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Large deformation finite element simulation of deformation and strain fields

resulting from closed-end displacement pile installation in sand

S. Fu?, Z.X. Yang? M.ASCE, R.J. Jardine® and N. Guo*

Abstract

Displacement piles are driven to support a wide range of structures. However, analysis of the

stress and strain fields developed during their installation remains one of the most challenging

problems in geotechnical engineering. Advances in design methods, particularly for sand sites,

have had to rely on an imperfect analogy between pile and CPT cone penetration processes,

rather than modelling pile installation itself. Recent physical model experiments provide

benchmark datasets that describe the stress and deformation patterns developed around

displacement piles penetrating sand masses. Following from large deformation finite element

analyses that captured the stresses measured in the Grenoble 3S-R calibration chamber NE34

sand experiments, this paper presents simulations of the displacements measured in equivalent

high-quality experiments conducted at Purdue University with dense, angular, #2Q-ROK silica

sand. A modified Mohr-Coulomb model with state-dependent parameters was calibrated to

match element tests conducted by the Authors and an Arbitrary Lagrangian-Eulerian scheme was

applied in the simulations. The evolution and distribution of the deformations induced by pile

penetration are compared with the experiments. Predictions for the deformation and strain fields
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applying during and after pile installation are presented, showing broad agreement between the

simulations and experiments. The predicted and measured pile capacities are also compared and

contrasted. Points of divergence between the simulations and tests are highlighted and their

implications for numerical modelling are discussed.

Keywords: driven piles, sand, half-circular calibration chamber, finite element analysis, Arbitrary

Lagrangian-Eulerian; deformation field

Introduction

Driven piles are widely employed to support high-rise towers, major bridges, offshore

platforms, wind turbines and many other structures. Predicting how they perform in service is

central to optimizing their safe and economic design. However, conventional axial capacity and

load-displacement prediction methods have been shown to have relatively poor reliability,

especially in sands. Database studies (Jardine et al. 2005; API RP2GEO 2014; Yang et al. 2015a, b,

c; Yang et al. 2017; Lehane et al. 2017) show that Cone Penetration Test (CPT)-based approaches

give the reliable predictions for axial capacity in sands, provided that they recognize the crucial

importance on the local shaft shear resistances (available at any given depth below the ground

surface) of:

e Initial sand state, as measured by local CPT g, values which also control end bearing

e The normalized relative depth (h/R) of the pile tip below the point on the shaft

e Radial stress changes provoked by dilation involving the sand and pile roughness, which
are particularly important with small model piles

e  Coulomb ultimate shaft failure being achieved under loading, with critical state ultimate
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angles that are independent of relative density and rise with the ratio of pile roughness

to grain size.

The well performing ICP-05 (Jardine et al. 2005) and UWA-05 (Lehane et al. 2005) CPT-based

methods offer coefficients of variation = 0.3 when compared with measurements from high-quality

pile load test databases. Routine methods for predicting displacements under monotonic or cyclic

working axial and lateral loads are far less reliable (Jardine 2020). Considerably different behaviors

are observed, for example, between identically sized driven and bored piles. Understanding how

installation affects the stress and strain conditions developed around driven piles is essential to

advancing modelling of axial load-displacement responses.

Experimental studies

Extensive research has taken place into the mechanisms that govern driven pile behavior.

Although rigorous theoretical solutions are unavailable to quantify how installation affects

subsequent loading behavior, field tests and calibration chamber model pile experiments provide

key evidence regarding the highly non-uniform stresses and strain distributions developed during

installation. The small number of reliable local stress observations made around displacement piles

installed at sand sites include those reported by Lehane et al. (1993), Chow (1997) and Jardine et

al. (2005). These, with calibration chamber model tests by Gavin and Lehane (2003), were

influential in formulating CPT-based axial capacity procedures for sand sites; see for example

Lehane et al. (1992), Chow (1997), Jardine et al. (2006). Calibration chamber experiments by Yang

et al. (2010), Tsuha et al. (2012), Jardine et al. (20134, b), Arshad et al. (2014), Rimoy et al. (2015),

Tehrani et al. (2018) and Tovar-Valencia et al. (2018) have since added further valuable insights and

datasets that allow benchmarking of analytical methods.
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Field measurement of the deformation patterns applying around such piles remains unfeasible,

but image-based analysis has been applied laboratory model investigations of pile penetration

process into granular media. The studies include early X-ray film photogrammetry (Robinsky et al.

1964) and X-ray television (TV) imaging (Kobayashi and Fukagawa 2003), non-invasive X-ray

computed tomography (CT) (Otani et al. 2005; Ngan-Tillard et al. 2005; Ando et al. 2012; Paniagua

et al. 2013; Doreau-Malioche et al. 2018) and optical techniques, such as particle image

velocimetry (PIV) (White 2002; White and Bolton 2004; Liu 2010; Mo et al. 2015) and digital image

correlation (DIC) (Arshad 2014; Arshad et al. 2014; Tehrani et al. 2018; Tovar-Valencia et al. 2018).

PIV and DIC studies provided the first detailed descriptions of the displacement and strain fields

associated with pile (or cone) penetration in sand. Transparent soils and associated optical systems

have also been employed in advanced nonintrusive three-dimensional deformation measurements

(Iskander et al. 2002; Liu 2003; Lehane and Gill 2004; Ni et al. 2010).

