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Numerical Simulation of Axially Loaded to Failure
Large Diameter Bored Pile
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Abstract—Ultimate capacity of large diameter bored piles is
usually determined from pile loading tests as recommended by several
international codes and foundation design standards. However, loading
of this type of piles till achieving apparent failure is practically seldom.
In this paper, numerical analyses are carried out to simulate load test of
a large diameter bored pile performed at the location of Alzey highway
bridge project (Germany). Test results of pile load settlement
relationship till failure as well as results of the base and shaft
resistances are available. Apparent failure was indicated in this test by
the significant increase of the induced settlement during the last load
increment applied on the pile head. Measurements of this pile load test
are used to assess the quality of the numerical models investigated.
Three different material soil models are implemented in the analyses:
Mohr coulomb (MC), Soft soil (SS), and Modified Mohr coulomb
(MMC). Very good agreement is obtained between the field measured
settlement and the calculated settlement using the MMC model. Results
of analysis showed also that the MMC constitutive model is superior to
MC, and SS models in predicting the ultimate base and shaft
resistances of the large diameter bored pile. After calibrating the
numerical model, behavior of large diameter bored piles under axial
loads is discussed and the formation of the plastic zone around the pile
is explored. Results obtained showed that the plastic zone below the
base of the pile at failure extended laterally to about four times the pile
diameter and vertically to about three times the pile diameter.

Keywords—Ultimate capacity, large diameter bored piles, plastic
zone, failure, pile load test.

[. INTRODUCTION

ARGE diameter bored piles are qualified to be the most

powerful element of deep foundations implemented in
many types of heavy loaded structures such as the high-rise
buildings, offshore ports, wind power mills, storage silos, etc.
They are employed most frequently both to support heavy loads
and to minimize settlement [1], [2].

The in-situ full scale pile loading test is the most
recommended  methodology in  several international
geotechnical codes and foundation design standards [3]-[5] to
determine the ultimate capacity of large diameter bored piles,
and failure is defined in these codes by the uncontrolled
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settlement induced during the existence of ultimate load. In
1974 pile load test was performed at the location of Alzey
highway bridge project (Germany) [6]. In this test a well
instrumented large diameter bored pile was successfully loaded
to failure. The necessity of this full-scale loading test was to
accurately assess the ultimate bearing and friction capacities of
the tested large diameter bored pile, in order to optimize
securely and economically the foundation design of Alzey
bridge. However, loading of large diameter bored piles till
achieving apparent failure is practically seldom. This is
attribuSted to the significant amount of pile settlement that is
usually required for the full mobilization of the pile shaft and
base resistances [2], [7], [8]. Huge test loads and hence high-
capacity reaction systems should be used to accomplish the
required enormous settlements. Thus, the targeted failure load
may not always be practical to achieve. This in most cases is
the reason that the measured pile load-settlement curves for
large diameter bored piles usually do not show an apparent
failure point [2]. Therefore, various failure criterions have been
proposed for interpreting the pile failure load (ultimate pile
capacity) using the pile loading test data. Hansen [9], and Chin
[10] techniques, among others are examples of different failure
criteria proposed by several authors for this purpose.
Unfortunately, variable degrees of uncertainty may be
associated with these criteria’s and hence seldom will any two
give the same failure load [11].

Recently, numerical analysis has become a strong tool to
simulate a lot of geotechnical problems. Numerical studies
related to soil-structure interaction and axially loaded single pile
are discussed by many authors [12]-[17]. Rarity of the available
pile loading tests that achieved apparent failure was the main
reason that the measurements of this well-documented Alzey
bridge case history are utilized in many numerical studies
performed by several researchers, e.g. [13], [17]. Despite of the
interesting findings that were obtained in these studies,
unfortunately due to the complexities of finite element method
and limitations of the prepackage software’s results of these
numerical studies, an agreement with field measurements at the
failure state was not shown. A back-analysis study was
performed by [17] for the mentioned pile load test (alzey bridge
case) and it was concluded that it is necessary to perform more
back analyses of pile load tests to achieve better agreement with
field measurements and give general recommendations.

The main objective of this research is to numerically study
the behaviour of large diameter bored piles under axial
compression loads, and to assess the pile ultimate capacity
obtained from the numerical analysis using field measurement
of axially loaded to failure pile load test (Alzey Bridge Case
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Study). The established numerical model should well represent
the field behavior of the tested pile in terms of total, bearing,
and frictional ultimate capacities. Hence, this calibrated model
can be utilized to investigate the large diameter bored pile
failure mechanism.

II.IN S1TU PILE LOADING TEST

Sommer et al. [6] reported a full-scale well instrumented pile
loading test for a single large diameter bored pile with diameter
and length of 1.30 m and 9.50 m, respectively. This pile was
installed in a homogeneous over-consolidated stiff clay soil
layer with plastic limit of wp = 0.2, liquid limit of wl = 0.8 and
water content of w = 0.22. The groundwater table was 3.5 meter
below the ground surface. Average unconfined compressive
strength (Qu) along borehole length was obtained as 300 kp/cm®
(kilopond per square centimeter) as given in Fig. 1.

