CHAPTER IV.
APPLICATION OF A FINITE ELEMENT METHOD TO
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This chapter describes the analytical procedures which
demonstrate how the method of analysis developed in the previous
chapter can be used to predict the capacity of axially loaded piles at
the two stages mentioned above. In obtaining a suitable finite element
model, parametric solutions for a wide range of idealized cases are
presented and their advantages and limitations are discussed. Then,
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some comments on the significant parameters are given and
applicability of the proposed method to practical problems is

illustrated and discussed. Finally, a comparison among the pile

movements predicted by the proposed method and by Poulos method (16)
and t.hose measured is presented.
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d to practical problems ecan
be described by the

i. Ccalculaté afrgnge of péssible failure loads and moments
for a pile section usifg g al theories based on pile
material. This : be ped |« by means  of either
moment-curvature-axial p=- i (M-y-P) relationship or
interaction diagrehi
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ii. t of the pile head at
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ground surface, the position ‘pl‘ crack mcuranne, t.lm reduction of pile
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iii. Analyze the problem by using the proposed method.

In analyzing the problem by using the proposed method, the
following comments on the step of analysis are made:
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In the Run No.2, the horizontal soil movement distribution
with depth equalled to the soft soil layer below the ground surface is
applied incrementally until reasonably good agreement between
predicted and measured horizontal movements of the pile head has been
obtained prior to proceeding to the Run No.3. If failure of the pile

does not occur, the analys be proceeded to the next 1load
)

increment for predicting the teral deflection of the pile.
- Y

In the vhe [vertieal pre Ssure on the pile head
representing the i ganlf 1o B\ \\ ght pile under concentric
loading is applied ot Bl
pile. Similarly, ‘if £ai ?.,l;=s¢' 116, ddes not occur, the analysis
may be proceeded’ tg m 7_4;emmt. for predicting the
ultimate load capacity 4

Parametric Studies ¢

Ii'
To obta ln suitable finit.a almﬂt model for practical

problens, j idealized cases are .
m:lm mt.n t.he fect. varmus factors on the
o 1 ST At

soil mivament.s are made. In most of such solutions, a standard soil
movement. profile (16) as shown in Figure 4.1 is assumed.

1. Effect of Soil Mass on Both Sides of a Pile

For idealized finite element models SYM.104, SYM.88, SYM.T72,
SYM.56, SYM.40 and SYM.24 which have symmetrical soil mass on both



Patmy

o 0.2 0.4 0.6

02 —_

Profile (16)

sides of a pile and 3il parameters as shown in

Figure 4.2 subjected § owement. profile within the soft
soil layer, the solufigps for di abions of pile movement and
curvature are shown in Figu - fca.md that the pile movements

and curvatures ‘dlicrease as the soil mass og-b joth sides of a pile

Vmmmw e
decreases. For mogel E ch- have small soil mass on

) ]
both sides of the p}le, the praﬂsurea developed in the soil mass may

oot 8 Y B4 e s

give poor su?ubimu since the resmnse&nf pile in ast.ic soil are

arsrrdfd Tk b S K 3N B 'ﬂ‘ﬂt&m by Poulos

(16).

2. Effect of Soil Mass on Each Side of a Pile

In the idealized finite element model, the soil mass on
induced face is used to transfer the specified displacements on the

boundaries to the pile, while the soil mass on reacting face is used
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to represent. the soil resistance. In the analysis, the soil movement
profile in the vicinity of the pile should be applied near the pile.
In addition, the soil mass on reacting face should be sufficiently
large, so that there is no effect of the boundaries on the pile
behaviour. Therefore, a suitable finite element model for practical

problem should have unsymm soil mass on both sides of a pile.

1

For models UNSW and Um which have unsymmetrical

e

soil mass on botH"Eides”Bf o pile, and LHE typical pile and soil

b, \\ standard soil movement
Ve the solutions for
N

e 4.5. This figure also

parameters as shown ig
profile within the pile
displacements and
shows the solutions obie '.5\- nodels SYM.56 and SYM.40.
As the soil mass on ir decreases and on reacting face

increases, the pile displa - ratures increase. It is found
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FIGURE 4.4 Idealized Finite Element Models used for the Analysis of
Effect of Soil Mass on Each Side of a Pile
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that the pile curvatures obtained from model UNSYM.40 become negative
near the ground surface that is slightly different from those obtained
from models SYM.56 and UNSYM.48. It should be observed that a more
flexible model can be obtained by extending the soil mass on .reacting
face and reducing that on induced face.

It can be sugges ‘ ,w/ mass on induced face should
not greater than t ' d.iamet.&r of the pile and
that on reacting #

m five times the width or
diameter of the pile.