Numerical analysis by DEM and MPM

Parallel research has taken place with numerical methods. Arroyo et al. (2011) and Butlanska

et al. (2014) simulated CPT by discrete element modelling (DEM) with up-scaled particle sizes,

showing good qualitative agreement with calibration chamber experiments reported by Jardine et

al. (201343, b). To simulate particle crushing and shearing banding noted in laboratory studies, Wang

and Zhao (2014) introduced particle breakage mechanism into DEM simulations of steady pile

penetration, finding some differences with experiments reported by Yang et al. (2010), which they

ascribed to load cycling imposed during pile driving or cyclic jacking. DEM simulations of the stress

regimes generated by pile installation were also reported by Liu and Wang (2016), who interpreted

significant discrepancies between their results and measurements by Jardine et al. (20134, b) as
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being due to their adopted boundary conditions. Ciantia et al. (2019) reported further DEM

simulations of monotonic pile penetration into crushable particles, and the non-uniform stress

regime developed around the pile shaft and marked arching above the pile tip, showing average

stress results that matched the experiments by Jardine et al. (2013b) reasonably well at h/R values

up to = 40, without reproducing fully the field trends for shaft radial effective stresses to decay

further at higher h/R. However, DEM is extremely computationally expensive. The particle sizes in

published studies have all been increased very considerably to enable practical run-times, while

chamber diameters have been reduced at the cost of potentially suffering unwelcome boundary

effects related to small chamber-to-cone diameter ratios.

The material point method (MPM) has also been applied by several authors in pile driving

studies (Tehrani et al. 2016; Phuong et al. 2016; Ceccato et al. 2016; Lorenzo et al. 2018; Gao et al.

2022). Modelling the soil-pile interface remains challenging in MPM where an ‘automatic’ contact

algorithm is usually applied that prohibits separation or slip at the shaft (Sulsky et al. 1994).

Bardenhagen et al. (2000, 2001) extended the no-slip contact algorithm to a frictional contact,

which was applied to model interparticle behavior in granular materials. Lemiale et al. (2010)

improved the contact algorithms of Bardenhagen et al. (2001) on the treatment of contact at

interfaces between rigid and deformable bodies. Nevertheless, MPM is known to suffer from

difficulties including null-space errors (Tran and Sotowski 2019) and volumetric locking (Coombs et

al. 2018) that can make it less accurate than FEM.

Finite Element treatments

Routine Lagrangian Finite Element (FE) analysis is not suitable for simulating pile installation

as it suffers contact and mesh distortion problems when soil deformations are large. To overcome
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these difficulties, either new contact laws or a ‘rigid tube artifice’ is needed to guide the installation

(Sheng et al. 2004; Mahutka et al. 2006; Henke 2008, 2010). Sheng et al. (2004) simulated

continuous in-flight centrifuge penetration of a closed-ended pile (0.03 m in diameter with a 60°

cone end) into dry dense sand. A large—slip frictional contact was developed and the sand was

modelled as drained Modified Cam Clay (MCC). Installation stress and strain contours were

predicted as functions of relative pile tip depth h/R but not compared with any experimental

measurement.

Algorithms are available in ABAQUS (Dassault Systemes Simulia 2016) to facilitate large

deformation analyses. The code’s Arbitrary Lagrangian-Eulerian (ALE) options separate the

material and mesh displacements to avoid mesh distortion problems, and re-meshing is used to

maintain mesh quality. The alternative CEL (Coupled Eulerian—Lagrangian) option in ABAQUS treats

the pile as rigid Lagrangian body and the soil as a Eulerian body, in which the soil can deform as

freely as a fluid inside the restricted mesh area, and thus avoid the mesh distortion problem. Both

techniques have been employed in pile penetration analyses (Zhang et al. 2013, 2014; Wang et al.

2015; Henke et al. 2010; Qiu et al. 2011; Ko et al. 2016). The CEL option provided in ABAQUS cannot

apply an upper stress-controlled boundary, as applied in the experiments modeled in this paper,

and can only be applied in 3D simulations. The ALE technique appears more suitable for modeling

the pressurized chamber tests considered; it also offers a more computationally efficient 2D

axisymmetric analytical option. Wang et al. (2015) and Zhang et al. (2013, 2014) applied this

technique to simulate calibration chamber tests’ stresses measured by Yang et al. (2010) and

Jardine et al. (20133, b). Noting that significant particle crushing occurs during pile installation, the

sand was modelled with a linear elastic breakage constitutive law. Particle breakage distribution
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were successfully simulated beneath the pile tip and along the shaft and the results compared with

experimental data, along with end-bearing profiles and the predictions for the stresses developed

within the sand mass during the steady penetration. Their analysis predicted key aspects of the

measured stresses but were not able to recover fully the observed variations with normalized pile

tip depth (h/R).

Yang et al. (2020) presented ALE analyses of the highly instrumented ‘Grenoble’ calibration

chamber tests on piles (with 5 um centerline average roughness) reported by Jardine et al. (20133,

b). It was not feasible to apply a critical state-based boundary surface model, such as that applied

by Taborda et al. (2020) to represent the test sand, nor to simulate grain crushing or the dilative

local radial stress changes that occur along the shaft under axial loading. A simpler, variable

parameter, Mohr-Coulomb model was calibrated against high-quality element tests conducted on

the test sand over appropriate pressure ranges. Dilatancy and shearing resistance angles were

varied to match the mean effective stress, plastic shear strains and void ratios applying in the sand

mass at different locations and installation stages. The overall modelling capability was checked by

performing predictions of the calibration chamber CPT q. traces. Where necessary, parameters

were adjusted, within reasonable bounds, to improve predictions. Numerical predictions were

then advanced for the radial, circumferential, and vertical normal stresses developed during and

after pile installation. The analyses showed encouraging agreement with the measurements,

although no attempt was made to match the experimentally observed constrained dilative

behavior at the sand-shaft interface, which was linked to the pile roughness.

