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ABSTRACT 

 

This paper presents an analysis on pile shaft capacity of an instrumented displacement pile subjected to 

cyclic axial loading. This pile developed by Imperial College was installed at the Grenoble Calibration 

Chamber in a medium dense siliceous sand sample reconstituted by air pluviation technique. Shaft shear 

and normal stresses at pile interface along the pile were recorded. Soil stress sensors were deployed at 

different levels in the sand mass around the pile to monitor the vertical, radial and circumferential stresses. 

Several one-way low cyclic loading tests, employing a range of cyclic amplitudes, and several large two-

way cyclic loading tests were carried out. Uplift tensile loading tests were performed before and after each 

series of cyclic loading. In addition, measurements of the local stress paths allowed an analysis of how 

interface local shear capacity was affected by cyclic loading. 

 

The results indicated the degradation of skin friction depends on the cyclic amplitude respect to the total 

static capacity of the pile. The pile shaft capacity increased slightly after low amplitude cycling, and 

decreased considerably after large two-way cycling or high one-way loading, corresponding to either 

enhancements or reductions in local normal effective stresses at failure. The interpretation of the local 

stress paths is in agreement with the pile uplift capacity trends established from post cycling load tests to 

failure.  
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INTRODUCTION 

 

Pile foundations are very often used to support bridge piers, very high rise buildings or towers. These tall 

superstructures transmit significant inertial forces to the foundation system when submitted to an 

earthquake, including cyclic horizontal forces and bending moments inducing a rotation of the relatively 

narrow rigid raft. In that case piles can be submitted to cyclic axial loading which can affect its bearing 

capacity. Several failures due to a decrease in axial pile shaft capacity during the 1985 Mexico earthquake 

have been reported by Auvinet and Mendoza (1986). It is then important to analyze the mechanisms 

occurring at the pile-soil interface during cyclic loading in sand leading to a degradation /or increase of the 

shaft capacity. 

 

                                                
1
 Professor, Laboratoire 3SR, Institut Polytechnique de Grenoble, email: pierre.foray@grenoble-inp.fr 

2
 Lecturer, Department of Geotechnical Engineering, University of Sao Paulo, email: crishc@terra.com.br 

3
 Phd Student, Laboratoire 3SR, Université de Grenoble, email: matias.silva@hmg.inpg.fr 

4
 Professor, Dept. of Civil and Env. Eng., Imperial College London, email: r.jardine@imperial.ac.uk 

5
 Associate Professor: Department of Civil Engineering, Zhejiang University, email: zxyang@zju.edu.cn 

6
 Phd Student, Dept. of Civil and Env. Eng., Imperial College London, email: siya.rimoy@imperial.ac.uk 



5th International Conference on Earthquake Geotechnical Engineering 

January 2011, 10-13 

Santiago, Chile 

Driven piles normally suffer an important degradation of their shaft capacity due to the large load-unload 

cycles applied during their installation (Jardine et al. 1995, Kolk et al. 2005). In some cases this 

degradation may be compensated by a “cicatrization” process of the sand around the pile occurring with 

time, as observed on in-situ tests by several authors (Chow et al. 1998, Jardine et al. 2006).  

 

Chan & Hanna (1980) list the main factors affecting the cyclic loading behavior of piles as: (1) the 

number of load cycles; (2) magnitude of the mean repeated load, related to the maximum static capacity; 

(3) the relative amplitude of the load cycles; (4) loading frequency; (5) soil characteristics; (6) pile loading 

history; and (7) embedded pile depth.  

 

Poulos (1989) presented laboratory model tests to demonstrate that cyclic shaft friction degradation 

depends on the cyclic displacement, the number of cycles, the soil type, and the pile type. Chin & Poulos 

(1996) reported further displacement-controlled cyclic tests on model piles jacked into dry calcareous 

sand. The most significant shaft degradation was observed when the cyclic displacement amplitude led to 

the static shaft capacity being fully mobilized. 

 

Jardine et al (2000) performed field tests on piles under cyclic loading in Dunkerque and showed that high 

level two-way loading produces a drastic loss of tension capacity. On the opposite, low level cycle loading 

can have a beneficial effect on pile capacity, perhaps accelerating the process of ageing. This has been 

confirmed by cyclic triaxial creep tests performed by Bowman & Soga (2005) who found that small cyclic 

perturbations can accelerate the onset of volumetric dilation, which they argued could accelerate set-up. A 

model scale investigation into displacement pile set-up in sand was conducted more recently by White & 

Zhao (2006). In these experiments cycles of ambient effective stress were imposed via changes in the 

water pressures, which were found to increase the degree of set-up. From these studies, it may be 

considered that very low amplitude earthquakes induce an improvement of pile capacity in sand.  