3.

An example ‘of fthe.effcct 6 depth of pile tip embedment in
stiff soil stratum is demonst ue ing models UNSYM.48 as shown in
Figure 4.4, UNS' g the typical pile and
soil parameters*#s shown i eeted to standard soil

movement. profile = Y

vithin the soft soil laye®: These models have the

g 171201111120 i
o AT TR Y, o

stratumf plays an important role on pile movements near the tip. As
that depth increases, the pile tip curvature decreases significantly
and its boundary condition tends to be a more fixity. The provision of
pinned tip in the model UNSYM.36 increases pile movements near the
head and curvatures near the tip. This effect may be used to represent
a partially fixed condition at the pile tip.
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It can be suggested that the actual length of the pile should

- be used in the analysis.
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4. Effect of Aspect Ratio of Finite Element and Mesh Refinement

Based on finite element concept, the best aspect ratio of
finite element for analysis is 1:1 and the mesh refinement tends to
soften the finite element model. In addition, for compatible or

conforming element as used alysis the solutions approach

: ﬂned For models UNSYM.96,
@K. 16.R6 having aspect

ratio of 1:1, 1.5:1,( and the typical

their exact values as

UNSYM.64.R1.5, UNSYM.

pile and soil paramet. : fugure 4.8 subjected to standard

not exceed 2:1 for ‘ha pila and 4‘1 for the 20il, and that the model

e = SRS NHYENA LT = =

head and twicdlthe depth of so‘,il movement. pmfila.

QW']aﬂﬂ‘iﬂJ URINYIA Y

. Eff Bc't. of Magnitude of Soil Movement.

A model m.72 and the typical pile and soil parameters as
shown in Figure 4.6 have been examined for which the distribution of
soil movement remains the same, but its magnitude increases. Solutions
for pile displacements and curvatures are shown in Figure 4.10. As

would be expected, pile displacements and curvatures increase as the
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magnitude of soil movement increases. However, for very large
magnitude of so0il movements, in case of P = 0.9 m, the pile
displaces to the so0il on induced face and the curvatures become
negative. This shows that the effect of large magnitude of soil

movements may lead to unreasonable solutions. Thus, it is interesting

to note that the large magnituds soil movements should be applied

oil.mass on reacting face may be

thoge
increment. In suc]:y—’

enployed to soften tl as previously described.

8.

For the model) UNSWEL S5 &#d the typical pile and soil
paraneters subjected to t}iFee soil Movement profiles within the soft
soil layer as shown dn Figure 4. _______ e Ao~ Gt

W . % A
shown in Figure 4712. In e maximum soil movement is

the same. It is found t.hat. the pilo head movefient is largely dependent.

= e =B S g o e e

pile curvatufé is greatest fur the uniforl soil nnvelant. profﬂe. As

2 ) R 01 6294 Y2414 bt v

movement! at the base of the soft soil layer, the pile movements and
curvatures tend to decrease.

7. Effect of Depth of Soil Movement

For model UNSYM.72 and the typical pile and soil parameters
subjected to three soil movement profiles within the soft soil layer as
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8. Effect of Soft Soil Modulus

The model UNSYM.72.D0.5 and the typical pile and soil
parameters as shown in Figure 4.15 subjected to standard soil movement
profile within the soft soil layer is used to analyze for values of E,
for soft soil of 100 t/m” and 300 t/m”. For the same magnitude of soil
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9. Effect of Pile Modulus

To examined the effect of E , the model UNSYM.72 and the
typical soil parameters as shown in Figure 4.6 subjected to standard
soil movement profile within the soft soil layer is used ‘to analyze

for various values of E_. The variation of E, used in the analysis are
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Case 5 bhaving uniform stiff and soft soil stratums without
pile is used to predict the soil movement distribution at face of the
pile. Solutions for pile and soil movements and pile curvatures are

shown in Figure 4.17. For a very flexible pile, case 4, pile movement
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distribution appears to be sinilar to the soil movement distribution
at face of the pile. As the value of E_ mcreasaﬁ, pile displacements -
and curvatures decresse and their distributions change. Although
increasing E, reduces the pile curvatures, it leads to greater moments.