Contribution and aims of this study

As summarized above, earlier numerical analyses have successfully predicted the stresses
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measured around displacement pile installation in sand. The present study aimed to contribute

new analyses that attempt to match the strain fields measured by Arshad et al. (2014) in high

quality calibration chamber pile experiments conducted at Purdue University. The numerical

simulations are conducted within the same framework, but with different soils and boundary

conditions, to Yang et al.’s (2020) successful modeling of high-quality stress field measurements

made independently with another silica sand (Fontainebleu NE34) in a different calibration

chamber at Grenoble (France) by Jardine et al., (20133, b).

The new study demonstrates that the ALE large-deformation simulation technique can, in

combination with a simple, variable parameter, Mohr-Coulomb model, predict the comprehensive

strain measurements made in the Purdue, as well as stresses in the Grenoble experiments, and

provide key insights into their evolution and mechanisms. The Authors are not aware of any

comparably comprehensive and quantitative comparisons between numerical predictions and

high-quality experimental measurements of displacements, strains, and stresses. These new

analyses show an encouraging way forward for displacement pile installation analyses as well as

furthering understanding that should translate into practical guidance regarding displacement pile

analysis and design in sand.

ALE Finite Element analysis of calibration chamber DIC experiments

This paper extended Yang et al.’s (2020) ALE stress analyses by making comparisons between
numerical predictions and the vertical, radial and shear displacements and strains measured in
independent benchmark ‘half’ pile calibration chamber pile penetration experiments conducted in

sand at Purdue University (Arshad 2014; Arshad et al. 2014).
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Calibration chamber experiments

Foray et al. (1993, 1998), Paik et al. (2003), Gavin and Lehane (2003), White and Bolton (2004),

Yang et al. (2010), Paik et al. (2011), Jardine et al. (2013a, b) and others employed calibration

chambers in earlier displacement pile studies. The Purdue University ‘half-chamber’ experiments

provided comprehensive DIC measurements of the deformations and strains developed during

monotonic installation. Half-circular cone tipped 31.75 mm diameter, relatively smooth brass piles

penetrated pressurized sand masses retained in a half-cylindrical 1680 mm diameter, 1200 mm

high steel chamber. One pile was installed for each fresh sand mass and DIC data were measured

through a smooth vertical glass wall whose friction was assumed to have no effect on the sand

strains. The average surface roughness R, of the pile shaft and cone were = 0.8 um, both may have

increased over time through the multiple tests undertaken. Arshad’s DIC analysis considered

incremental displacement fields, with 0.415 mm steps in pile penetration between consecutive

frames, allowing the full displacement paths and post-penetration accumulated displacement

fields to be calculated. The variations in the resulting Green-Lagrange strain tensor field were

quantified by applying the post-processing VIC-2D software tool to multiple soil sub-elements

(Arshad 2014).

Three silica sands with different crushability were tested after deposition at varying initial

densities. A range of vertical surcharge pressures were applied by pressured membranes at the top

of the chamber. This paper concentrates on the experiments conducted on dense (D, = 82%) #2Q-

ROK sand masses under a 50 kPa surcharge pressure for which the experimental cone tip resistance

profile increases sharply with depth and tends to a quasi-stable g = 10-11 MPa when tip depth z >

300 mm, as shown in Fig. 1.



205 Test sand and model parameters

206 The #2Q-ROK test sand is a coarse-grained, silica sand mined from Oriskany quarzitic
207 sandstone at Berkeley Spring in West Virginia. It has angular particles and the index properties
208 summarized in Table 1. The Authors undertook suites of drained triaxial tests on #2Q-ROK that
209 enabled a similar calibration process to that conducted in their earlier studies with Fontainebleau
210 NE34 sand. An advanced electromechanical triaxial testing system described by Yang and Pan (2017)
211 was employed in this study. Triaxial specimens of 70 mm in diameter and 140 mm in height were
212 prepared using the air pluviation method. Specimens with initial relative densities between 80-82%
213 were tested to assess how shearing resistance and dilatancy angles varied with strain and confining
214 pressures ranging from 100 to 1000 kPa. The drained triaxial compression tests ran to axial strains
215 exceeding 30%, giving the peak dilatancy and shearing resistance angles listed in Table 2. Critical
216 state relationships were also established in both p’-q (Fig. 2a) and e-(p’)°7 (Fig. 2b) planes. The final
217 p’-q states could be fitted by a single M value which, under triaxial compression, is related to the
218 critical angle of shearing resistance by:

219 M= s —

7 7
Dcs 3—sin

(1)

220 The critical state ¢p” = 32.1°, close to 32.3° reported from direct shear tests by Arshad (2014).

221 Fig. 2(b) shows how the critical state e—p’ trend could be fitted by a power law with exponent =0.7,

222 after Li and Wang (1998).

