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Abstract A 3D discrete element model is used to investigate the axial cyclic response 
of a small-scale displacement piles installed in Fontainebleau sand. Calibration chamber 
experimental results from literature are used to validate the pile penetration phase of the 
DEM model which is then employed to simulate stress controlled vertical cyclic loading. 
The crushable DEM particle model is calibrated using high pressure element test data 
for the same sand. The model predicts the experimental stress measurements surround-
ing the jacked pile in both penetrating and unloaded conditions. The DEM model is used 
to assess micromechanical features hard to detect using experimental and continuum 
numerical methods. Grain crushing within the soil is observed to occur only below the 
cone during pile penetration. The analysis of particle stresses and force chains highlight 
how arching develops around the shaft. These arching effects create a sort of shield 
around the shaft causing the radial stresses to be lower. After pile installation is com-
pleted, a numerical parametric study of stress controlled cyclic axial loading of the pile 
is performed. The results show that depending on the magnitude of the cyclic load stable 
or metastable pile cyclic response is attained. The cyclic load amplitude also influences 
in different ways both stress and density profiles around the pile. These results may 
serve as a step forward to the understanding of installation effects on axial cyclic per-
formance of jacked piles in sand. 
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1   Introduction 

Driven pile design improvements have been gained with effort through approaches such 
as those set out by Jardine et al. (2005) and Lehane et al. (2005). However, the effective 
stress regime developed around piles driven in sands and the factors that control features 
such as their cyclic loading response and pile setup, remain incompletely understood; 
see Jardine (2019). Experimental research using calibration chambers (CC) (Yang et al., 
2010) and model centrifuge tests (Bolton et al., 1999) has highlighted the importance of 
the intense stress concentrations that develop below pile tips, the sand grains’ strength 
or crushability and the impact of pile geometry and driving cycles on the final stress 
regime. Penetration tests using instrumented piles and calibration chambers have ad-
vanced understanding of ground displacement mechanisms and evolution of stresses in 
situ (Arshad et al., 2014). Centrifuge modelling of axial cyclic loading of piles reveled 
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that pile performance is greatly influenced by installation effects and the type (load or 
displacement control) of cyclic loading (Li et al., 2010). Tsuha et al. (2012) extended 
the CC experimental campaign of Yang et al., (2010) to axial cyclic loading. In partic-
ular, by exploring the local effective stress evolution, the highly instrumented experi-
ments offered new insights into pile capacity degradation processes. Ciantia et al. 
(2019a) recently showed that the discrete element method (DEM) can be efficiently used 
to simulate cyclic-jacked pile penetration in sand. In particular a crushable DEM model 
was able to accurately reproduce the stress distributions measured in Yang et al. (2010) 
experiments. Inspired by Tsuha et al. (2012), in this contribution the DEM crushing 
model by Ciantia et al (2019a) is used to investigate the cyclic response of the small-
scale displacement piles installed in Fontainebleau sand. Numerical simulations of cy-
clic stress-controlled pile loading, accounting for installation effects, are performed. 
Particle-scale DEM data provides new insights that advance understanding of the arch-
ing which develops around the shaft after penetration. It is shown how the cyclic loading 
of the pile induces stress and density redistributions around the shaft. The DEM results 
are in good agreement with the experimental trends by Tsuha et al. (2012) and provide 
insightful micromechanical data that can be used to further interpret the experiments.  

2   DEM particle crushing model  

The crushable DEM grain model of Ciantia et al. (2015) was employed. The model’s 
particle failure criterion follows Russell et al. (2009). Particles crush when any interpar-
ticle contact force reaches the limit  
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where slim is the limit strength of the material and AF is the contact area which is recast 
using Hertzian theory for smooth sphere contacts. ri (i=1,2) are the radii of the contact-
ing spheres and Ei, νi are the Young’s Moduli and Poisson’s ratios respectively. To in-
corporate experimentally observed grain variability into the model, the limit strength, 
slim, for a given sphere size is assumed to be normally distributed. A particle size de-
pendency is also introduced to capture the relatively higher strength of smaller particles. 
Once the crushing limit condition is reached, the spherical particles are split into smaller 
inscribed tangent spheres. The crushing model was implemented in PFC3D (Itasca 
2016). The model parameters used in the current study, listed on Table 1 are those ob-
tained in an extensive calibration to match Fontainebleau sand response. 

