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A STUDY ON NUMERICAL ANALYSIS
- OF LATERALLY LOADED PILES

-ABSTRACT - \

" The problem of laterally .loaded piles is eneountered
frequently, partieulariy in the design of waterfront and off-
shore structures. A procedure for the numerical solution of -
lateral deflection of piles under various soil conditions are
developed. The procedure treats the nonlinear elastoplastic
behaviour of the soil, and two particular boundary conditions
namely fixed and free headed plles. Criteria are presented
for developing soil reactlon p11e deflectlon curves (p-y
curves) along the plle. A general computer program is devel-
oped whlch would give numerlcal solutlons of lateral deflec-
tion, slope of elastic curve,'bendlng moment and shear force
along the pile. A number of - computatlons is made for. a hollow
steel plle installed into a clay and sand subs011. Effects of
nonlinear soil behav1our are studied by changing the magni- ”
tude of lateral load. In additien effects of various soil
parameters euchvas; strain: at failure- 850 and‘lateral soil

reaction‘coeffieient m are»numerlcally evaluated and the

results are critically discussed.



YATAY YUKLU KAZIKLARIN ANALIzi
UZERINE BIR CALISMA

-0zZET-

Yatéy yﬁklﬁ kazik problemi, ﬁzellikle liman yapilarai-
nin ve aglkdenlz yapllarlnln pr03e1end1r11me51nde, sik kargi-
1a§11an bir problemdlr. ‘Bu galismada, degisik zemin sartla-
rinda, kaziklarin yatay yerdefigtirmesinin sayisal ¢&ziimi
igin bir ydntem geligtirilmigtir. Bu ydntem zeminin lineer

olmayan elasto-plastik davranigini, serbest ve sabit bagli

‘kaz1k1ar 1g1n olmak uzere 1k1 simirx sartini inceler. Kazik

» boyunca zemin reak31yonu kaz1k yerdegigtirmesi egrilerinin

(p-y egrileri) elde edllebllme51 icin gerekll kriterler ve-
rilmigtir. Kaz1k boyunca yatay yerdeglgtlrme, elastik egrinin
egimi, egllme momenti. ve kayma kuvvetinin sayisal ¢dzimlerini
veren genel bir bllglsayar ‘programi geligtirilmigtir. Kil ve
kum zem1ndek1 bir gellk boru’ ‘kazik igin g¢dziimler yap11m1§t1r.#
Yatay yukun degerl degl§t1r11erek lineer olmayan zemin dav-:
ran1§1n1n etkllerl 1nce1enm1§t;r._Ek olarak kirilma anindaki

gekil deg1§t1rme 850 ve yatay‘zemin reaksiyonu katéaylsl—m

gibi deg1§1k zemln parametrelerlnln etk11er1 saylsal olarak

degerlend1r11m1§ ve sonuglar tart1§11m1§t1r.



I [}

TABLE OF CONTENTS

INTRODUCTION )

2, ANALYSIS OF LATERALLY LOADED PILES

2.1.
2.2-

SOIL

3.1

3.2.

INTRODUCTION

METHOD OF ANALYSIS FOR LATERAL LOADS
A, Methods of L1m1t Ana1y51s

B. Elastic Methods,.,_ | A
C. Soil Reaction-Pile Deflectioe'Merhod
SUMMARY

CRITERIA FOR LATERALLY LOADED PILES

INTRODUCTION

SOIL REACTIQN DEFLECTION (p~-y) CURVES FOR
SOFT CLAYS R ‘

A, U1t1mate Re51stance I ? j

B. p- y Curve for Statlc Loading
C. Effect of Cycllc Loading on p-y Curve

"D. Reloadlng After Cyclic Loading Condition

. SOIL REACTION- DEFLECTION (p y) CURVES FOR
. STIFF CLAYS, Co }

A, Ultlm&te Resistapce

“B. Value of

50

L C. Standart Curve for Static Loadlng

'D. Standart Curve for Cyclic Loading
jSOIL REACTION DEFLECTION (p- y) CURVES FOR