223 The measured shear resistance and dilatancy angles can be considered within the state

224 parameter framework of Been and Jefferies (1985), in which the state parameter £ = e — e. is

225 defined by the difference between the current void ratio e and critical void ratio e. corresponding

226  to the current mean stress p’. Figs. 3(a) and (b) indicate how the experimental dilatancy angle ¢’

227 and shearing resistance angle ¢’ correlate with &, with following approximately linear and quadratic
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trends respectively that can be fitted with reasonable accuracy by ¢’ = 928.69 - 106.63 £ and ¢’

=-54.75 &+ 32.21.

It is also important for simulations to match the sand’s stiffness, which is likely to be highly

non-linear as well as pressure and density dependent: Seed and Idriss (1970), Hardin et al. (1972),

Kuwano and Jardine (2003) or Jardine (2014). Resonant column tests were conducted by the

authors on #2Q-ROK sand in an Energy Injecting Virtual Mass (EIVM) resonant column system (Yang

et al. 2019) to obtain stiffness-strain curves for D, = 82%, considering effective confining pressures

from 50-500 kPa. The specimens were prepared using the air pluviation method and had 38 mm

in diameter and 81 mm in height. The maximum shear moduli varied with pressure as depicted in

Fig. 4(a), with extrapolation being made for the shear moduli developed under any higher

pressures. Two curves illustrating how operational stiffness varied with shear strain and stress level

are presented in Fig. 4(b), covering both a high- and low-pressure cases. Pre-yield behavior was

otherwise treated as being non-linear (isotropic) elastic with a Poisson’s ratio of 0.25, which was

adopted according to experimental evidence summarized by Wichtmann and Triantafyllidis (2010),

who found that the Poisson’s ratio of a quartz sand increases with increasing coefficient of

uniformity C, and provided the range being 0.26-0.33 for C, = 1.5 (C, = 1.43 for #2Q-ROK). It is

recognized however, that this treatment simplifies the true stiffness behavior of sands (as explored

for example by Kuwano and Jardine 2002) to a considerable degree.

Modelling and constitutive parameter calibration

The half-pile calibration chamber installation was modelled with axisymmetric meshes applying

the ALE option within ABAQUS. The dimension and boundary conditions of the model are shown

in Fig. 5. The finite element type is CAX4R (four-node axisymmetric element with reduced
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integration). The solid brass pile was treated as a rigid Lagrangian body with the correct cone tip

(D=2R=31.75 mm), a total length of 0.915 m and a 0.6 m final embedment (L,), giving (L,/R = 38).

The sand mass was regarded as deformable material subject to ALE adaptive mesh control. The

same dimensions as the calibration chamber were adopted, with radial (half diameter) width w =

0.84 m, height H=1.2 m, w/R = 53, which is sufficient to minimize boundary effects (Ghionna and

Jamiolkowski 1991; Salgado et al. 1998). The pile-soil interface was modelled as surface-to-surface

contact, in which the pile is treated as master surface and sand as the slave. The penalty friction

formulation was adopted with a friction coefficient of 0.396 (or 6" = 21.6°) found in interface shear

tests by Arshad (2014) employing the same brass and surface roughness. This coefficient fits the

bilinear relationship with normalized roughness (Rn/Dso) proposed by Uesugi and Kishida (1987).

The smooth brass pile would not have invoked the markedly dilative interface radial stress changes

and notably higher shaft friction angles observed by Lehane et al. (1992) and Jardine et al. (2013)

in instrumented field and laboratory pile tests that employed comparable roughness to industrial

piles.

A variable parameter, Mohr-Coulomb model was employed to represent the sand. Simple

Mohr-Coulomb models have been extensively applied in large-deformation simulations (see for

example Yimsiri et al. 2004; El Kortbawi et al. 2022), and an elaborated (state and strain level)

dependent variant was preferred in the study owing to its relatively stable performance and its

lower susceptibility to ALE variable mapping induced errors after re-meshing than more complex

constitutive models. The parameters were calibrated to the Authors’ triaxial and resonant column

tests, with the shearing resistances, dilatancy angles and stiffnesses varying very significantly and

realistically with both the local invariant shear strain level and sand state (mean effective stress
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and void ratio). Non-linear stiffness, which was not considered by Yang et al. (2020), was addressed
in the present study to better match the experimental displacement fields. The model deployed,
which was suitable for monotonic pile penetration, is not able to capture any impact of load cycling
during installation. Nor could it capture the effects of any grain crushing.

The first ALE analyses aimed to simulate the experimental CPT g, profile. Vertical pressure was
gradually built up to 50 kPa over the upper sand surface of the sand mass, assuming a lateral stress
coefficient at rest (before any pile installation) of Ko = 1 — sing’= 0.47 which is considered suitable
for cohesionless quartz sands, before advancing the pile at a constant velocity into the ‘chamber’.
Convergence studies checked the solutions’ sensitivity to mesh geometry and penetration rate and
found the most computational efficient way of obtaining well-defined, stable cone resistance gc
profiles, as described in the supplementary material. A mesh with a size of 0.004 m and a velocity
of 0.01 m/s were used in this study. Minor changes were applied to input model parameters to
optimize the degree of fit with experiments, employing sand mass partitioning as described by
Yang et al. (2020). The final operational Mohr-Coulomb model parameter set is listed in Table 3,
and the details of the continuously updated partitions of sand domain throughout the penetration
were defined in the supplementary material. Fig. 1 compares the resulting g. trace with Arshad’s

experiment.

