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P-S Characteristics for End-bearing Pile in Granular Material
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Abstract

This paper investigates P-S (load-settlement) relationship for the end-bearing pile in granular material using the
CRISP FE program with the laboratory 2D model pile load test. In order to simulate the effect of end-bearing
pile problem in the FEA, the author adopts several forms of slip element around the pile length and the pile tip.
Through this study it was found that the degree of non-associated plastic flow rule incorporated into the Mohr-Coulomb
model for the end-bearing pile with the slip elements was a dominant factor in terms of numerical solution
convergence. In contrast, the roller boundary used along the pile shaft showed a smooth convergence with respect

to the degree of non-associated plastic flow rule.
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1. Introduction direction. Piling represents a rapidly increasing local

stress “p” (s') below the pile tip and dilatancy is heavily

The choice of flow rule controls the dilatancy effects,
which in turn influence the volume changes. Volume
change and shear strain modify the stress distribution and
hence the strength mobilised. One small change produces
a compound influence (Zienkiewicz et al., 1975; De
Borst and Vermeer, 1984; Lee and Bassett, 2003). This
is also a problem with real soil in which the dilatancy

is extremely complex and is influenced by the stress path

suppressed. In the numerical simulation, the choice of
dilatancy angle is, therefore, a key factor and will affect
the convergence at the ultimate load when analysed with
the “New Mohr-Coulomb” linear elastic-perfectly plastic
soil mode] in CRISP package.

The author investigated the influence of the degree of
non-associated flow expressed as the relationship between

¢’, the angle of shearing resistance and v, the angle of

1 Member, Senior Researcher, Track Geotechnology Research Group, Track & Civil Engrg. Research Department, KRRI (ucesyjl@hotmail.com)

P-S Characteristics for End-bearing Pile in Granular Material 85



dilatancy, which can be incorporated into the New Mohr-
Coulomb soil model. Validation of the new M-C model
was reported by the CRISP consortium Ltd at South Bank
University (see “validation report” in CRISP consortium
web-site). Several solution strategies are available to deal
with the New M-C model. In this study, the FNR (full
Newton-Raphson) solution scheme was adopted to solve
the large displacement pile problem.

The author uses the “Single convergence” term when
the result is based only on the displacement norm (Amir,
1998a) and “Double convergence” when based on both
the displacement and the force norms. The convergence
criteria for the double convergence under FNR (full
Newton-Raphson), have recently been fully implemented
in CRISP. The tolerance criteria was set to a value of
0.05 (5%) for this study. The author found that this value
proved appropriate for the large displacement pile analysts,
even though this value is somewhat higher than the 1-2%
adopted by Potts et al. (1999). Pile loading was applied
on the centre node point at the pile head. This replicated
the centrally placed loading carried out in the physical
model and the corresponding point at which deflections
were also measured. The numerical pile loading simulation
was performed by “DCM” (displacement control method)
rather than “LCM” (load control method).
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Pile tip

Steel frame
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2. 2D Model Pile Load Test

The author carried out two dimensional model pile load
test using a multiple sized aluminium rod mixture. The
author’s aluminium rod mixture contained six different
diameters (viz. 2 mm, 3 mm, 6 mm, 9 mm, 12 mm and
20 mm) all 75 mm in length. It represented a well graded,
idealised two dimensional granular material. The same
batch of aluminium rods were used throughout the model
tests. More details of the aluminium rod can be found
in Lee (2004). In the model pile load test, both LCM
(load control method) using the weights and DCM (dis-
placement control method) using the screw jack were
adopted to identify the P-S relationship, as shown in Fig. 1.

It should be noted that the reflective silver markers
around the pile were only used for measuring the soil
deformation patterns in terms of the close range photo-
grammetry. Consequently, these measured soil deformation
patterns were led to the author’s failure mechanism study
(Lee, 2004). In this study, the author extracted the P-S
(load-settlement) data for the comparison with FE P-S
data.