SANDS - \ L

A, Parker and Reese Procedure:'
fﬁB Reese,.CO\ and Koop ‘s Procedure

. SUMMARY

s

- PAGE

12
15
17
17
26
38

40

41
a1
43
44
47

47
47
49
49
50

52
52
57
61



3 APPENDIX

S~ 11 -

A LATERALLY LOADED PILE GROUPS

4.1, INTRODUCTION

4.2.  METHOD PROPOSED BY POULOS

4.3. COMBINED ELASTIC/p-y METHOD BY FOCHFAND KOCH
4.4. SUMMARY

y'5. NUMERICAL TECHNIQUE FOR THE ANALYSIS OF LATERALYI

LOADED PILES

5.1. INTRODUCTION
5.2. PROCEDURE
5.3. INPUT
5.4. ASSUMPTION OF SOIL MODULUS
5.5. THE ITERATION PROCEDURE
A, Solution of the Differential Equation
- B. Calculation of Soil Reactions
C.’Computatlon of Soil Modulus Values
D. Evaluation Crlterla

5.6. COMPUTATION OF SLOPE OF ELASTIC CURVE, BENDING
MOMENT AND SHEAR FORCE

5.7. OUTPUT ,

5.8. SUBROUTINE SOFCL
5.9. SUBROUTINE PSAND
5.10. SUMMARY

6. NUMERICAL COMPUTATIONS
6.1. INTRODUCTION
J6.2Q EXAMPLE PROBLEMS
6. 3; SUMMARY

7. SUMMARY AND CONCLUSIONS'

8.:REFERENCES

AT USER'S MANUAL (IR SR - z
A.2. COMPUTER PROGRAM B

PAGE

63
63
69
76

77
78
80
81
82
82
82
82
83
83
83
83
85

87

88
92
‘106

108

112



TABLE

TABLE |

TABLE

TABLE

3.3.

3.4,

- I11I -

LIST OF TABLES

Strain at Failure of Clays in Undrained

Triaxial Test
i ) $‘ o N .‘ . [
Strain at Failure Values for Stiff ' Clays

staﬂd:Kc‘Values for Stiff- Clays
: : 1 i ' :