Analytical results for soil displacements and comparison with experiments
Displacement pattern around pile tip during penetration

The ALE analyses led directly to predictions for the displacement patterns developed around
the advancing pile tip. Fig. 6 illustrates the incremental displacement vectors at varying normalized

depths z/R = 6 and 20, comparing the numerical and experimental results. The incremental
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displacement fields were evaluated over the 2.059 mm (or 0.13R) penetration steps applied in

Arshad’s DIC image analysis process. No discernible upward flow of the soil mass was predicted

after penetrations exceeded z/R = 6, as noted in the experiments. The maximum predicted

incremental soil displacement, amounting to = 0.1R, occurs on the cone surface at a 0.5R radial

distance from the pile axis. The displacement vectors remain vertical below the tip and rotate

radially outward further away from the pile axis. The average degree of rotation fa.. was quantified,

as suggested by Arshad et al. (2014) by evaluating Egs. (2) to (4) within the volume of revolution

contained within the box defined in Fig. 6, which is bounded by (i) the cone surface, (ii) the vertical

boundaries h = 0 and -4.5R and (iii) the radial sides of cylinders with radii r = 0 and 5R.

n,
9 _ Zi:ei 9i1i2nrl-dr (2)
ave Z?:ell ll'ZT[Tl'dT
where
— Vi
6; = tan~* (%) 3)
L

L =yu?® +v? (4)

and u;j and v; are the radial and vertical components of displacement of each soil element i in the
subdomain, respectively; [; and 6;are the magnitude and the direction of the displacement vector
of soil element i with respect to the horizontal direction, respectively; nes is the total number of soil
elements in the subdomain; r;is the radial distance between the center of element j and the cone
axis; dr is the element width — which can only be eliminated from Eq. (2) if all the elements have

the same width.

The simulated 6q.. angles increase as the tip vertical stresses grow with penetration depth z/R

in Fig. 6, as observed experimentally by Arshad et al. (2014). However, the simulated angles exceed
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the experimental results significantly, by = 10°. Yang et al. (2010) noted that grain crushing was

important beneath cone tips once g. exceeded around 5 MPa in less angular NE34 test sand.

Although grain crushing and shear band formation is not captured in the present analyses, Arshad

et al. (2014) noted that both were significant with #2Q-ROK sand and reduced the average degree

of vector rotations that developed away from the pile axis. It is likely that the analytical

discrepancies would be reduced if the ‘gross’ yielding of the sand (under elevated spherical stresses)

and grain crushing had been captured under the pile tip.

Further insight is given in Fig. 7 regarding the incremental displacement vectors developed

along the three prescribed paths emanating from the origins indicated in Fig. 7a. The normalized

displacement vector lengths (//R) and orientations (0) are plotted against normalized distance d/R

from the respective path origins in Figs. 7b, 7c, and 7d, considering stages when the pile tip reached

normalized depths z/R of 6 and 20. The displacement magnitudes diminish markedly with distance

along each path. The maximum incremental displacements develop along the intermediate Path 2

and the (far smaller) minima along horizontal Path 3. Noting that the vectors developed under the

pile axis must remain axial, the Path 1 vectors, plotted along a path set at a radial distance of 0.3R

(see Fig. 7a) from the axis remain near vertical, while the Path 2 and 3 vectors rotate towards the

horizontal as their distance increase. The six displacement trend curves are plotted together in Fig.

7e. While all follow similar trends, their lengths remain unequal until d/R > 6 and so vary from a

precisely hemi-spherical cavity expansion pattern.

Displacement zones around the tip

The distribution of displacement vector directions depends on sand density, crushability,

surcharge level and pile shaft roughness. Following Arshad et al. (2014) it is convenient to partition
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the deforming zones of sand into the simplified scheme depicted in Fig. 8(a). Zone | is a region

where axial compression dominates with the ratio of the vertical to radial increments Av/Au > 2.

The ratio applying in the third ‘cavity expansion’ has the reverse ratio with Au/Av > 1 and 1 > Au/Av >

0.5 in the second ‘transition’ zone.

To better understand the displacement paths imposed by cone penetration, Figs. 8(b) to 8(g)

consider the Au/R and Av/R ratios applying at the key elements (E1, E2, E3, Ea, Esand Eg) designated

in Arshad’s analysis after applying a relatively large incremental pile tip penetration of 1R to a pile

whose tip had already reached 20R, presenting both predictions and experimental findings. E1 is

located near to the cone tip (r = 0.2R, z = 20.32R) and experiences a vertical displacement

increment Av ~0.5R which is around 20% lower smaller than measured experimentally, albeit over

the shorter ‘gauge length’ imposed by the DIC technique’s difficulty in tracking particles in the

crushing zone and shear band formed around the shaft. Note that element E; is shifted radially

from the axis by 0.2R. The experimental counterpart appears to show less radial movement,

although its exact position was not specified by Arshad et al. (2014). Addressing the yielding of the

sand under the elevated stresses and the grain crushing process should bring the predictions closer

to the measurements. However, any friction between sand and the glass DIC observation plane

would also tend to artificially reduce the experimental soil strain.