The reaction system used for the large diameter pile loading
test consisted of main steel girders held with 20.0 m embedded
length anchors. The compression anchors were at a horizontal
distance of 4.0 m (three times of pile diameter) from the pile
central loading axis as shown in Fig. 1. These anchors were also
vertically extended to a depth between 15 and 20 m below the
ground surface in order to ensure that anchors locations would
not affect the skin friction and pile bearing results.
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Fig. 1 Tests arrangement and typical soil profile with mechanical
characteristics [6]

Large diameter bored pile was instrumented with an end
bearing prefabricated concrete base contains load cell
measuring device (Fig. 2). Also, settlement point devices with
steel rods of 25 mm diameter were used to measure the
settlement of neighbour soil near the pile. These settlement
points were secured against the soil by plastic pipes, and were
installed at a horizontal distance of 0.5 m, 1.0 m, 1.5 m, and 2.0
m from the pile’s shaft at a depth of -0.50 m below ground
surface, at the middle of the pile at level of -5.00 m and under

the pile base at level of -10.00 m (Fig. 2). Pile settlement was
measured using dial gauges at pile head level and also
monitored using a concreted precision levelling device (0.1
mm).
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Fig. 2 Measuring devices and instrumentations [6]

A load measuring cells was placed immediately under the
pile base. The difference between the load cell measurement
and the applied load gave the load transferred by friction with
the surrounding soil. Fig. 3 presents the measured pile
settlement values using the dial gauges under each applied
loading increment. Also, the respective values of bearing stress,
unit skin friction, and the total applied pressure are given in the
same figure.
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Fig. 3 In-situ measurements of the instrumented large diameter bored
pile [6] * Mp/m?: mega-ponds per square meter

III. CONSTITUTIVE MODELS

The predicted response of the large diameter pile under axial
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loads is investigated for three soil constitutive models. The
models adopted are MC, SS, and MMC models.

The yield condition for the three models is developed based
on coulomb’s friction law of general states of stress. MC yield
condition is controlled by the effective friction angle (¢”) and
the effective cohesion (c’). The dilatant behavior is represented
through the dilatancy angle (). Conversely, a cap type yield
surface is introduced in the SS and the MMC models to
simulate the irreversible strains due to primary isotropic
compression. This yield cap describes an ellipse in the p’-g-
plane. In the SS(SS) model the tops of all ellipses are located on
a line with slope M that is not necessarily related to critical state
as in the modified Cam-Clay model [18], but the modified cam
clay model is obtained as a special case [19]. In the MMC
model, a different cap is used where the top of the ellipses lies
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on the g-axis. Furthermore, yield criteria of the double
hardening MMC model is represented by two yield surfaces,
one for the shear yielding up to MC failure surface and another
surface demonstrates the compression yielding [22].

Fig. 4 presents the three constitutive models stress strain
relationships. As shown the MC model is an elastic perfectly-
plastic model, while in the SS model, a logarithmic relation
between the volumetric strain (g,) and the mean effective stress
p’ is introduced. The MMC model has a hyperbolic stress-strain
relationship between the axial strain and the deviatoric stress.
Fundamental to note that, the stiffness in the MC model is taken
as constant value, while the stiffness in the SS and MMC model
are stress dependent. The stress dependency for the MMC
model follows the approach by [20], [21].
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Fig. 4 Yield conditions and stress strain relationship for [a] MC, [b] SS(SS) and [c] MMC constitutive models

IV. NUMERICAL MODELLING

Axisymmetric two-dimensional numerical model has been
established using GTS NX 2019. Based on a sensitivity analysis
performed to eliminate the effect of model boundaries on the
obtained results, model height of 40 m and width of 20m was
adopted in the analysis (Fig. 5).

To avoid the numerical instability (singularity) of finite
element model, the external boundaries were supported. The left
and right sides were taken as fixed in the lateral-direction, and
free to settle in the vertical-direction. Fixed supports are
employed at the bottom boundary in both the horizontal and
vertical directions, conversely top boundary was taken free.
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Fig. 5 2D axisymmetric finite element model

As shown in Fig. 5, quadratic high order elements (20-noded)
were used to represent the soil. Three different mesh sizes were
used to investigate the sensitivity of the soil mesh refinement
and their effect on the results. Very good enhancement was
noticed in both results of settlement and stress results when fine
mesh (0.22 m) was utilized. However, time of the analysis was
significantly increased. Results of these analysis attempts are
not presented in this study due to the lack of space. As a
compromise solution, a very fine mesh zone with size of 0.22 m
was adopted around and under the pile (10 m x 20 m).
Increasingly, soil mesh size is increased to be 0.65 m at external
boundaries locations. As shown in Fig. 5, few triangular mesh
elements were automatically generated due to the aspect ratio of
the model geometry.