10. Effect of Width

An example of gid@atar of the pile, d, has
been shown by using : ' as s Wh"in Figure 4.6, UNSYM.72.
D0.5 as shown in Fi #/and UNSYM.72.D2 as shown in Figure 4.18
‘ ol AT J"\
and the typical pilgfand £0i1 paramat: ected to standard soil
movement. profile wi '_.'s‘ 1\ 1ayer. The value of d in model

i A
UNSYM.72.D2, -72fanll, UNE 0.5 are equal to 2, 1 and 0.5 m,
+11];1||' 4
AN
Jaadis < 14

¢ LAY
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FIGURE 4.18 Idealized Finite Element Model used for the Analysis of
Effect of Width or Diameter of pile
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respectively. The solutions for three values of d are shown in Figure
4.19, which reveal that pile movements and curvatures increase
substantially as the value of d decreases. As noted by Poulos (16),
the effect of changing width or diameter of the pile is to change
pile stiffness or modulus. This can be confirmed by comparing the
solutions obtained from d of

case 1 andaint-heai 't o

excellent agreement.

” 0.5 m with those obtained from
previously, which reveal

11.

Parametric s ¢ : pile in a soil wunder
horizontal soil moveme l ‘ﬂ'f order to obtain a suitable
idealized finite eleme “practical problems. Such studies
have been carried out hy.; fing, the effect of various factors

on the davelapm . nd cur the pile, which have
revealed the full |

B 5 | e o s

distribution ql:f horizontal ‘soil novmt.. Varint.ims of width or

mﬂwmmquwam fiecied 1n o

i.ng variation of the pile modulus.

2. It is an advantage to have a more flexible idealized
finite element model by reducing the soil mass on the induced face and
extending that on the reacting face. The soil mass on induced face
should be less than three times the width or diameter of the pile and

that on reacting face should be greater than five times the width or
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diameter of the pile.

3. The actual length of the pile should be used in the
analysis.

4. For analysis of pile having a large measured

horizontal movement of the head, &}&l
horizmt.a.l soil movement
obtained frm't.m ,// N

e ﬁ orm to those obtained

ized finite element model

that the solutions

B Thu ASpe x ould not exceed 2:1 for

6. The ides ‘should be more refined

in the vicinity of the Hohd and twice the depth
]

$0il move ’ila. @

Application Hoﬂ aﬁ] ‘j Problens '
’QW’]Q\‘iﬂiﬂJ NTM’JVIEJ’]EI t

91. Determinati on of

of the horizontal

In the analysis, the required input data, in addition to pile
geometry and l:nundm conditions, are pile and soil parameters. The
values of pile fniuam's ratio v_ and unit weight vy_ are based on its
paterial. Those of the soil are as follows:
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v_ of 0.49 for cohesive soils and
of 0.3 for cohesionless soils.
Y. of between 1.7 t-fla and 1.9 1?..||'|f’l for cohesive soils and

of 2.0 t/m° for cohesionless soils.

soil movement, the soil and pile

inniple, prediction of
horizontal soil moveménts anising from. mb: flment. or excavation can be
obtained either fromfels form soil profile, or from

a finite element angly3zls pated cases. For soft soil

stratum loaded by n which soil pressure in some

areas may reach its ¥ lastic analysis may not be
valid, the proposed progras baking it account liniting shear stress

udy bo 14 fizontal soil movements.
predict.ed. and measured
horizontal soil m‘@ents made lqy Poulos t1 have revealed that the

s 18 44 GBI G vom he s

values, despite the fact {hat good agreement is _obtained betueen

sreci B PIHY R RHE B4 o asscromy

het.wean the predicted and measured horizontal soil movements appears

Nevertheless, a nw

to be greater for stiff foundation soil than for soft foundation soil.
Thus, if possible, it is desirable to use the horizontal soil
movements observed by inclinometer in situ as the input data (16).

(b) Soil Modulus E_: At present, the best means of obtaining

E_ is to backfigure from a full scale in situ lateral load test and to
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use horizontal plate load tests at various depths in case of bored
piles (12). However, in case of which such tests cannot be performed,
some correlations have been suggested by a number of published
load-deflection measurements on full-scale piles for constant values
of E_ with depth as follows:

For cohesive soi t.ad values of E_ between 15
¢, and 95 ¢ with an & jox. ‘ m where ¢ is the undrained

shear St-rmlth (12). HMapehos ;.-“\.’ ’t—-‘_-t‘ ed values of E between

25 ¢, and 75 ¢, (1§ L /] 2.419 8 Pane -"-,; and Davies suggested
values of E_ betwee \\  cohesionless soils,
Poulos suggested adues g i Uy £ ~=-,‘--- 90 t/n” and 980 t/m”
d&pendimminit.iar"_‘ »