Valﬁés‘of'Coefficient of Lateral Soil

Reaction for Sands

PAGE

bt
50

50

55



_FIGURE

FIGURE
FIGURE
FIGURE

FIGURE

FIGURE

FIGURE

FIGURE
FIGURE
FIGURE
FIGURE

FIGURE

FIGURE

FIGURE
FIGURE
FIGURE
FIGURE

FIGURE
FIGURE -
'TIGURE
FIGURE
'FIGURE '
"FIGURE :
FIGURE |

FIGURE

LIST OF FIGURES

1.1. Marine Geotechnical Engineering Problems
1,2, Areas of Offshore Activity '
1.3. Offshore Platform Types

1.4‘ Installation Procedure of a Template
Platform

1.5. A Template Structure and it's Piles

2.1. Forces Acting on an Offshore Drilling
Platform

2.2. The Forces and the So0il Reaction Acting
on, an Offshore Structure s P11e

2.3, Pr1nc1pa1 ‘Forces Acting on a Template

Structure

2.4, Example of a Force Diagram for Limit
Analysis

. 2.5. A Represantation of the General Problem

in Elastic Method

2.6, Form of the Results Obtained from a

Complete Solution

;2.7. Methods of Solutlon where Resistance 1s

Proportlonal to Deflection

i2;8. The Nonlinear Relationship Between Pile

Deflection and Soil Reaction

;2.9. Segment of a ‘Pile

é.lO. Graphlcal Deflnlthn of p and y

2.11. Set of p- y Curves _
?.12. Represantatlon of Deflected P11e

3.1. p-y Curves for Soft Clays Under Static
Loading

3.2, p-y Curves for Soft Clays Under Cyclic
‘ Loadlng and Reloadlng

3.3. p-y Curves for St1ff Clays Under Statlc
Loading -

‘3.4, p~y Curves: for Stiff Clays Under Cyclic

Loading

3.5. Form of p-y Cdrves for Sands

3.6.>Uitimate'Latera1 Soil Resistance for Sands

3.7.. Varlatlon of Ultlmate 8011 Reactlon w1th
; ‘Depth

3.8, p-y Curves for Sands

PAGE

13
14
16
18
19
21
23

25
27
29
31
33

42
45
48 -

51
54
56

58
60



o
|
|

bl

FIGURE

FIGURE

FIGURE
FIGURE

‘FIGURE

FIGURE
FIGURE

FIGURE

_FIGURE
FIGURE

4

FIGURE
. FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE
FIGURE 6.

FIGURE 6.

f4.1,
4'2'

4.8.
4.9.
5.1.

5.2.
5.3,
6.1.
6.2.

Group Effect

Influence Factors IpH for Free-Head

Piles

Influence Factors IpM and I

Head Piles

BH

for Free-

Influence Factors IpF for Fixed- Head

Plles

A

Interaction Factors ap
Piles for Horizontal Loads

Interaction Factors ab

Free Head Piles for Moments

for Free—-Head

and %0y for

" Interaction Factors apF for leed Head
Piles

Tangent and Secant Deformation Modulus

Modified p-y Curves

Flow Chart of the Computer Program for
Laterally Loaded P11e

Flow Chart of Subrout;ne SOFCL
Flow Chart of Subroutine PSAND

Pile Problem for Numerical Computaﬁions'

Py Curves for 40.6 cm Dlameter Pile

in Soft

Clay

p-y Curves for 40.6 cm Diameter Pile in
Dense Sand

Lateral
Failure

Maximum

Failure.

Maximum
Load in

Lateral
Load in
Lateral
Load in
Maximum
Load in

Lateral

Top Deflections
in Soft Clay

Bending Moments
in Soft Clay
Bending Moments
Soft Clay

Top Deflections
Soft Clay

Top Deflections
Dense Sand

Bending Moments

Dense Sand

Top Deflections

vVS.

VS.

VS .

VS e

VS,

VS

’vs.

Strain at
Strain at
ﬁateral
Lateral
Lateral
Lateral

Lateral

8011 Reactlon Coefficient in Dense Sand

! \
Max1mum Bendlng Moments vs. Lateral

‘Soll Reactlon Coefflclent in Dense Sand

PAGE

64

66

67

68
70
71

72
74
75

79
84

86
89

90
91
93
94
96
97

99

100

101 -

102



_.V'I_

| - PAGE
1 - FIGURE 6.12. Comﬁlete Solution for a Fixed Head '
| : Pile in Soft Clay 104

v, FIGURE 6.13. Complete Solution for a Free Head \ ‘
SR , Pile in Soft Clay : : 105

-
1
P
i
P
T
“
‘
.
|
)
H '
i
\
1
:
[
B
P
. : o
1 i !
i : .
| | : . .
1! ! ! I i b
P ' : N
[ : i
H '
o i
.
. i .
i 1 :
H : ! i
: : ; !
i :
i |
H i Ui
[ A {




.

e

e

v

Tangent deformation mudulus (F.L

.= VIL -

LIST OF SYMBOLS

Empirical adjustment factors
Computational parameters in Gleser Algorithm
Pile diameter (L)

Undrained shear strength of undisturbed clay
. ; Zs

soil samplev(F.L ) -

Relative density

Elastic modulus of pile (F.L_Z)

-2

S0il modulus (F.L 7)

Flexural rigidity (F.L)
Secant deformation modulus‘(F.L—Z)

_2)

The distance of the application point of lateral

load P above the ground surface (L)
. . e : s 4
Moment of inertia of pile cross section (L)

I 't Influence factors

OH’ “pF

..

Tee

Dimensionless constant determined from the type

bfnclay
C e -3
In1t1a1 sail mo@glus (F.L.7)
Constants for statlc and cycllc loadlng for
3

',stlff plays (F L )

‘.‘!