A. Soil Model Properties

Three constitutive models are used to simulate the soil. The
first constitutive model is MC model, the necessary soil
parameters for this model were adopted as given in [13] and the
values are summarized in Table I. The second constitutive
model is the SS model. The essential parameters for this model
are taken according to [17] (Table I).

The MMC is recommended for simulation of the
overconsolidated clay soil and dense sand soil by [22]. This
Constitutive model simulates the soil material much precisely
by considering three different values of elasticity modulus (E.q,
Esy and E,;). The stress strain behavior for primary loading is
highly nonlinear. As discussed in Sec. II, the in situ water
content was measured as 22%, which is used to calculate the
drained soil young’s modulus (E.) using Fig. 6 [21]. The
parameter Esy is the confining stress dependent stiffness

modulus for primary loading. For small strain, Es is used
instead of the initial modulus that is more difficult to determine
experimentally [22]. Also, another stress-dependent stiffness
modulus (E,;) is used to represent unloading and reloading
stress paths. In several practical cases, it is appropriate to set E,;
equal two or three times the Es, and to set Esy with value equals
to the calculated value of Ecoq [2], [23]. Soil shear parameters
(c’, ) are taken as those for MC model.

5
Eced 4
3
MP, %7

05— %30 @ 7
In situ water content w %

Fig. 6 Relation between clay soil in-situ water content, and the
drained soil modulus of elasticity [21]

Soil lateral earth pressure coefficient (ko) is calculated using
the effective friction angle and overconsolidation ratio (1)
according to [24]. Soil tensile strength is considered to be zero
and also tension cut off is used in this analysis to avoid any soil
tension results. Furthermore, very small value of dilatancy angle
has been taken in soil material definition and dilatancy cut off
option was activated.
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Ko = (1-sin@) OCR *"° (10

The adopted values to define the over-consolidated stiff clay
soil properties are summarized in Table I for the three utilized
constitutive models (MC, SS, and MMC).

B. Pile Model Properties

Two-dimensional quadratic mesh elements (20-noded) are
utilized to simulate the pile. Number of elements at pile base
should not be less than two elements in order eliminate the
mesh mesh dependency effect on pile bearing resistance, as
reported by [17]. Consequently, mesh size of 0.216 m is
adopted for the pile element. Elastic concrete isotropic material
is utilized to define the pile mesh material. Characteristic
compressive strength (fcu) of 300 kg/cm® was measured in side
after 28 curing days [6]. Adopted properties of the pile are given
in Table II.

C. Interface Element Parameters

Interface elements interact with two elastic-perfectly plastic
springs which allow for differential displacements between the
node pairs (slipping and gapping). First spring models gap while
the second models slip. Slipping and gapping displacement at
the interface is defined with (2) and (3) [25].

. _ 0 _ a.t;
gap displacement = o = Toed, 2)
slip displacement = Kis = Tc—tl‘ 3)

where, Gji: Shear modulus of interface [kN/mz]. Eeai:
Compression modulus of interface [KN/m?]. t;: Interface virtual
thickness (Ranges from 0.01 to 0.1) [-]. K,: Normal stiffness of
interface [kN/m’]. K,: Shear stiffness of interface [kN/m®].

Shear and normal stiffness modulus of interface are
determined according to the adopted soil modulus of elasticity
for each of the three adopted constitutive models as given in
Table III. On the other hand, MCcriteria is employed to
distinguish between plastic and elastic response of interface. A
strength reduction factor (R) is used to defined the shear
properties of the interface elements on the shear strength of the
neighbor soil layers as given by (4).

Ci =R* Csoil tan ¢ = R*tan Qsoil (4)
y; = 0° for R < 1, otherwise y; = W

where; @;: Angle of friction for the interface. [°], C;: Effective
adhesion for the interface. [kN/m?], y;, Angle of dilatancy for
the interface [°].

The interaction between rough concrete surfaces and stiff
clay soil, typical for bored shafts, was experimentally studied by
[26]. For these evaluations, it was found that there is no
considerable reduction for both friction angle and cohesion. In
addition, several analysis attempts were performed in this study,
and good agreement was obtained between field measured pile
settlement values and finite element results, when the reduction
factor of shear strength (R) was taken as 1.0 for interface
elements.