In this research, the values of E_ of between 100 c_ and 300
c, are mmest.’ ok - solls. The ‘,,, values tend to be

associated with ve Y, * ¥ values with very stiff

clays. For mhﬂa less soﬂs thamlueofE of 2000 t/m” is

=g ﬂﬂﬂ?ﬂﬂﬂﬁwmﬂ‘i
QW%@%‘%W’%WB@Q@M@E is

not its! actual but its idealized value since in the state of plane
strain the finite element idealization of the actual cross section of
the pile is transformed to a rectangular cross section of depth 1 m,
in which the width or diameter remains the same. This change in pile
cross section lea.ds to a change in its moment of inertia, I,. By
assuming the actual pile stiffness to be equal to that idealized, the
value of E, used in analysis can be obtained.
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2. Illustrative Application

To illustrate the applications of the proposed method
described in the previous chapter and the parametric studies described
in the previous section, the case of a cast in situ bored pile is

considered herein. ’ ////

bored mect.lm was reinforced

-

A 0.6 m
symmetrically by six covering of 7.5 cm. This
pile, 24.6 m long wasg&iil; : _. ile of clay layers. The
\ . The steel had a
1 \ yvield strength of 3000

ksc. The working load off $his pi > ) ’\._-:-: The head of this pile
was observed to have hafi ; :

concrete had a cylinds
modulus of elastici

5.0 cm due to horizontal

v 1
’i- done accordingly by
c test, which mealad tlie following conclusions:

ﬂUEJ’J‘VIEJ‘V]ﬁWEJ’]ﬂ‘i

piahadaliunr crack at. depth about

thé [0 8 ﬂdept.h 12.0 m.
This pil® was suggested to retest.

means of shock/seist l

ii. Retest: This pile was tested after the head had been cut
down to the level 1.0 m below the head and was found to have an
intrusion/necking occuring at 10.0 m depth. This intrusion/necking is
equivalent to 15 /. of the cross sect.in:'ma.l area of the pile diameter.
There was no crack along the pile shaft.
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In the analysis, the following assumptions are made:

1. The value of E_ of 9.29(10)° t/n” is used. This value is
obtained from dividing the actual E_I_ by the idealized I, in which
the actual E_ and actual I_ euig dealized I_ are 2.63(10)% t/m°,

-3

cla:r layer obtained from.

An idealized tielélenenbModellof the pile and soil and

their parameters and th€ ho#izoni al Soil ement. profile are shown in
Figure 4.20. '
V. ; l
The obje adequacy of the pile

I — 41
capacity at the fo guina stages: :

AUYININITNYNT

(a) Wt application cz;' hor:lzmt.al soil mmnta
qﬁ;wt;]iaaatieﬂ Eﬁghlgr:?ir;l’]s?;ly}wgltaprgﬂa along the
soft soil layer is applied incrementally in terms of a set of
specified displacements on the boundaries in the model. Solutions for
pile movement and curvature distributions are shown in Figure 4.21 and
4.22, respectively. The predicted maximum curvatures plotted against

the predicted horizontal movements of the pile head is shown in Figure
4.23.



i.2 8 2.4 3.0 3.8 4.8
L] 1 La

3o
; +— Pile
Pau’d {' i A

T.2

U‘_ = 0.49

v = 0.49

1781.2 = 20,4 m

—F v =19 tm

v_=0.49

| v_ = 1.9 ta®

L

i 4 i L]
-',.' : r \l‘u‘ o0
S0 (PR T

| v, = 0.49

¥, = 1.9 t/n”

381.8 = 6.4 m

i v, = 0.49
!B - i

8, 9. um:

ﬂUH’JT‘I‘E‘J'ﬂ‘ﬁWH’]ﬂ‘i
amaqnimumawmaa

4 20 Idealized Finite Element Model for Practical Problem

76

1r—;-I- ] ck I
= g 3
a2 1; '.- \ - "".*IT*J.

E_ = 120 t/n”

vy =1.8tm"
E_ =290 t/m"

E_= 3645 t/a"
1 E_ = 5520 2"

Ii; L I ¢ K, = 6435 t/ut

Calculation of the moment and curvature (M-y) relationship for

the pile section reveals that

At cracking: M__ = 7.57 t/m° and . o

4.41(10)"* rad/m;

At ultimate: M, = 5.75 t/m” and Y 6.38(10)"" rad/m.
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0:00852 | I | |
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‘é 0.0016 = :
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o
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§ 0.0008 =
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E 0.0004 =

0.06 0.08 0.10

nt of the Pile Head (m)

ﬂUEJ’mEJﬂinﬂﬂi 5 e
A AP s 3 e A1)

(b) At application of vertical pressure on the pile head

In order to obtain the predicted horizontal movement of the
pile head of 5.0 cm as that measured at site, the horizontal soil
movement. profile is applied for the value of p__ of 7.08 cm. Then the
vertical pressure on the pile head representing the axial load of 100,
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200 and 500 tons are applied. Solutions for pile movement and

curvature distributions are shown in Figure 4.24 and 4.25, respectively.