 

The experiments reported in this paper are focused on the local interaction between the pile at different 

levels and the sand mass around it. The experiments were conducted in the Laboratoire 3S-R large 

calibration chamber as part of a joint research programme with Imperial College London on pile behavior 

in dense sand. The tests involved the highly instrumented Mini-ICP described by Jardine et al (2009), 

which was installed into reconstituted dense siliceous sand placed by air pluviation.  

 

 

CALIBRATION CHAMBER TESTING 

 

Calibration Chamber 

The Grenoble calibration chamber consists of three cylindrical elements of 50 cm height and 1.2 m of 

internal diameter joined together by flanges with “O” rings, with a total height of approximately 1.50 m. 

Each cylindrical element can be equipped by a lateral toroidal membrane fixed to the 50 cm high vertical 

wall (Foray, 1991). The bottom and top of the chamber consist of two rigid plates with a thickness of 10 

cm. Two membranes fixed on the internal face of the upper and bottom plates and filled with water apply 

the vertical stress conditions. On this case the internal membranes were replaced by a 2mm thick latex 

rubber sheet covering all the internal surface of the chamber from the top to bottom. Between this 

membrane and the walls of the chamber silicone grease was smeared in order to reduce the friction 

between the sand and the wall. The bottom and top membranes were filled with water up to a pressure of 

150kPa. The top membrane allows to simulate an effective overburden load for the soil, and the bottom 

membrane to create a flexible response for the soil. The external walls of the chamber were covered by a 

water based refrigeration system consisting on copper pipes running all over the chamber. This system 

assures a constant temperature during all the testing.  
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The external loading system is fixed on a rigid frame over which an electro-mechanics jack was vertically 

mounted. A regulation system using the software Labview allows to perform monotonic and cyclic 

loading in an either displacement or force controlled mode. 

 

 
 

Figure 1.  Grenoble calibration chamber-Mini-ICP layout 

 

Test Sand 

The sand used in this experiment is a N34 Fontainebleau sand. This sand is well-characterized as uniform, 

sub angular and pure material (99.7% silica). The air pluviation technique was used to obtain the sample 

with the target density Dr = 72% (e=0.62). The grain size distribution and index properties are presented 

on table 1. Yang et al (2010) give further details of the mechanical properties of the sand, including its 

interface shear strength (reporting laboratory interface δ΄ = 25~27
o
, well below peak φ΄). 

 

Table 1. Index properties of Fontainebleau NE34 sand 

Grain shape (Gs) D10(mm) D50(mm) D60(mm) emax emin 

Sub-angular 2.65 0.15 0.21 0.23 0.90 0.51 

 

Mini Imperial College Pile 

The 36mm-diameter closed-ended stainless steel Mini-ICP, described in Jardine et al. 2009, is composed 

of three instrumented cluster, a solid 60° cone fitted at the pile tip, and a pile cap and interconnecting 

casings (Figure 2). The clusters are oriented at 120° intervals around the pile shaft to minimize shaft 

bending effects. As shown in Figure 1, the three clusters are respectively referred leading, following and 

trailing (A, B, and C). Each cluster contains: an axial load cell (ALC), which can be used to derive the 

average pile skin friction; a surface stress transducer (SST) to measure radial total stress (σr) and shear 

stress (τrz); a temperature sensor; and MEMS inclinometer sensors. 
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Figure 2. Mini-ICP configuration 

(Jardine et al. 2009). 

Figure 3. Layout of soil stresses sensors around the 

pile top level 

 

Soils Sensors 

Soil stress sensors of different capacities and types were installed inside the chamber, distributed on 2 or 3 

different levels; top(T), middle (M) and bottom (B). On each level the sensors (TML PDA/PDB and 

Kyowa PS/D) were placed to monitor the radial, vertical and hoop stresses at distances given in Table 2. 

An example of the layout of the sensors is presented in Figure 3. Sensors are located at different radial 

directions to minimize the interferences between them. The cables of all the sensors were running radially 

to the chamber wall and vertically up to the sand surface and finally out of the chamber. 