TABLEI
OVER CONSOLIDATED STIFF CLAY SOIL PARAMETERS
Parameter MC MMC SS Unit
Type of material behavior Drained  Drained Drained
Soil weight above/Below phr. 20 20 20 KN/’
Level (Yunsar Psar)
Young's modulus (E) 60000 - 60000  kN/m?
Poisson’s ratio (v) 0.3 - 0.3 -
Secant stiffness (Efe - 45000 - kN/m?
Oedometer stiffness (Eqcd™" - 45000 - kN/m?
Unloading-rel(r)grding stiffness ) 90000 ) N/
(Eur )
Power of stress level (1) - 0.5 - -
Unloading-re!oading poisson’s ) 02 .
ratio (Nur
Reference pressure (P, 100 - KN/m?
Power of stress level (m) 0.50
IS 0.003 -
k 0.001 -
Cohesion (¢) 20 20 20 KN/m?
Friction angle (¢ 225 225 225 °
Dilatancy angle (y) 0.0 0.0 0.1 °
Lateral earth pressure coeft. (Ko, 0.80 0.80 0.80 -
Soil Tensile Strength 0.0 0.0 0.0  kN/m’
TABLEII
LARGE DIAMETER PILE STRUCTURAL PARAMETERS
Pile Material Concrete Unit
Pile Diameter (D) 1.30 m
Pile Length (L) 9.50 m
Young Modulus (E elastic) 24248711  kN\m®
Poisson’s Ratio (p) 0.20 [-]
Unit weight (yc) 24.0 KN\m®
TABLE III
INTERFACE ELEMENTS PARAMETERS
Parameter MC MMC SS Unit
Interface nonlinearity Coplqmb Coqumb Coplqmb
Friction Friction Friction
Interface Adhesion (Ca) 20 20 20 KN/m?
Interface Friction angle (9;) 22.5 225 225 °
Interface Dilatancy angle (¥i) 0 0 0.1 °
Shear stiffness modulus (K,) 250000 375000 250000 kN/m’
Normal stiffness modulus (K,) 2750000 4125000 2750000 KN/m’®
Tensile Strength 0 0 0 KN/m?

V.STAGES OF ANALYSIS

The analysis is divided into three stages [2], the first stage
represents the initial stresses of the soil before pile
implementation. Second stage starts with changing the pile
volume to concrete material as a replacement of soil material.
At this stage, rigid interface elements are used to connect pile
and soil mesh elements in order to avoid any numerical
instability (singularity) [25], [2], and pile own weight is
considered at this stage. The calculated deformations of the first
and second stages of analysis are discarded in order to start to
account for pile settlement due to applied loads only. Interface
elements are activated in the third stage of analysis, and the
rigid interface elements are deactivated. Load of 4000 kN is
also applied on the pile head in the third stage. Load is
implemented using incremental loading steps to simulate the
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pile loading sequence with same field loading test steps (see
Fig. 3).

VI. RESULTS AND ANALYSIS

Fig. 7 compares between field measurements of pile load
settlement and the obtained results of the three performed
numerical analyses using three different soil constitutive models
MC, SS, and MMC). It can be seen that good agreement is
obtained at the initial working loads (up to 1500 kN) between
field measurements and numerical results of the three utilized
constitutive models. At higher loading levels (2000 kN)
differences were found between the three numerical models
results, as SS model results showed stiffer behavior compared to
MMC and MC models results.

According to the case study, failure load was measured as
3250 kN. At this load pile settlement was measured as about 29
mm and suddenly increased to 70 mm at the same load. Pile
settlement is also determined at load 3250 kN to be about 33
mm (2.5%D) and 42 mm (3.23%D) according to results of SS
and MC models respectively. On the other hand, 70 mm
(5.38%D) is the result that obtained for pile settlement at load of
3250 kN when MMC model (MMC) is used. This result
highlighting that good agreement with field measurements is
obtained at load of 3250 kN. Worth noting that pile settlement is
obtained as 31 mm at load of 3000 kN and increased to be 70

T

mm under load of 3250 kN (the failure load).

Fig. 8 presents the finite element result (MMC) of the
deformed shape for soil and pile, under the failure load of 3250
kN.
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Fig. 7 Comparison between field measurements and pile load
settlement results obtained from the three numerical models with
different constitutive models simulating the soil

Fig. 8 Deformed shape of the finite element mesh (MMC) under load of 3250 kN (Failure load)

Large diameter bored pile load transfer mechanism is obtained
by determining the pile bearing load at each loading increment
utilizing the obtained bearing stress at pile base level. Pile
friction resistance are calculated by deducting the bearing load
from total applied load at each loading increment. Relations
between pile load settlement, pile friction and bearing capacities
under each loading increment are obtained for the three
numerical models.

Figs. 9-11 respectively compare between the obtained
numerical results using the three models (MC, SS and MMC)
and the field measurements. The comparisons are shown in the

form of pile load transfer curves, as the relation between total
applied load, friction resistance, bearing resistance and pile
settlement is obtained for the three numerical models and
compared with field measurements. It is obvious from these
figures that MMC model is superior to the other two models
(MC and SS), due to its success to obtain closer results to field
measurements for each of the pile total, bearing and friction
resistances. Furthermore, differences between the obtained total
and bearing resistances from the three numerical models are
highlighted in Fig. 12. On the other hand, the three model’s
results of the pile friction resistance are compared in Fig. 13.
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Fig. 13 Comparison between obtained friction resistances using the
MC, SS, and MMC models

Fig. 12 pinpointed that SSmodel produced greater value for
pile bearing resistance than those obtained from the other two
numerical models. Almost the same values of pile bearing
resistance are obtained from MMC and MC numerical models
up till load of 2750 kN. After this load, base resistance results
obtained from MC model seems to be much stiffer than those
obtained using MMC numerical model. However, at the failure
load of 3250 kN, good agreement was only obtained between
MMC results and field measurements.