3. Slip Elements

There is a very complex interaction between structures

such as piles, retaining walls, tunnels and buried pipes

Loading frame

Jack

Load Cell _
for P

(b} DCM

Fig. 1. 2D model pile loading tests (LCM and DCM)
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and the soil structure in which they are constructed. In
finite element analyses, it is not only necessary to nu-
merically model the structure and the surrounding ground
but to carefully identify and choose properties for the
interaction between them. This includes not only the
obvious wall sides and pile vertical surfaces but also the
underside of a wall or the pile base. Many methods have
been proposed to model this complex interface behaviour
in the finite element method (Lee, 2004).

Goodman et al. (1968) provide the concepts for the
interface elements currently installed in the CRISP program.
These allow slip to occur between dissimilar materials or

materials having a large difference in their stiffness (Amir,
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Fig. 2. Calculation procedures for slip element in the CRISP FE
program

Table 1. Material parameters used in the FEA

1998b). There is a constraint that a line of slip elements
must be continuous between boundaries. Therefore, in
order to simulate a dominant end bearing pile (where the
base is frictionally fixed to the soil), two types of the
slip element had to be used to maintain the continuity.
Both were in theory of “zero” thickness but within the
numerical format a nominal or fictitious thickness has to
be used. On the pile sides the type I element has the slip
characteristics (¢=0.005 kPa and 6.,=5°). The type II
element for the base which transmits both normal and
shear forces, has the same characteristics as the soil (¢'=6,
=23° and c=0.1 kPa). The Mohr-Coulomb yield criterion
was adopted by the author for both his slip elements to
initiate slip. If the current shear stress (T) exceeded the
shear strength calculated from the normal stress with the

standard relationship: Timies=ctOntans,, then slip occurs
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Fig. 3. Finite element types (LCM and DCM)

Material ¢’ (kPa) v o ) y (°) Es (MPa) me* (MPa/m) | mex (MPa/m)  butk Ko
Pile - 0.2 - - 15500 - - 23 -
Granular soil 0.1 0.35 23 0~23 1.6 10 0 24 0.66
Note: * based on the Gibson's soil.
Table 2. Stip element properties used in the FEA
Types S (7)) ¢ (kPa) kn (MPa) ks (MPa) kses (MPa) t (m)
| 5 0.005 12839.5 2963 2.963 0.02
Il 23 0.1 12839.5 2963 2.963 0.02
it 13 0.1 12839.5 2963 2.963 0.02

Note that 8§, interface friction angle; c¢: interface cohesion: 4, normal stiffness; s shear stiffness; Ases: residual shear stiffness; t:

thickness.
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and the residual shear stiffness (kq.s) 1s then used in the
calculation of element stiffness. Checks are also determined
if the element has gone into tension. The normal stiffness
(kx) and the shear stiffness (k) are set to 1/10000 of the
compression stiffness (see Fig. 2).

Fig. 3 shows finite clement types for the pile (linear
strain triangle-LST), soil (linear strain quadratic-LSQ) and
the slip element (two dummy nodes on the short side).

The Mohr-Coulomb model with non-associated flow
rule requires five parameters. Three of these (viz. ¢, ¢’
and ) govern the plastic behaviour, and the remaining
two (E and V) control the elastic behaviour. If associated
flow conditions are assumed, the number of parameters
reduces to four, as &'=y. The basic parameters are
summarised in Table 1. It is noted that an isotropic elastic
model was used for the pile.

The slip element properties are summarised in Table
2. The author experienced that the slip element parameters
are very sensitive to the FE solution convergence, parti-
cularly, k, and &, values. These values should be higher
than that for soil but lower than that for pile. If those
values do not satisfy the above condition, numerical pro-

blems may occur (e.g. convergence and ill-conditioning).

4. Results

4.1 Identification of Degree of Non-associated
Flow with or Without Slip Elements

The double convergence check in the CRISP provides
reliable and accurate numerical solutions in terms of both
stress and strain fields. The author has carried out a
number of numerical runs with three different mesh con-
ditions shown in Fig. 4 and with various values of ¢
and w.

It should be noted that the half mesh on the pile centre
was not used as it was required to mimic the physical
test apparatus where (a) the model pile was not in the
centre of the test frame and (b) the mesh was to be adopted
later for the model tunnel set to one side of the centre
of the mesh.