Figure 4.26 shows the calculated interaction diagram for the

pile section and the predicted maximum moments developed in the sway
a

pile having a head movement of & m for various axial loads. These

moments are calculated: from " DAy i the predicted maximum

4.21 and 4.22 that the

horizontal soil move s the pile movements

and curvatures betws ide the depth of that profile.
The points of maximumfe res are at 9 m and 3 m below

the head, respective F is ; ---: very low reinforcement
ratio of 0.0024, failuye erh by cracking moment, which is
greater than ing . to Figure 4.23, the
predicted horizof

calculated curva.t.ureiat. cracking is 2.4 cm. 1- s very low value can be

i GBI GNENIN BT e et 1

this pile. Itlcan be predicted that !‘ailure of this plla has occurred

o T I0 ARG e o

It can also be concluded from Figures 4.24, 4.25 and 4.26 that
the axial load hardly affects the pile movement and curvature. At
application of soil movements, Figure 4.25 indicates that the pile has
cracking at depth of between 6.0 and 12.5 m, which disagrees with

shock/seismic test. However, the maximum curvature occuring at depth
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Compression i‘or the Pile Section
about 9.0 m agrees with that test. Figure 4.26 indicates that capacity
of the pile is not critical under axial loads, but under horizontal

soil movements.

It is obvious that there is no mduef.ion of axial load
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capacity from that predicted for a straight pile under concentric
loading if failure of this pile will not occur prior to application of
axial loads. For a bored pile, which normally has very Ilow
reinforcement, under horizontal scoil movements, adequate reinforcement
from the pile head to twice the depth of soft soil layer is suggested

W,
to ¢n¢§tha limiting horizontal

pendent on the pile material.

It is int.w‘
Y

movement of the pile

SN exible pile for a site

i ‘ --_ . L\I‘
B 7 4 :H':\" occur.

Therefore, it is ag
where horizontal soi

It : r;r out a comparison between

observed and p “ﬁ /under horizontal soil
A

movements because- sirements with sufficient

data are milahle {13}. Hnmar, to verify the accuracy of the

et B, B P Y 1 o i

and Wenz whi& is described p Poulos’s paper 116} those predicted

m«ﬂ%ﬂ@%@%ﬂ%ﬁ%ﬂmﬂﬂ

A test pile was built up of four channel sections to form a
box 0.85 m wide, 30 m long and installed in a soil profile of sand and
organic clay and peat underlying sand at 20 m depth. The pile head was
hinged to an almost rigid support. A rectangular test embankment of
ore was constructed to a maximum height of about 6 m and measurements

taken of the horizontal soil movements at various locations beneath
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the embankment and of the test pile situated adjacent to the
embankment. It was found that the soil movements were sufficiently
large (maximum of about-80 em) to cause failure ﬁf the test pile. Soil
movements taken just prior to failure enabled a comparison to be made
between the predicted and measured displacement profile of the pile.

In the analys
also made herein:

movement, while t | _' " agtIve \. nned and restrained from

d beneath the organic clay.

2. The cunatant- _ depth. of 350 t/m” is used.

—

3. The'X= OIS his value is obtained

ii
from dividing the & ual EI by t.ha idealized I o+ in which the actual

E_ and m“ﬂw ?wqum t/m", 3.94(100"° n®

and 5.12(10 m, respect.iv%]y

ARIANT 30N UAIINYIQ Y

an idealized finite element model of the pile and soil and
their parameters and the horizontal soil movement profile are shown in
Figure 4.27.

The resulting comparison is shown in Figure 4.28, which
reveals a remarkable degree of agreement between measured pile
movement profile and that predicted by the proposed method. The
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proposed met.hc:;d gives greater pile movements near the head, but

smaller near the tip. Some of this discrepancy may be attributed to

the choice of parameters and models used in the analysis. The profiles

of pile movements predicted by the proposed method and by Poulos

method are similar, but those predicted by ’g.he proposed method are

10

Depth
© (m)

T~ o~
> ;
L Tl i
1

/

¥/

£ Meastred pile mﬂmtl

ER- ek | 51 bt

———— Predicted pile movement
C Pnulnq method )

————Predicted pile movement
( proposed method )

FIGURE 4.28 Comparison Between Measured and Predicted Pile Movements



88
It is significant to note that in the analysis the application
of the horizontal soil movement. profile is made at 0.5 m from the face

of the pile, while in the analysis made by Poulos that application is
made at the face of the pile.

] 1)
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