 

Table 2. Distribution of soil sensors in the sand mass 

Sensors positions (r/R)* 
Test 

Sensor  
Level 

Depth Below Sand 
Surface (mm) Radial Vertical Circumferential 

ICP1 T, M, B 190, 550, 830 2,3,5 1,5,8 2,3,5,8 

ICP2 T, B  430, 700 2,3,5, 8,12,16,20 3,5,8,12,16,20 2,3,5,8,12,16,20 

ICP3 T, M, B 270, 460, 730 2,3,5,8 2,3,5,8 2,3,5,8 

ICP4 T, M, B 270, 460, 730 2,3,5,8 2,3,5,8 2,3,5,8 
*r/R is the relative radial distance from the pile axis (R is the pile radius and r is the sensor distance from pile axis) 

 

Mini-ICP pile installation 

The pile was installed into the chamber (to a final embedded depth of 0.92~0.99 m) by non-monotonic 

jacking. The penetration rate was 0.5 mm/s and 20 mm, 10 mm and 5mm jack strokes were employed in 

different tests. The pile head loads were reduced to zero at the end of each stroke. These large 

displacement cycles simulate the conditions of a driven pile by inducing a similar degradation of shaft 

friction. 

 



5th International Conference on Earthquake Geotechnical Engineering 

January 2011, 10-13 

Santiago, Chile 

Cyclic and tension loading tests procedure 

First time compression and tension loading tests were performed on the model piles after ageing periods. 

Low and high-level cyclic loading tests were performed, with tension capacity check tests after each 

cyclic loading. The low-level tests were carried out on Mini-ICP pile under load-control (LC), purely 

tensile, conditions (0 to approximately 30 to 60% of the tension shaft capacity Qs tension), while the high-

level cyclic two-way (compression and tension) cyclic tests were conducted under displacement-

controlled (DC) conditions that imposed two-way cycling. Table 3 summarizes the two testing programs. 

 

The cycles were applied at relatively low frequencies, ranging between below 0.5 cycles per minute for 

the large displacement tests to nearly 2.5 cycles per minute for the low-level load controlled tests. 

 

Table 3.  Cyclic testing program 

Test ID Date N of cycles Description Qcyclic/QT 

ICP1-OW1 (LC) 17/03/2008 1000 0 to -4,0 kN (0,44 Qs) 0,22 
ICP1 

ICP1-TW1 (DC) 20/03/2008 100 -4~5 mm 0,41 

ICP2-OW1 (LC) 08/10/2008 1000 0 to -3,0kN (0,24 Qs) 0,12 

ICP2-OW2 (LC) 9-10/10/2008 1000 0 to -4,8 kN (0,40 Qs) 0,20 

ICP2-OW3 (LC) 13/10/2008 500 0 to -6,8 kN (0,56 Qs) 0,28 
ICP2 

ICP2-TW1 (DC) 14/10/2008 100 -2 ~ 3 mm 0,48 

ICP3-OW1 (LC) 22/07/2009 100 0 to -9,6 kN (0,76 Qs) 0,38 

ICP3-TW1 (LC) 23/07/2009 287 -5,0 kN to +8,0kN 0,54 

ICP3-TW2 (LC) 23/07/2009 199 -5,0 kN to +5,0kN 0,40 

ICP3-TW3 (LC) 23/07/2009 50 -5,0 kN to +7,0 kN 0,44 

ICP3 

ICP3-TW4 (LC) 23/07/2009 37 -5,0 kN to +10,0kN 0,44 

ICP4-OW1 (LC) 15-17/12/2009 7000 0 to -3,5 kN (0,3 Qs) 0,15 

ICP4-TW1(LC) 18/12/2009 600 -4,0 kN to +4,0kN 0,23 ICP4 

ICP4-OW2 (LC) 21/12/2009 50 -2,3 kN to -4,6 kN 0,21 
 

 

Tension tests were carried out, under displacement control at rates of around 0.01mm/s, to check the shaft 

capacities available after each cyclic loading, as summarized in Table 3. We recognize that prior tests to 

failure can influence the capacities developed in subsequent tests; Jardine et al (2006). 

 

Cyclic Tests  

Examples of the behaviour seen during cyclic tests are shown in Figure 4 and Figure 5.  

 

  
Figure 4:  Force-displacement behaviour test 

ICP1-OW1 (load controlled) 

Figure 5:  Force-displacement behaviour test 

ICP1-TW1 (displacement controlled). 
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The following figures present the cumulative displacement on the first one-way cyclic loading of every 

test (ICP1 to 4). There is a direct relation between the amplitude of the cycles and the maximum 

displacement of the pile. Figure 6 and Figure 7 show the tendencies of the cumulative displacement 

respect to the number of cycles and the amplitude. Increasing the amplitude leads to an unstable increment 

of the displacement. 