The difference between the three model’s bearing resistance
results is attributed to the different formulation of the oedometer
stiffness in the three models [17]. As, in the MC model a
constant stiffness is considered, while in the SS and the MMC
models stiffness is stress dependent. This stress dependency is
linear for the SS model and parabolic for the MMC model. As a
consequence, the stiffness of the MMC and the SS models is the
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same for a vertical stress of 100 kPa. For higher stresses Eeq is
higher in the SS model than in the MMC model. Consequently,
SS model obtains a higher base resistance as presented in Fig.
12. On the other hand, friction resistance results of the three
models tend to linearly increase up till applied load increment of
1500 kN (working load), and the full friction mobilization is
achieved at load increment of about 2500 kN for the three
models (Figs. 9-11). The obtained pile settlement value at the
full mobilization load (2500 kN) is about 20 mm for the three
models which represents about 1.5 % of the pile diameter (1.30
m).

Fig. 13 demonstrates that the peak value (2070 kN) obtained
for friction resistance from three models are almost near equal.
However, the shape of the friction resistance curve of MCmodel
seems to be consistent with its yielding criteria as it linearly
increased to achieve its peak value then tends to be constant
(Elastic- Perfectly plastic). In contrast, the SSmodel friction
resistance curve showed slightly decrease after peak then tend to
be constant. Also, For the MMC model, the shape of the friction
resistance curve is hyperbolic. It was also observed that the
difference between the maximum obtained friction resistance
value (Peak) from the three models, is less than the difference
between their bearing resistance results (see Fig. 12). This may
be attributed to the usage of interface elements. As, the
MCcriterion (5) is used in the three model’s interfaces to
distinguish between elastic and plastic behavior. In the three
models, the same interface shear parameters (¢; and C;) are

Depth (m)
(10.00) (9.00) (8.00) (7.00) (6.00) (5.00)

adopted.
|7l = optang; + ¢ (5)

Furthermore, interest of the pile load transferred by friction is
significantly decreased after achieving the full mobilization as
shown in the results of the three models (Fig. 13). The full
mobilization means that the transferred shear stresses from the
pile shaft become equal to the soil shear strength () according
to the defined values of the interface cohesion (c;) and friction
angle (¢;). So that only the change in the stresses (6,) around
the pile shaft may be the responsible factor of the decrease in
friction resistance results after the full mobilization. This
expectation will be widely investigated in upcoming sections.

Based on the results presented in this section, it is clear that
the MMC well represents the field behavior of the tested pile in
terms of total, bearing, and frictional capacities. In the following
sections, based on the calibrated MMC model, the load transfer
and the failure mechanism are discussed.

VII. LARGE DIAMETER BORED PILE LOAD TRANSFER

Axial load distribution along pile shaft length is calculated at
each loading increment by multiplying the vertical normal stress
in the shaft by pile cross sectional area (Fig. 14). It is
worthwhile noting that pile load values at the base level were
calculated by integration of bearing stresses at the pile base.

(4.00) (3.00) (2.00) (1.00)

(\p1) pro

—+— 250 KN -#= 500 KN -+ 750 KN

250.00

500.00

750.00

1,000.00
1,250.00
1,500.00
1,750.00
2,000.00
2,250.00
2,500.00
2,750.00
3,000.00
3,250.00

3,500.00

1000 KN === 1250 KN == 1500 KN —=— 1750 KN

= 2000 KN == 2250 KN =+ 2500 KN --%: 2750 KN =d&-=3000 KN =#= 3250 KN

Fig. 14 Calculated pile axial load distribution with depth using finite element method

Interaction between pile base and soil is investigated by
calculation of the pile bearing load percentage of total applied
load at each loading increment (Qpearing/Qrotar)- Fig. 15 compares
between finite element results of bearing load percentage and
the field measurements at every loading increment. Similarly,
pile friction load percentage of the total applied load
(QFriction/Qrota) Was calculated at each loading increment using

both of the numerical results and field measurements and the
result are shown in Fig. 16.

It can be seen from Fig. 15 that, good agreement is obtained
between field measurements and finite element analysis results,
also the percentage of transferred load by bearing was very
small (about 5%) at the initial loading increments, then
increased to be about 10% of the total applied load at the
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working load (1500 kN). The induced settlement at the working
load was only 2.75 mm.