The transition zone elements E;, E3, E4, retain the Av/Au > 1 pattern, but with the numerical

predictions for vertical movements now exceeding the measurements. The radial movement

predictions tend to fall around, or below the experimental trends. The trends for Es and Es shift to

give Av/Au < 1 and the numerical predictions exceed the predictions quite significantly, especially

for the vertical components.
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Displacement paths followed behind the advancing pile tip

Arshad et al. (2014) also reported the displacement paths followed by soil elements A to H,

set initially at 294 mm below ground surface and at r/R=0.5, 1, 1.5, 2, 3, 4, 6, and 8, as shown in

Fig. 9. This depth (equivalent to = 18.5R), at the top of the region showing g. values that were

quasi-constant with depth. Fig. 9 illustrates the displacement paths measured experimentally after

penetration to = 30R, and the equivalent numerical predictions. The intense concentration of

movement in the near field around the shaft is evident, as is the generally good agreement

between the numerical and experimental trends. Interestingly, inward radial displacement is both

predicted and observed over the final stages of penetration. Such unloading strain paths are crucial

to explaining the dramatic reductions in local shaft radial stresses that take place behind the pile

tip with increasing h/R (Jardine et al. 201343, b).

The evolution of normalized radial (u/R) and vertical (v/R) displacements of Elements B—E is

explored further in Fig. 10 covering tip positions from ground surface to full depths = 25R in the

experiments and 30R in the analysis. As noted above, the elements were located at r/R=1, 1.5, 2,

3 from the axis prior to pile installation. Four stages are identified which reflect the points moving

into the different deformation zones defined by Arshad et al. (2014) as the tip approaches from

above and passes below the level of the four Elements. Stage 1 signifies the start of axial

compression; stage 2 the onset of radial cavity expansion and stage 3 its end. Finally state 4

indicates the end of motion. It is clear the sand mass senses the pile tip’s approach from above

long before it reaches each Elements’ level, where the vertical and radial displacements increase

abruptly. It is also evident that both Elements B and C undergo greater vertical than radial

displacements throughout installation, with generally good agreement between predictions and
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measurements. Element B is displaced radially significantly (stage 2) until the cone tip passes the

element level after which the measured movements reversed between stages 3 and 4, but to a

lesser degree than predicted. This feature may result from the simplified elastic pre-yield behavior

assumed for modelling failing to reproduce hysteresis in the test sand. The peak radial

displacement occurs when the tip was positioned 1.5R below the four Elements’ initial level.

The other Elements show similar trends with tip depth and the numerical results remain in

broad agreement with Arshad et al.’s experiments. Unlike the radial displacement trends, the

vertical displacements generally increase monotonically and only Element E shows a slight upward

rebound after the pile tip passes; it also shows a relatively wide divergence between the

experimental and numerical trends.

The radial and vertical components of displacement developed beneath the cone tip during

monotonic penetration are examined further in Fig. 11 considering again Elements set at z = 20R

and located at r/R=1, 1.5, 2, 3, 5 and 8, but plotting displacements against relative pile tip depth

h/R. The plots confirm the patterns of strains starting to grow dramatically as the pile tip

approaches within = 3 radii of the Element level (i.e., h/R = -3), peaking as the cone shoulder passes

the Element level (h/R = 0) and then reducing with increasing (positive) h/R. The predicted vertical

and radial components show comparable trends to the experiments, although the latter tend to

show more marked post-peak reductions with h/R.

Final, post-installation, displacement field

The displacement fields predicted after penetration to 20R are illustrated as normalized radial

and vertical component contours in Fig. 12(a) and (c) respectively, which match well the

experiments of Arshad et al. (2014) shown as Fig. 12(b) and (d). The radial contours appear nearly
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parallel with the pile axis at points above the pile tip shoulder, while the vertical movements

diminish markedly with increasing h/R. The parallel radial displacement contours follow an

approximately cylindrical cavity expansion deformation pattern above the pile tip shoulder,

whereas the rapidly diminishing vertical displacements provide another reflection of the important

‘h/R effect’ emphasized by Jardine et al (2013a, b) and Yang et al (2020).

Analytical results for soil strains and comparison with experiments

The radial E, vertical E;; and shear strain E;, were calculated throughout each stage of the pile

penetration analysis, taking normal strains as positive in compression. Fig. 13 illustrates the spatial

distribution of radial, vertical and shear strain increments found around the conical tip after

incremental penetrations of 0.13R applied after tip penetration to z = 20R. Noting that the

experimental strain fields are harder to resolve accurately than the displacements from which they

are derived, comparisons are made with Arshad’s experiments.

E,. strains

Figs. 13(a) and (b) illustrate the radial (E«) straining patterns, with increments developing over

the 0.13R pile tip displacement step, forming a tensile bulb that extends to about 3R below the

pile tip. The strains become compressive a short distance above the tip and the simulations indicate

larger maxima (= 5%) and a larger area of significant straining than the experiments (= 3%), possibly

due to unmodeled grain crushing and shear banding, as noted earlier.

E,, strains

The equivalent vertical (E;;) strain increment patterns are illustrated in Figs. 13(c) and (d). The

numerical simulations and experiments show broadly similar patterns beneath the tip, although

the analyses again predict larger maxima than the experiments due to grain crushing and shear
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banding. Compressive vertical straining dominates below the conical tip and part-way up the

conical tip face, confirming that the stress state within soil elements beneath the tip is similar to

that under triaxial compression. However, this pattern changes markedly with distance above the

tip and vertical straining reduces sufficiently to become negative at points near the conical tip’s

shoulder.

Grain crushing is also known to affect the strain fields; Yang et al., (2010). Experiments by

Arshad (2014) confirmed that the vertical and volume strains beneath the pile tip were larger in

tests involving the less crushable ASTM20-30 sand than with the crushable #2Q-ROK material

considered in this study.