Table 1 Calibrated model parameters for Fontainebleau sand grains (Ciantia et al. 2019b). 

d50 

mm 
µ 
- 

G 
GPa 

n 
- 

slim,0 

GPa 
m 
- 

d0 
mm 

var 
- 

dcomm 

- 
dmax 
mm 

dmin 
mm 

Dloc 
- 

0.21 0.275 9 0.2 1.9 10 2 0.36 0.11 0.27 0.01 0.05 
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3   DEM model setup soil initial conditions  

Figure 1(a) reports a schematic diagram of the instrumented model pile tests conducted 
in Grenoble 3S-R calibration chamber, after Jardine (2019). As indicated the DEM 
model represents only the inner core of the chamber. As detailed in Ciantia et al. (2019a) 
an upscaling factor of 39 was applied to sand size, maintaining the shape of the Fon-
tainebleau sand particle size distribution curve. This allowed the analyses to proceed 
with four orders of magnitude fewer particles than in the experiments and led to a com-
putationally feasible initial number of 442,335 particles (Figure 1(b)). In the present 
analyses the crushing law used is scalable to avoid the unrealistic results possible when 
scaling is not considered.  

 
a) b) c) d) 

Fig. 1 a) Schematic diagram of experimental CC and region considered for numerical analyses. (b) 3D 
view of DEM model and corresponding contours of porosity (c) and mean effective stress p′ (d). 

The calibration chamber (CC) instrumented pile tests were performed under a no-strain, 
low friction, radial lateral condition. The experimental CC had an initial porosity 
n=0.382. The DEM CC was filled using the radius expansion method as described by 
Ciantia et al. (2016, 2018). In the DEM model, the top (frictionless) horizontal boundary 
was servo-controlled to apply the experimental vertical stress level (150 kPa) while both 
the bottom (frictionless) wall was fixed as in the experiment. The exterior horizontal 
stress was adjusted to match the experimentally observed 76 kPa value by using radial 
wall servo-control, giving a final average porosity of 0.383 and a mean effective stress 
p′=101 kPa (Figure 1(c,d)). The pile shaft and tip were modelled using rigid frictional 
cylindrical walls with the interface friction coefficient set equal to the critical state value 
(tand =0.5) measured in interface ring-shear tests (Yang et al. 2010). The particle-pile 
contacts employed a simplified Hertz-Mindlin contact model with the pile shear modu-
lus (Gpile) and Poisson’s ratio (npile) set to 85 GPa and 0.2 respectively. After 0.8 m of 
cuasi-static penetration, the pile was unloaded by slowly displacing it upwards until the 
pile vertical force (Q) was zero. Figure 2(a) gives the penetration data from the DEM 
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simulations and the corresponding fitted penetration curve. The steady state pile base 
resistance Qb (around 20 kN) matches very well the experimental results. The shaft ca-
pacity (Qs) before unloading is 11 kN while it assumes a value of -6 kN (in tension) at 
the end of installation. The radial stress regime developed in the sand beneath and above 
the moving pile matched effectively the experimental results (Ciantia et al 2019a) and 
Figure 2(b) reports the mean effective stress at the end of pile installation in the ‘pause’ 
Q=0 conditions while Figure 2(c) shows the corresponding porosity contours. The full 
set of results, including principal stresses, breakage index and particle displacements 
related to the installation phase can be found in Ciantia et al. (2019a).  
 

 
a) b) c) 

Fig. 2 a) Base (Qb), shaft (Qs) and total (Q) pile capacity versus penetration depth. Illustration of mean 
effective stress (b) and porosity (c) spatial distribution at the end of pile installation (Q = 0 and pene-
tration depth 0.8 m). 