Coﬁ%ﬁﬁnts‘for;sdil modulus ‘variation

SIS i o

i

Coéfficient»of*aétive earth pressure




- VIIT-

Ky ' : Coefficient of earth pressure at rest
Kp : Coefficient of passive earth pressure
Kp : Pile flexibility factor
| e L
k : Constant‘(F.L )
L . : Pile length (L)
m E : Coefficient of lateral soil reaction (F.L_?)
M : Moment (F.L)
M, : Moment at the depth (x=0) (F.L)
N : Number of cycles ~
Np, : Dimensionless coefficient of ultimate bearing
capacity »
. . . . -1
P : Soil reaction per unit length of pile (F.L 7)
P : Lateral load (F)
. : : -1
L , : Ultimate bearing capacity (F.L )
Pt,Pm : Reduced ultimate bearing capacity (F.L-l)
P : Vertical load (F)
P : The ultimate lateral soil resistance by wedge
type failure (F.L_l)
: ' . . t‘. ‘ . -2
. RL’RP’RS : Resistance forces on a pile (F.L ")
s . : Slope of'elastic curve
t B : Number of equal units into which L is divided
v : Shear force (F.L 7).
X : Depth below the ground surface (L)
Xp ‘:5béﬁtﬁ be}qﬁ ground surface to bottom of reduced

;s:t:#eﬁgthE

zdng (D? o SR



»
3

y

y50’yp’yu’ym’y

oLpH’Ome’OLGH’vOLpF

t .

Yt :
850 H
Q :
5 :
Py :

Critical depth defining the shallow and deep

zones (L)
Lateral deflection (L)

Some special lateral deflections (L)

k
: Interaction Factors

-3

Effective unit weight of soil (F.L 7)

Strain at failure

.

Angle of internal friction in degrees

Mudliﬁe'%efiecfipn‘bf a.pile under unit load (L)
. “'I “ ' . '

Mudllne deflectlon of a pile in " a group with a

total of m piles (L)



-

I, INTRODUCTION

New sources are searched in the sea, due to increasing

demand on hydrocarbons. The, investigation of new hydrocarbon
fields in the sea has| givenia new dimension to offshore engi-

—

neering. Geotéchnicaliproblems of offshore structures become

very important because of deep.waters and cumbersome environ-

mental conditions. These type of problems had never been
solved before 1940'5.'Every phase of drilling and producing ‘
offshore petroleunm 1s affected by soil conditions at the sitef
- Fixed platforms and pipeline gbnstruction require accurate
soil iﬁvestigation inlpfder‘tq design.footings and piles to
i'j»' be driven. The type of problems which marine geotechnical

'engihééring deals with are shown in Fig. 1.1.

. . . S

The first petroleum production platform was erected in
MaracaibO‘Lake in Venezuela in 1940's. The depth of the Lake
‘was 30_meters, Offshore o0il exploration and production began

rafter the.end of World War II. The first steel structure in

open.water was constructed in 1947, off the coast of Louisiana

in 6 .meters of water depth.
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Fig, 1.1.~ Marine Geotechnical Engineering Problems
(after Focht, 1977) :
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Almost simultaneously, enother steel structure was
installed in 15 ﬁeters. The pipe pile foundations for these
and many other early structures were designed without the
benefit of site investigations, and were installed in accor-
dance with the practice at that time drive the piles to prac-
tical refusal with. the biggest possible hammer. The pile dia-
meters were generelly in the range of 0.3 m to 0.6 m and the
maximum loads were usually 890~1780 kN, essentially the -same
as used for land construction. During 1940's little or- no
attention was given to theoretical geetechnical considera-
tions of bearing capacity, sliding or breakout resistance.