 

  
Figure 6: Maximum displacement of the pile for 

ICP1-OW1, ICP2-OW1 and ICP4-OW1 

Figure 7: Maximum displacement of the pile for 

ICP3-OW1 

 

In the case of an earthquake, the number of applied cycles generally does not exceed 50. Therefore, 

considering a soil-pile displacement of 2mm as enough to mobilize the lateral friction, the stability 

threshold of the pile in seismic conditions with one-way cycles should correspond to a value of Qcyclic/QT 

around 0.38 (Figure 7). 

 

In terms of the cyclic global pile-soil stiffness, a similar trend is logically observed, with a direct relation 

between the pile cyclic stiffness and the amplitude of the cyclic loading (Figure 8). Increasing the 

amplitude of loading leads to a degradation in the stiffness of the soil around the pile from a stable 

behavior with amplitude of 0,12 QT and 0,22 of QT, to an unstable stiffness behavior at a Qcyclic of 0,38 QT.  

 

 
Figure 8: Cyclic pile-soil stiffness based on Qcyclic and number of cycles 
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Soil Sensors during cyclic tests 

Stress measurements at the soil mass and along the pile allow to better understanding the mechanisms 

leading to improve or degradate the shaft capacity of the pile. Figure 9 shows the evolution of radial 

stresses in the soil at different distances from the pile at the middle level of sensors for ICP1-OW1 and 

ICP1-TW1.  

 

 
Figure 9:  Evolution of radials stresses in the soil mass during ICP1. From 0 to 9.6h : 1000 one way 

cyclic loading, low amplitude; from 11,8 to 14,7h: 100 two-way cycles large amplitude 

 

Examples of radial stresses profiles recorded in the soil mass at the bottom level of sensors (relative height 

above the pile tip of h/R=16.1) before and after each cyclic test is showed in Figure 10.  

 

 
Figure 10: Radial stresses developed in the soil level at h/R = 16.1 above to the pile tip before and 

after cyclic tests on Mini-ICP2 

 

The radial stresses in the soil mass around the pile decrease after each cyclic loading, and this reduction is 

more important after high level two-way cycling (at soil distance smaller than 16R). The same trend was 

observed in the results of radial stresses recorded on pile interface as reported in Tsuha et al. (2010). Also, 

it could be observed that the cyclic loading has more significant effects on the soil mass close to the pile 

shaft, as was previously observed during the pile installation load cycles, applied on the pile head by each 

jack stroke. 
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Stress paths during cyclic tests 

Interface stress paths are presented in Figure 11 deduced from surface stress transducer measurements 

made during the low-level cyclic series on Mini-ICP2. Radial stresses slowly reduce (with stress paths 

migrating to the left) as cycling continues, indicating an overall tendency for soil at the interface to 

contract during cycling. When the cyclic load amplitudes is increased (moving from Fig 11a to fig 11b) 

the stress paths approach the tensile static interface shear failure envelope reported by Yang et al (2010).  

 

Figure 12 reports the stress paths at the leading and following clusters (A and B) of Mini-ICP2 during 

two-way high-level cyclic tests. Under these conditions, the local stress paths engage both the 

compressive and tensile failure envelopes and alternating phases can be seen exhibiting contractive and 

dilative responses. The phases are distinguished by interface “phase transformation lines” whose 

inclination is similar to the static δ΄ values, showing similarities with constant volume or constant normal 

stiffness interface shear laboratory tests, including Airey et al. (1992), Tabucanon et al. (1995), Fakharian 

& Evgin (1997), Mortara et al. (2007) and others. The hysteretic stress path loops followed during cycling 

tend to stabilize (under both load and displacement control) as the cyclic tests progress.  

 

  

Figure 11: Effective stress paths followed on surface of Mini-ICP2 during: a) ICP2-OW1 

(Qcyclic/QT = 0.12) and b) ICP2-OW3 (Qcyclic/QT = 0. 28). 

 

  
Figure 12:  Effective stress paths followed on surface of Mini-ICP2 during high-level cyclic load 

test: a) leading A and b) following B. 
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Tension loading tests 

The static tension loading results are summarized in Table 4, while examples from Mini-ICP2 of the load-

displacement curves are shown in Figure 14.  

 

Table 4.  Pile tension testing program. 