E,, shear strains

The equivalent shear strain (E.;) contours shown in Figs. 13(e) and (f) indicate a single ‘bulb’

covering the transition zone highlighted by Salgado and Prezzi (2007). The numerical patterns agree

well with those reported by Arshad (2014) although showing larger maxima (= 7%) than the

experiments (= 5%).

Final, post-installation, strain fields

Summaries of the total (cumulative) radial (Er), vertical (Ez;) and shear (E.,) strains developed

after penetration to L, = 20R are shown in Fig. 14, presenting both the simulations and

experimental data. Naturally, the total strains exceed the incremental changes considered in Fig.

13. The predicted and measured radial strains show similar distributions beneath and around the

pile tip, but differ more significantly higher on the shaft, where E.r appears to be over-predicted

and the experiments indicate more marked radial contraction around the shaft. Similar features

can be observed in the E;; and E; contours, with the strains appearing over-predicted along much
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of the pile shaft. These differences are interpreted as reflecting the development of a

discontinuous shear zone of fractured and densified sand around the pile shafts, where the

operational interface friction angles fall well below critical state ¢°, as observed experimentally by

Yang et al. (2010).

Predictions for pile loads and stress regime generated around pile shaft

The numerical analyses provide full sets of predictions for the pile loads during penetration

and variations with r/R of the shaft stress components at various h/R, r/R positions. The first point

to note from Fig. 1 is that the good agreement was assured between measured and predicted tip

bearing pressures as part of the calibration procedure. Converting Arshad’s experimental half-pile

shaft load to the full pile case indicates a total load of 9.15 kN after penetration to z = 37.8R (600

mm) which is comparable to, but 22% lower than, the predicted 11.67 kN.

Given the low roughness of Arshad’s brass pile, the stress regime predicted on the shaft and

within the sand mass may be expected to fall closer to the ‘stationary’ patterns observed in

comparable calibration chamber experiments on relatively rough Mini-ICP piles than those

observed while the pile is ‘moving’. Far greater differences can be expected near the pile tip, where

moving pile conditions impose very high pile tip stresses. Jardine et al. (2013a) discuss the extreme

difficulty of making local stress measurements reliably, given the highly nonuniform stress

conditions developed around small diameter piles and the potential disturbance of the sand’s state

caused by the presence of the stress sensors. Fig. 15 presents the numerical predictions for the

radial oy, circumferential og, and vertical stresses o, stresses applying at three vertical levels above

the pile tip at the end of penetration, covering the 5 < h/R < 15 range, normalized by the predicted

local CPT resistances indicated in Fig. 1. The profiles all show pronounced maxima within the 2 <
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r/R <5 radial distance range which agree broadly with the steeply non-uniform experimental trends
reported by Jardine et al. (2013a) and earlier numerical modelling by Yang et al. (2020). The radial
stresses developed on the shaft all reduce markedly with elevation above the pile tip, contributing
to the “h/R effect” identified in the field by Lehane et al. (1992). While this field feature has also
been referred to as “friction fatigue” by White and Lehane (2004), the predicted variations are
purely products of the pile geometry; repetitive loading by hammer blows during field pile driving
may further accentuate the reduction of stresses with growing h/R. The equivalent op distributions
shown in Fig. 15b indicate 0oe/d(r/R) gradients that are steeper than those for da,/d(r/R) and lead
to op exceeding o close to the shaft (at r/R = 1) by degrees that increase with h/R. Fig. 15c illustrates
the vertical stresses obtained above the tip, showing lower values than the other components and
a trend towards a far-field value comparable to the 0.5%q. vertical pressure applied at the top of
the calibration chamber.

It is also interesting to compare the predicted and measured axial loads and shaft stresses
with the outcomes of CPT based design procedures, while recognizing that the latter aim to match
field load-test conditions at stages some days or weeks after driving which generally exceed those
available at the end of driving by perhaps 50% (Jardine et al. 2006). The total axial capacity Q
measured under compression loading is the sum of the shaft Qs and base Qy capacities

Qc = Qs + Qy = 7D [[*P15dz + qp Ay (5)
where D = pile diameter; tr= local ultimate shaft friction; z= depth; g, = end bearing resistance;

and Ap = base area. In the ICP-05 procedure, g is expressed as:

D

ab/qcavg = max([1 — 0-510g( ) » 03] (6)

Dcpr

This expression indicates that g is practically equivalent to g.for the current model pile case,
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as has been assumed in this paper. The local ultimate shaft friction t¢in Eq. (5) is:

7r = (07¢ + Ao)y )tandy (7)
where o7c = [0.029q.(%2)°13 max (5, 8)~0%] (®)
and Ao}, = 2Ar G/R 9)

in which a,, =free-field vertical effective stress; p. = the atmospheric pressure; & = the interface
failure angle; oy, is the stationary radial effective stress acting on the shaft and Ag,, is the
dilatant increase in local radial stress during pile loading, which is related to Ar = twice the pile
surface’s center-line average roughness. Jardine et al. (2005) give an expression for estimating G,
the sand’s shear modulus, from local CPT resistance.

Profiles with depth are plotted in Fig. 16 of the radial stress components evaluated from Eqgs.
8 and 9 for the full penetration to z = 37.8R (600 mm) case, along with the numerical predictions,
normalized by the local CPT resistance q. as averaged 1.5 diameters above and below the tip. The
numerical predictions fall relatively close to the ICP-05 and UWA-05 predictions over most of the
shaft length. The analysis indicates higher stresses than the ICP at low h/R, primarily due to the
high tip loads applied by the moving pile, which do not apply to the stationary, pre-loading, ¢’
conditions considered in the ICP.