Durlng the 1950 F,:when the maximum water depth- for
platform constructlon increased by about four tlmes to slightly
over about sixty meters, offshore activity in Gulf of Mexico
blossomed along the Texas and Louisiana coasts. There were
significant advances in the applications of geotechnical
engineering to the mariie environment. As a result of this
-development a major advéncement in geotechnical engineering
in the decade of the 1950 s’ was the design and analysis of.
1atera11y 1oaded plles.lEarly in 1954, Shell 0il Company
initiated de51gn efforts for a structure in 23 meters of
water in South Pass Block 42 (Focht, 1977). The comblnatlonk
of extremeiy weak soils at the site and increased concern
about hurricane storm loads in deeper water provided a
challenge to the geotechnical engineer te analyze and design

piles to Eupport cyclic lateral loads of 418 RN per pile.

Shellroil'cdmpany, along with four 6ther 0il companies,
initieted‘a research program on laterally-loaded éiles that
has formed tﬁe primary basis for current design procedures
for individual ﬁiles subject to cyclie lateral loads. The
tests whlch extended over a perlod of 10 Yyears, wereperformed
on 0.15 m. diameter 1nstrumented piles by Reese, Matlock aand
Cox at the Unlver51ty of Texas in Austin. The design proce—
'dures ut111z1ng the p/y concepts' was publlshed for piles in
soft clayv(Matlock, l970);lin sand (Reese, 1974) and in stiff -
clay (Reese, Cox, Koop, 1975). | |



Fig.ll.Z.f Areas of Offshore Activity (after Mc Kélvey, 1974)



Nineteen percent of World crude oil production is done
from offshore petroleum platforms and this percentage will

probably increase to 30 percent in a decade.

'According to a research done in 1974 (McKelvey, 1974),
" 34 countries produce.petroleum from offshore platforms, 45
countries search for petroleum by drilling platforms and 80
countries use geophysical and other investigation methods in
order to find’offshore petroleum fields. Areas of offshore

activity are shown in Fig.1.2.

In 1976, platforpS'can be installed at water depths more
than 200 meters. Now there are éore than three thousand fiaed
‘platforms installed in water depths ranging to 150 m ..(McKel—
vey, 1974). ‘

In the same years the United States of America installed
new platforms in Cooklet region of Alaska, and along the
coastline of Callfornia. After ekploration\of Ekofisk petro-
leum field in the North Sea in 1960, the problem of proper
design of offshore platforms has gained new dimensions. The
production area is 320 km to the nearest harbour, with a
typical water depth of 70 m and the storm design wave of 20,
30 m. .

In general offshore production and exploration platforms

could be gathered in three main groups as summarized below:

1- Jacket or template structures
"2- Concrete (gravity)‘structures

3- Hybrid (steel, concrete) structures.

_Typ1cal descrlptlon of these platform types is glven in

Fig. 1¥3. .
‘ i Lo :

‘The Jacket or template type of platform is supported by
steel tubular plles drlven ‘into’ the sea bottom. These plles

must: be de51gned to carly the load 1mposed by the super-

1 i
i f
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.. Template -Structure Gravity Structure . " Hybrid Structure

rig.‘;'1.:3.‘-_Offshore-.Ma;form.Ty'pes (after ‘Togrol, 1981)



structure and environmental forces such as wind forces, wave
forces, earthquake‘forces. Platform jackets are built in ship-
yards or large plants adjacent to navigable waters.

Early steel jackets were moved by barges and positioned
with the assistance of derrick barges. Some steel jackets
currently use their own structural members for floatation and
are towed to their locationr The installation procedure 1is

shown(after Hancock,1975)in Fig. 1l.4.

The grav1ty type structure :is more advantagous in the
North Sea, because the bulk of the structure affords protec- .
tion from storms and hostlle env1ronment common ‘to the North’
Sea. Hybrld type of platforms are made of' concrete base and
a steel jacket. It's Welght is only about 25 percent of the
gravity type structure andrls preferrable at the sites where

there is lack of subsoil resistance.

In the late 1940's petroleum production structures were

being built for 15 meters of water depth at costs up to O.é

" million US dollars. In ‘late 1970's however, maximum water~

depth approached to about 300 meters and the costs reached
to about 200 m11110n us dollars.