Significant increase is observed in the percentage of the
transferred load by bearing after applied load of 2000 kN, as it
achieved about 26% of the applied load at load of 2500 kN.
Fundamental to note that the full friction mobilization occurred
at load of 2500 kN (see Fig. 11). These observations may
explain the obvious increase in pile settlement at this stage, as at
load of 2500 kN, pile settlement increases to be about 16 mm.

—~ 50
X
:vJ 40
3 30 = =¢= = Qb/Qtotal (F.E)
=
E 20 .’ g (Ob/Qt (Feild)
o 10
= »
g 0

0 2000 4000

LOAD (KN)

Fig. 15 Comparison between field and finite element pile bearing
load percentage of total applied load (Qpearing/Qiotar)

Fig. 16 reveals that good agreement is also obtained between
field measurements and finite element analysis results. Also,
total applied load was predominantly carried by friction at the
initial loading increments of (250, 500, and 1000 kN), as
percentage of the transferred load by friction at this stage is
about 95% of the total applied load. Although pile settlement
value was small (1.3 mm) but it was enough to activate the soil
friction resistance. At the working load (1500 kN), percentage
of the transferred load by friction decreased to be about 90%,
also it was observed that pile settlement is increased to be about
2.75 mm at this load. Obvious decrease is noticed in friction
load percentage after load increment of 2000 kN, as it decreased
to 72% at load of 3000 kN. Pile settlement increase was also
observed at this phase, as settlement increased from 6.46 mm at

load of 2000 kN to 22.75 mm at 3000 kN.

—
=
=

o
>

- =g = (Qf/Qtotal
(F.E)
el () f/Qtotal

Precentage (%)
(=)
]

40 (Field )
20
0
0 1000 2000 3000 4000
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Fig. 16 Comparison between field measurements and numerical
results of pile friction load percentage of total applied load

(eriction\Qtotal)

At applied load of 3000 kN, bearing load percentage of about
30% is obtained. This percentage is increased to be about 38%
at the last load increment (3250 kN, failure load). It is
worthwhile noting that only 8% increase in percentage of the
transferred load by bearing was enough to increase the induced
settlement from 28.54 (at 3000 kN) to be 70 mm at the last load
increment (failure load). This was described as an apparent
failure according to the case study.

VIII.SKIN FRICTION

Tangential stresses of the interface elements in vertical
direction (Y-Axis) is determined from the calibrated numerical
model at each load increment along the interface length. The
relation between interface tangential stresses and depth is shown
in Fig. 17. These tangential stresses represent the soil unit skin
friction distribution along the pile shaft at each load increment.

DEPTH (M)

(10.00) (9.00) (8.00) (7.00) (6.00) (5.00)
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#— 1000 KN —=— 1250 KN —e— 1500 KN —— 1750 KN

= 2000 KN —— 2250 KN == 2500 KN -8= 2750 KN =4 3000 KN === 3250 KN

Fig. 17 Average values of unit skin friction obtained using finite element method through the tangential stress at interface element

Generally, at the full mobilization load (2500 kN), unit skin
friction results tend to achieve the value of the considered

effective cohesion (c’) at the ground surface level, and gradually
increased with depth with slope equals (tan @”). The obtained
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shear stress value at this load equals the soil shear strength
according MC criterion (5) directly above the pile base level,
which confirming that full friction mobilization occurred at this

mobilization at load of 2500 kN (Fig. 19 (b)). Also, lateral earth
pressure coefficient value was calculated for both cases as
shown in Fig. 19 (c).

load.
It was also noticed that at the last three loading increments

Pressure

significant increase in skin friction occurs at the ground surface i
level. The same observation was also reported by [27], as they - -
. . . Deformation \ Vertical Pressure
observed a large increase in lateral earth pressure coefficient at Stibpage Between Pattern of a W\
. . . . . e and Sof F Pla N
the ground surface in several performed axial pile loading static ormer e \
tests. This may be attributed to the dilation effects near the -E Faiae "\ Horizontal
ground surface where the confining pressure is low compared to EToncor Surface g o Pressure
deeper depths. :E Arching = !
Fig. 17 also showed that unit skin friction values tend to 2| zone ot
= {Flow v

decrease after load increment of 2500 kN (Full mobilization) at
the last three applied load increments (2750, 3000 and 3250
kN). This decrease may be attributed to the arching action effect
according to [28], [29] explanation (Fig. 18). To investigate the
change in soil stresses after the full mobilization the relation
between soil vertical and horizontal stresses with depth was
plotted at the initial condition (Fig. 19 (a)), and after the full
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Stress due to Arching
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154

t

Deformation Pattern
of a Former Plane
Through Pile Tip

Fig. 18 Change of the stresses around the Pile and at the tip due to

arching action [29]
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Fig. 19 Finite element results soil stresses distribution with depth, directly beside pile element. (a) soil vertical and horizontal stress distribution
with depth at the initial condition. (b) soil vertical and horizontal stress distribution with depth under load of 2500 kN (after full mobilization).
(c) lateral earth pressure coefficient at the initial condition (K,) and under load of 2500kN (K)

It can be seen from Fig. 19 (b) that the horizontal stress

values are consistent with the obtained skin friction values
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presented in Fig. 17. Also, soil horizontal stress values were less
than vertical stresses values at the upper zone of the pile shaft
length above level of -4.0m below ground surface.