3.3 Effect of axial cyclic loading to pile response 

To simulate the axial cyclic response of the pile, a cyclic load servo-control was imple-
mented. The vertical force on the pile Q was set to:  

𝑄 = 𝑄&@AB + ∆𝑄𝑠𝑖𝑛(2𝜋𝑡/𝑇)	 (2) 

where Qmean is the average vertical force while DQ is the amplitude of the vertical load 
cycle and T is the period of the cyclic load. Starting from the unloaded (Qmean=0) condi-
tions and imposing the cycling period to 2000 steps, tests composed by 500 cycles (Nc) 
considering four loading amplitudes where considered (Table 2).  
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Table 2 Cyclic axial test cases considered. Qmean = 0 and Nc=500 for all cases 

CASE A B C D 
∆𝑸 500 1000 2000 4000 

 
Figure 3 compares the cyclic response of the pile subject to the 4 different load ampli-
tudes. Cases A, B and C show typical stable type of behavior where the axial displace-
ments stabilize or accumulate very slowly with number of cycles. On the other hand, the 
displacements for case D accumulate at moderate rates without stabilising. This is typi-
cal of metastable behavior (Jardine and Standing 2010). An experimental test very sim-
ilar to case D was also performed by Tsuha et al. (2012). Although the pile penetration 
depth in the experiment and the DEM model are slightly different (1m and 0.8m respec-
tively) a direct comparison was made (Figure 3(b)). Note that the experimental data was 
modified to clean a very large initial displacement recorded in the first cycle. Figures 
3(c) and (d) show how the base vertical load and shaft resistance evolve as Nc increases. 
For the metastable behavior (case D) Qb decreases while Qs slightly increases to main-
tain the total mean load Q=0. After 500 cycles the base capacity goes to zero and the 
displacements diverge into a tensile failure.  
 

 
a) b) 

  
c) d) 

Fig. 3 Comparison of pile cyclic response for the four different cyclic load amplitude cases: a) load 
penetration, b) pile displacement vs number of cycles. Cyclic loading induced evolution of base (c) and 
shaft (d) capacity with pile tip displacement. 

The decrease of tangential stresses on the shaft is clearly caused by a decrease of radial 
stresses acting on the shaft. These are represented in Figure 4. For case A, B and C the 
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radial stress decrease was minimal, while for the metastable case (case D) the mean 
radial stresses on the shaft decrease until tensile failure of the pile.  
 

 
a) CASE A b) CASE D 

Fig. 4 Evolution of average tangential (fs), radial (𝜎N9) shaft stresses with Nc. 

Contours of porosity and mean effective stress changes induced by the axial cyclic load-
ing (Nc=200) are reported in Figure 5. Interestingly for the stable cases (A, B and C) 
densification and stress relaxation are minimal. On the other hand, the metastable case 
shows a decrease in mean effective stress of about 25% (after 200 cycles) around the 
pile, accompanied by a significant densification (of up to 3.5%) in the vicinity of the 
shaft.   

 
a) porosity change 
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b) mean effective stress change 

Fig. 6 Illustration of densification (a) and corresponding mean effective stress relaxation (b) induced 
by cyclic axial loading of pile. 

4   Conclusions 

To effectively investigate the axial cyclic loading behavior of piles, installation effects 
on soil state (i.e. stress and density) should be considered. Ciantia et al. (2019a) were 
able to effectively capture the stress fields around a displacement pile using a large-scale 
DEM model replicating Yang et al. (2010) CC experiments. The same CC setup was 
later used by Tsuha et al. (2012) to experimentally investigate the axial cyclic perfor-
mance of the same piles after installation. In this paper the Ciantia et al. (2019a) DEM 
CC model was extended to perform load controlled axial cyclic loading of the jacked 
pile. The model results are again in good agreement with the physical experiment. As 
observed experimentally the amplitude of the cyclic load and number of cycles may 
cause a stable, metastable and unstable pile response. The DEM simulations presented 
offer new insights into the behavior of piles under cyclic loading, for instance the unex-
pected connection between stress relaxation and densification around the shaft. A mi-
cromechanical investigation is needed to clarify that connection. Finally, it is worth not-
ing that the crushable DEM model employed to reproduce such a complex behaviour 
was calibrated using generic single particle crushing data and a single high pressure 
oedometer. 
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