Taken with the measured 6 angle and roughness of pile shaft, the ICP-05 expressions predict
a medium-term (10 to 30 day) age shaft capacity of 2.35 kN for this case, while the measured value
(adjusted to a full pile) at installation was 1.24 kN. The ICP-05 base resistance is (by design) close
to that measured. The alternative UWA-05 (Lehane et al. 2005) treatment indicates a slightly higher
shaft resistance of 2.84 kN and a base resistance = 40% below that measured. However, it is

important to recall that the above design procedures aim to match field conditions around
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dynamically driven, rough-surfaced, field piles at 10-to-30 day ages. The smooth brass model pile’s

anomalously low shaft resistance might reflect its monotonically jacked installation, lack of ageing

or the calibration chamber boundary conditions. Field tests on mild steel micro-piles driven in

sands show sharp capacity growth with time after driving (Carroll et al. 2020).

Summary and conclusions

Numerical analyses presented in this paper consider the deformations generated by

displacement pile installation in sand calibration chamber experiments. ALE finite element

solutions were obtained with a variable parameter Mohr-Coulomb model calibrated to new triaxial

and resonant column experiments undertaken by the Authors to match the displacement and

strain fields observed by Arshad et al. (2014) in model tests employing advanced DIC techniques.

The pile tip and shaft loads have also been considered and stress solutions have been reported

that add insights into calibration chamber test outcomes. The study leads to the following main

conclusions:

1. A relatively simple Mohr-Coulomb model with state-dependent dilation and shearing

resistance angles and Young’s moduli was able to capture most features of the sand’s

behavior during pile installation.

2. The numerically predicted displacements and strains showed good qualitative agreement

with the complex patterns established experimentally.

3. Interesting points of divergence were also found. The soil strains were over-predicted by
significant margins in some cases due to grain crushing and shear band formation processes
that were not addressed in the ALE modelling but were demonstrated in the Purdue

University’s experiments by considering sands with different grain crushability.
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4, The complex stress distributions predicted within the sand mass showed good qualitative

agreement with measurements made in other programs of calibration chamber tests and

predictions made with ICP-05 and UWA-05 design methods.

Further research is required to investigate (i) how grain crushing, shear banding, and interface

modelling, as well as repetitive (cyclic) loading applied during field pile driving affect the stress and

strain conditions imposed by installation and (ii) how the stress regime developed around the pile

may change over time as piles age in-situ.
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Table 1 Index properties of #2Q-ROK sand

Specific gravity, Gs | Dso: mm Cu €max €min Silicon dioxide: %

2.65 0.75 1.43 0.998 0.668 99.0

Table 2 Summary of tests performed and results (D, =82%)

Cell pressure (kPa) | Shearing resistance angle ¢’ (°) Dilatancy angles ¢’ (°)
100 23.0 39.86
150 22.5 39.54
200 21.8 39.42
300 20.6 39.27
400 17.3 39.01
500 16.5 38.51
600 12.6 38.03
700 10.6 37.26
800 7.5 36.80
1000 7.0 36.21

Table 3 (a) The final input of dilatancy and shearing resistance angles for different zones

Zone p’ (kPa) €qP (%) Volumetric strain ¢’ (°) @' (°)
A <300 0 <0.1% 18.5 38.2
B <500 0~15 0.1% ~ 2.1% (dilation) 17.4 37.3
C 500~1700 5~10 3.6% ~ 19.1% (dilation) 4.1 33.8
D 1700~2500 10~15 0~ 12.4% (dilation) 1.2 324
E >=2500 >=15 0~ 10.3% (compression) 0 32.1
F <500 >=15 5.9% ~ 35.8% (dilation) 0 321

(b) The final input of young’s modulus for different zones

Zone Ez (%) p’ (kPa) Young’s moduli (MPa)
1 <0.001 <50 156
2 0.001~0.02 <100 125
3 0.02~0.1 <300 88
4 0.1~1 <500 46
5 >=10 >=1500 30
6 >10 <1000 25

(c) Other input sand parameters for simulation
7 (kN/m?3) Poisson’s ratio v ¢ (kPa)
15.36 0.25 0
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(a) Radial displacements-numerical results; (b) Radial displacements-experimental results
(c) Vertical displacements-numerical results; (d) Vertical displacements-experimental results
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Fig. 12 Normalized displacements after cone penetration to approximately z= 20R.
(a) Radial displacement-numerical results; (b) Radial displacement-experimental results;
(c) Vertical displacement-numerical results; (d) Vertical displacement-experimental results
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Fig. 13 Components of strain increments at z/R= 20.
(a) Radial strain increments-numerical results (b) Radial strain increments-experimental results;
(c) Vertical strain increments-numerical results; (d) Vertical strain increments-experimental results
(e) Shear strain increments-numerical results; (f) Shear strain increments-experimental results
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Fig. 14 Post installation, cumulative strain field after penetration from z=0R to z= 20R.
(a) Numerical radial strain; (b) Experimental radial strain; (c) Numerical vertical strain;
(d) Experimental vertical strain; (e) Numerical shear strain; (f) Experimental shear strain
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Fig. 15 Numerical results of stresses acting above tip (h=R > 5) at the end of the penetration: (a) Radial

stress; (b) Circumferential stress; (c) Vertical stress
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