At distance between 4.0 m below the ground surface and of
about 3.0 m (H/3) above the base the soil horizontal stresses
were observed to be greater than the soil vertical stresses. These
results agree with [29] observations related to arching action
(Fig. 18).

Furthermore, both vertical and horizontal stresses decreased
at pile base level which explaining the decrease in unit skin
friction results at pile base level after full mobilization (see Fig.
17).

The distribution of lateral earth pressure coefficient (K) value
around the pile at full mobilization of side resistance (applied
load 2500 kN) is shown in Fig. 19 (c). As can be seen at full
mobilization of side resistance, K values along the pile are
greater than the at rest initial value (0.8) except at the base of
the pile where a value equal to the at rest value was observed.
The largest values of K were observed near the ground surface.
This is in agreement with observations made by [1] and [27] as
discussed before.

IX. SizE OF PLASTIC BULB UNDER PILE BASE

The formed plastic points at each load increment is obtained
from the calibrated numerical model as summarized in Figs. 20-
34.

Material Status Output
Plastic/Failure F
Unloading/Reloading |
Tension Failure &
Cap Failure (=]

Fig. 20 Formed plastic points at the initial stage

Plastic/Failure 0
Unloading/Reloading |
-]

=1

Tension Failure
Cap Failure

Fig. 21 Formed plastic points at the second stage (concreting)

r

Material Status Output
Plastic/Failure F
Unloading/Reloading | (@
Tension Failure &
Cap Failure ﬁ

Fig. 22 Formed plastic points under load of 250 kN

-

Material Status Output

Plastic/Failure (@]
Unloading/Reloading | Iy
Tension Failure &
Cap Failure [=]

Fig. 23 Formed plastic points under load of 500 kN

-

Fig. 24 Formed plastic points under load of 750 kN

I'r

Fig. 25 Formed plastic points under load of 1000 kN

Unloading/Reloading
Tension Faiure
Cap Faiure
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Fig. 26 Formed plastic points under load of 1250 kN

Material Status 0%
Plastic/Falure O
r i :

]
Tension Failure &
Cap Faiure =]

Fig. 30 Formed plastic points under load of 2250 kN
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Fig. 27 Formed plastic points under load of 1500 kN

rs INX Fig. 31 Formed plastic points under load of 2500 kN
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Fig. 28 Formed plastic points under load of 1750 kN

e INDL Fig. 32 Formed plastic points under load of 2750 kN
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Fig. 29 Formed plastic points under load of 2000 kN Fig. 33 Formed plastic points under load of 3000 kN
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Fig. 34 Finite element results of the Formed plastic points under load of 3250 kN (Failure load)

It can be seen from these figures that the formation sequence
of the plastic points around and below the pile shaft is consistent
with pile load transfer mechanism presented in pervious
sections. As shown in Figs. 20-26 (Load increment 0 to 1250
kN), plastic points are only formed around the pile head which
agrees with field measurements and numerical results of pile
load transfer, as load was predominantly (95%) transferred by
friction at the initial load increments (Fig. 16). Fig. 27 indicates
that the first initiation of plastic points around pile base was
under load of 1500 kN. This result is also consistent with pile
load transfer results shown in Fig. 16, as the interest of
transferred load by bearing was increased at this load (1500
kN). Plastic points fulfilled the zone around pile base when load
increased to 2500 kN (Fig. 31). This result agrees with skin
friction results shown in Fig. 17 as the transferred shear stresses
increased to be equal soil shear strength at pile base level under
this load increment (2500 kN).

At load of 3000 kN (Fig. 33), the first unloading\reloading
point is formed which may be attributed to the large settlement
value (25.5 mm) at this load and to the slippage between soil
and interface element that may cause a stress relief at soil near
ground surface (Fig. 34). At the failure load of 3250 kN, Fig. 34
pinpoints the significant increase in plastic bulb size under pile
base. As shown, plastic points extended and covered the whole
interface length which indicates that the full friction and bearing
mobilization occurred and also reveals to failure existence.
Furthermore, using engineering drawing software dimensions of
the plastic bulb has been measured in both diameter and length
above and below the pile base. Fig. 35 demonstrates the size
and length of formed plastic bulb at each loading increments.

