static capacity due to pore pressure 

buildup, (iii) the excursions in pile-head load measured during 

the shaking for both the events ranged from 7 to 10% of the static 

capacity with the higher value for the M = 8.0 earthquakes, and 

(iv) the pore pressures developed in the soil mass during the M =
7.0 and M = 7.5 earthquakes for both events were not more than 

4% of the ambient mean effective stress. As a result, extraction 

occurred only at 90% or higher bias loading for both events of 
these magnitudes.

4.2 Post-shaking pile capacities

The post-shaking capacities of piles that did not fail during the 

seismic events are shown in Figure 4. For both the Upland and 

the Oceanside events, the capacity of the soil to sustain static 

uplift loads after the seismic event was not affected significantly 

by the action of M = 7.0 events, while reductions in capacity 

occurred in stronger events.

4.3 Interpretation

Based on the experimental results, contour plots were developed 

for stability conditions (sustained load and small pile movement), 
mobility conditions (sustained load associated with substantial 
pile movement) and failure conditions (extraction) for closed- 
ended piles driven in medium-dense saturated sand, loaded with

a biased tension load during Califomia-type seismic events that 
occurred 74 km from the earthquake epicenter (Figure 5). A 

movement of 0.15 mm (scaled movement = 2.3 mm) was 

established as an upper bound to pile stability. Piles that moved 

less than this amount vertically were stable and those that moved 

in excess of 0.15 mm but were not completely extracted 

represented a “mobility” condition between stability and failure. 
Using the above criteria, contour lines were drawn separating 

stability, mobility and failure for both the Upland and the 

Oceanside events. It can be concluded from Figure 5 that the 

signature of the event for Califomia-type events of similar 

magnitudes and duration of shaking had relatively little effect on 

the pile behavior during shaking.

0 5 10 15 20 25 30

Post-Event Loss o f Capacity 

(% of Static Capacity)

Figure 4. Average loss of static capacity following the shaking 

event (6 m - long prototype)

4.4 Design implications

Figure 5 can be used to develop preliminary design criteria for 

displacement piles in medium-dense, submerged sand, where the 

piles are rigid and the superstructure is non-ductile (cannot 
redistribute loads among piles). The ratios of maximum biased 

loads for stable conditions to static uplift capacities (<|>) can be 

viewed as seismic resistance factors for Califomia-type 

earthquakes approximately 74 km distant from a site. Figure 5 

can be used to determine <() for pile penetrations of 6 m. Similar 

tests were conducted with initial isotropic effective stresses of
34.5 kPa, or scaled pile penetrations of 12 m. Values of l-<t> 
(resistance loss factor) are plotted vs. pile length in Figure 6. 
Values of l-<(> for piles longer than 12 m were computed 

assuming no degradation of resistance below a depth of 12 m due 

to pore pressure buildup.
Figure 6 must be considered preliminary and incomplete 

because several effects have not been modeled. Wave and inertial 
loadings on the superstructure may influence the pile loading, 
and hence soil response, differently than the simple feedback
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F igure 5. R egim es fo r stability , m obility , and  failure 

condition  o f  the pile (6  m -  long prototype)
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Figure 6 . Seismic resistance factor, 0, as a 
function of pile length
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loading modeled here. In the absence of information on these 

effects, a load factor should be applied to the sum of the static 

biased load and the peak dynamic excursion in load applied to 

the pile by the superstructure. In addition, sea-seabed interaction 

effects may produce greater pore pressures in the soil, causing 

further loss of pile capacity. Such effects have not been 

considered here; hence, Figure 6 would need to be applied with 

considerable caution (Kobayashi et al., 1992).

5 CONCLUSIONS

(i) Pile failure during M = 8.0 events was catastrophic and 

occurred at a relatively low level of bias loading (75%) as 
compared to M = 7.0 and M = 7.5 events.

(ii) Significant reductions in the frictional uplift capacity of the 

soil occurred after M = 7.5 and M = 8.0 events.
(iii) The signature of simulated seismic events had relatively 

little influence on the condition of pile extraction for piles driven 

in saturated medium-dense sand during California-type seismic 

events.
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