Test ID Date Prior test (see Table 2) Tension capacity, kN 

ICP1-T1 03/03/2008 1st compression test 9.2 

ICP1-T2 18/03/2008 ICP1-OW1 10.8 ICP1 

ICP1-T3 21/03/2008 ICP1-TW1 4.9 

ICP2-T1 07/10/2008 1st compression test 12.1 

ICP2-T2 09/10/2008 ICP2-OW1 13.2 

ICP2-T3 10/10/2008 ICP2-OW2 14.0 

ICP2-T4 14/10/2008 ICP2-OW3 13.7 

ICP2 

ICP2-T5 15/10/2008 ICP2-TW1 8.7 

ICP3-T1 22/07/2009 1st compression test 12.5 

ICP3-T2 23/07/2009 ICP3-OW1 10.9 ICP3 

ICP3-T3 27/07/2009 ICP3-TW1, 2,3,4 4.8 

ICP4-T1 15/12/2009 1st compression test 11.5 

ICP4-T2 17/12/2009 ICP4-OW1 13.9 

ICP4-T3 21/12/2009 ICP4-TW1 5.5 
ICP4 

ICP4-T4 21/12/2009 ICP4-OW2 6.0 

 

Notwithstanding the earlier mentioned potential interactions between multiple tests on the same pile, it is 

evident from Figure 13, Figure 14 and Table 4 that low-level tension cycling leads to tension capacity 

gains between 10% and 17%. Noting that cycling neither increases the radial stresses σ΄r significantly nor 

changes δ΄, these capacity gains are ascribed to stronger interface dilatancy under static loading due to 

local densification and improved interlocking. It is equally evident that the greater disturbance caused by 

high-level cycling leads to sharp losses in local σ΄r and shaft capacity. 

 

 
 

Figure 13: Tensile load-displacement curves of 

Mini-ICP1 

Figure 14:  Tensile load-displacement curves 

of Mini-ICP2. 
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Stress paths during tension loading tests 

The stress paths followed at the soil-pile interface during the post-cycling loading tests for ICP2 are 

shown in Figure 15. The local stresses at failure exceed those measured before load cycling in tests OW1 

and OW2 (Fig. 15 a, b, c). However, lower failure stresses applied in the larger amplitude OW3 test (0 to 

0.56 Qs tension, Fig.15d). The higher level (two-way cycling) test TW1 led to still more marked 

reductions in local stresses (Fig. 15e), in keeping with the reduced tension capacities summarized in Table 

4 and Fig. 13, 14.  

 

a) 

 

b) 

 

c) 

 

d) 

 

 e) 

 

 

Figure 15: Local effective stress paths followed in the tension tests of Mini-ICP2: a) ICP2-T1; b) 

ICP2-T2; c) ICP2-T3; d) ICP2-T4; and e) ICP2-T5. 

 
The model tests confirm that high-level cycles disturb the local stress field considerably and reduce the 

local shaft capacity markedly. The stress paths recorded during the Mini-ICP experiments also show that 

interface densification and strengthened interface dilatancy contribute to the shaft friction capacity gains 

induced by low amplitude shaft loading cycles. As a consequence, small earthquakes inducing no reversal 

shear stresses could be considered as part of the environmental conditions leading to an enhancement of 

the shaft capacity of piles with time. Additional factors may also contribute to the trends seen in the field 

tests reported by Jardine et al (2006).  
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CONCLUSIONS 

 

Cyclic experiments have been performed with an instrumented model pile in a calibration chamber filled 

with dense sand. Tests involving one-way, low-level cycling, two-way high-level cycling and static 

tension testing to failure have been reported where the local stress paths were measured at the pile-soil 

interface. The local radial stresses decreased under both types of cyclic loading, showing similar trends to 

constant volume or constant normal stiffness interface shear laboratory tests, with an equivalent “phase 

transformation line” governing the dilative/contractive of the pile-soil interface. 

 

Tension loading tests were carried-out after each series of cyclic test. Checks performed after low-level 

cycling indicated shaft capacity gains between 10% and 17%, which were associated with strengthened 

interface dilation and ascribed to local densification. Earthquakes with low amplitude, together with other 

ambient factors, may contribute to an enhancement in the axial pile capacity. 

 

However, high level cycling that engages the shaft failure criterion in both tension and compression, 

crossing the local phase transformation lines, severely disturbs the local stress field and leads to marked 

reductions in local stresses and large losses in shaft capacity. No change was seen in interface δ΄ value in 

either case and the trends observed for the local stresses are fully compatible with the measured trends for 

post-cyclic tension capacity.  

 

Further analysis of the cyclic tests is warranted that considers the additional influences of mean applied 

load and number of cycles, as is closer analysis of the intensive measurements made in the calibration 

chamber experiments of the soil stresses within the sand mass.  
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