It can be seen from Fig. 35 that plastic bulb starts to form at
pile base with small diameter at load of 1500 kN. Plastic bulb
size obviously increased to 2.34 D at load of 2500 kN (80% of
the failure load) and achieved a maximum diameter of 3.73D
(about four times of pile diameter) under failure load (3250 kN).
Moreover, plastic points extended in length above and below
pile base level as the axial load increased. As shown in Fig. 35,
very small length of plastic points was measured below and
above base under working loads (250 - 1500 kN). An increase
in plastic bulb length is noted with load increase to be about one
and half times the pile diameter at load of 2500 kN. It should be
noted that plastic points extended above pile base for a length of

about five times the pile diameter at load of 3000 kN (5D). At
failure load of 3250 kN plastic points covered full interface
length (9.50 m) and extended for a length nearly equal to three
times of pile diameter below the pile base level (3D).
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Fig. 35 Propagation of plastic bulb diameter with loading

The formation sequence of the plastic points can also
describe the response of large diameter bored pile in this
overconsolidated clay soil. This large diameter bored pile
passed through three main stages to achieve the induced large
settlement at the failure state. These three phases can be
classified into the elastic phase, the mobilization phase, and the
failure phase. Fig. 36 summarizes the response of this large
diameter bored pile at each stage.

In the elastic phase, the interaction between soil and pile is
close to be linear elastic. The applied load is predominantly
transferred by friction in this stage (about 95% of the total
applied load). No plastic points are detected in this phase. At the
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mobilization phase, an obvious increase in the pile settlement
rate is noticed in the field measurements and numerical results.
The percentage of the load transferred by bearing is increased in
this phase (Fig. 15). The soil skin friction is also increased to
achieve its peak value of the soil shear strength (Fig. 17) at pile
settlement of 1.5% D (Fig. 11). Plastic zones are formed at the
pile base and vertically extended to a large part of the shaft (Fig.

4 ' Mohilization C

31). In the failure phase, applied load is predominantly
transferred by bearing, and the pile load transferred by friction
tends to be constant (slightly decreased) (Fig. 11). Apparent
failure is observed through the large induced pile settlement at
the end of this stage (Fig. 7). The plastic points are existed at the
base and covered almost the whole length on the pile shaft (Fig.
34).
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Fig. 36 Schematic diagram of three phases that large diameter bored pile passing through to achieve the failure. (a) Elastic Phase, (b)
Mobilization Phase, (c) Failure Phase

X.CONCLUSIONS

Based on the numerical study conducted, the following
conclusions are drawn:
= Very good agreement was obtained between field
measurements and numerical results for the load
settlement relationship and load transfer by friction and
bearing.
=  Both of the field loading test measurements and numerical
results revealed that the ultimate capacity of the large
diameter bored pile in overconsolidated stiff clay was
3250 kN, and the pile settlement induced at the ultimate
load was 70 mm.
=  Numerical analysis is capable of simulating the behavior

of large diameter bored pile when the appropriate soil
model is carefully selected.

= MMC constitutive model is superior to MC, and SS
models in simulation of the drained condition of the over
consolidated stiff clay soil.

=  The numerical model results revealed that about 90% of
the total applied load was predominantly carried by
friction at the initial loading increments (working loads),
and only about 10% of the total applied load was carried
by pile bearing resistance. However, at ultimate load,
friction resistance is 62%, and bearing resistance
increased to 38% of the total applied load.

=  After the full friction mobilization state, lateral earth
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pressure coefficient (K) reached greater value near ground
surface and lower value (equals its initial value K,) at pile
base level.

Arching action at the pile base causes a change in both
soil vertical, and horizontal stresses around the pile, after
the full friction mobilization.

Soil passed through three main stages to achieve the
induced large settlement of the large diameter pile at the
failure state. These three phases can be classified into the
elastic phase, the mobilization phase and the failure
phase;

In the elastic phase, the interaction between soil and pile
is close to be linear elastic. The applied load is
predominantly transferred by friction in this stage (more
than 90% of the total applied load). No plastic points are
detected in this phase.

At the mobilization phase, an obvious increase in the pile
settlement rate occurs. The percentage of the load
transferred by bearing increases in this phase. The soil
skin friction also increases to achieve its peak value of the
soil shear strength at pile settlement of 1.5% D. Plastic
points are existed at the base and extended to a large part
of the shaft.

In the failure phase, the pile load transferred by friction
tends to be constant or slightly decreases, and additional
applied load is predominantly transferred by bearing.
Apparent failure is often observed through the large
induced pile settlement at the end of this stage. The plastic
points existed at the base and covered almost the whole
length on the pile shaft. In this study, the failure load of
the large diameter bored pile could be identified with the
size of the formed plastic bulb and/or the rate of
settlement at the last loading increment;

The induced settlement at failure is greater than 1.5 times
that at 90% of the ultimate load.

At the failure load, plastic zone fully covered the whole
length of the pile shaft interface. Formed plastic bulb
around the pile base has a size of about four times of pile
diameter (4D) and extended below the pile base for a
length of about three times (3D) of pile diameter.
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