One set, with a constant ¢ (23°), is shown in Figure
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Fig. 4. Three different mesh conditions for the end-bearing pile
analysis
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Fig. 5. P-S curves for the three different mesh conditions

5. Convergence breaks down under various conditions
which vary with the mesh and with the difference between
¢" and .

The degree of non-associated flow rule incorporated
into the Mohr-Coulomb model for the end-bearing pile
with the slip elements was a dominant factor in terms
of numerical solution convergence. In contrast, the roller
boundary used along the pile shaft shows a smooth
convergence with respect to the degree of non-associated
flow rule.

Potts et al. (2001) have apparently succeeded in this
problem with ¥ down to zero. The author could not
achieve this condition with slip elements. The difference
in the ability to achieve convergence with a very high
degree of non-associated flow between the author’s study
and Potts et al. (2001) is thought to be due in part to
the following reasons: (a) the FNR technique used differs

from the one used by Potts et al. (1999). Potts adopted
the sub-stepping stress point algorithm rather than the
return stress point algorithm in the CRISP; (b) the number
of solution increments allowed; (c) some different boundary
conditions; (d) the Ko values adopted. Potts et al. (2001)
start from an isotropic condition; the presenter due to the
requirement to replicate a physical model under standard
gravity conditions with e,=0 adopts the K, condition (Ko
=1-sind’); (e) Finite element types. The author’s experience
with the CRISP program using FNR is that it is extremely
difficult to satisfy the convergence unless the increment
size is very small (i.e. as many increments as possible)
although Potts et al. (1999) concluded that FNR results

are insensitive to the increment size.

4.2 Comparison with the Model Pile Load Test

Fig. 6 shows the comparison of P-S curves with the
model pile load test result. Mesh A* shows somewhat
higher ultimate pile load (5.4 kN/m) but both Mesh A
and Super mesh A approach the same ultimate pile load
(4.75 kN/m) at S=10 mm. P-S data from the model load
tests (LCM and DCM) show a good agreement with Mesh
A and Super mesh A, particularly, zones for the elastic
(between S=0 and S=4 mm) and the plastic (after S=21
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Fig. 6. Comparison with the model pile load test data in granular
material

mm). However, the actual model data is similar to the
hyperbolic pattern rather than the linear elastic-perfectly
plastic assumed in the Mohr-Coulomb model. In a pile
design point of view, the ultimate pile load is very
important to decide the pile working load considering the

safety factor.

4.3 Investigation of Boundary Conditions

Conventional FE programming sets remote lateral bound-
aries to a “far field” condition by expanding the dimensions
of the more remote elements of the mesh and providing
one direction of fixity with suitable “roller”. Careful shear
box tests conducted on the surface between the rod material
and an aluminium plate provide a surface friction charac-
teristic angle (8 or Swan) of 13°. The “roller boundaries”
were therefore rather a poor representation of the real
physical conditions at the real boundaries. These boundaries
were located at a finite dimension from the pile and were
directly replicated in the FE mesh (pile length, 370 mm;
boundary distance left and right, 460 mm and 450 mm
respectively). The author therefore modified mesh A to
provide a “Super mesh A” in which rollers on the appa-
ratus boundaries were replaced by a slip element type III.
This had properties identical to type II slip elements
except that ¢’ was replaced by 8., set to 13° and ¢=0.1
kPa. The inclusion of type I slip elements at the physical
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Fig. 7. Maximum shear strain contours at S=40mm (¢'=23° and
y=15°)

boundaries radically changed the outer parts of the eventual

shear mechanisms, as shown in Figure 7.

5. Conclusions

In order to satisfy the numerical convergence criteria



using slip elements, the difference between ¢’ and g was
found to be restricted to between 10° and 13°. However,
using the roller boundary in place of all the slip elements,
the results were independent of the degree of non-associated
flow, and consequently the double numerical convergence
was achieved to y=0. The best replication of the author’s
physical model pile tests was achieved using the slip
element type III replicating the physical properties between
the side walls and the granular material. However, the
CPU time was two days. This was unacceptable for
multiple runs and the types I and II slip element system

with lateral roller boundaries was accepted as a compromise.
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