Offshore petroleum production is also very important for
our country. Although all eastern nelghbourlng countries
produce‘petroleum for export, our country could only produce
20 percent of herrmmds. In 1971,Greece found important hydro-
carbon flelds in the north of Aegaen Sea. Greece has installed
six drllllng and productlon platforms -at water depths of 40
meters. Espec1ally in Prinou region from all of the four pro-
ductlon platforms crude 011 1s produced and this shows the
petroleum potent1a1 of the Aegaen Sea (Petroleum Times,
1976). |

The offshore structureu are mostly erected on piled
Afoundat1ons. A typlcal template structure and its piles are

shown in Fig. 1.5. The piled foundations are under great
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axial and lateral loads. Especially because of the cyclic
behavior of the wave action, the lateral loads havewprime im-

portance.

» In this thesis a brief explanation of the problem toget-
her-with soil reaction-pile deflection me thod -is given. The .
pile behaviour under lateral load is numerically studied con-
;éidering various subsoil conditions. For this purpose a com-

puter program is developed.

In Chapter 2, the loading conditions, the methods of
analysis of pilesfunder lateral loads are giveh, and pile
defleqtion;soil reacﬂiod method, which is widely used 1is
explained in‘detail. The theory of solution of the differen-—
tial equation of laterally loaded pile and governing finite

difference equations (Gleser, 1953) are given.

vIp Chapter 3, soil reaction-deflection chrves, which are
used ip the solution of differential equation, are given fOr
soft clays (Matlock 1970), stiff clays (Reese, Cox and‘Koop,
1975) and sands (Parker and Reese, 1971), (Reese, Cox and
Koop, 1974) ‘ - .‘ . v : | )

In Chapter'4; two methods analyzing the laterally loaded
pile groups are summarizedr.These methods are namely Poulos
Method by Poulos (1971) and Comblned Elastlc/p y Method by
Focht and Koch (1973)

Io Chapter75}.the explanation of the developed computer
program for the solution of pile deflections and moments
accordlng to pile deflection-soil reactlon method is given.
Beside the main program, the subrout;nes developing the soil
vreactionqﬁle'deflection‘curves for soft clays and sands are

documented.

In Chapter 6, problems of a steel pipe pileée installed in
a soft clay and- 1n a dense sand are solved using developed

computer program. A total of eighty rumns are evaluated and
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the results are presented in graphical forms.

Finally, summary of the thesis together with main

conclusions are presented in Chapter 7. The listing of the

program developed together with its user's manual are giveh

in the Appgndix;
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2, ANALYSIS OF LATERALLY LOADED -PILES

3

2.1. INTRODUCTION - | , \

The design of piles due to axial loads is done by
static and dynamic pile formulae whiech are currently widely
used. In this section the design of piles due to lateral

loads will be ﬁresented.

The laterally loaded pile occurs as a single structural
elemeﬁt, but more frequently it is a part of a complex struc-
tupe,zeuch as avbart'of an offshore drilling or production
ﬁlétfdrm;as shown in Fig. 2.1.

A o iv |
‘ Plled foundatlons are under lateral loads due to earth-
quake, wave, w1nd forces and lateral 5011 pressure. Among

these earthquake and wave forces are cyclic forces.

_ The water depth at a 31te where the platform is installed
may be as hlgh as 150 m - 200,m. The p11es are driven to the
depths where SufflClent ax1a1 and lateral bearlng capac1t1es

it
aArae rpanhpd. e forces actlng on a laterallv laadad niTa awn



Fig.

i
P

2.1.~ Forces Acting on an Offshore Drilling Platform
(after Saglamer, 1977)



Fig.

p':: lSO”O%BOOOkaN (éompression)

P = 10000 kN (tension)
P = 1000-2500 kN
"Mr = 5000-10000 kN-meters

2 2,— The Forces and. the Soil Reaction Ac;lng on an
-O0ffshore Structure s Pile (after Saglamer, 1977)




shown in Fig.2.2.

In the design of offshore structures due to lateral load-
ing, three types of loads are considered.

1- Short-term static loading

2- Cyclic loading where equilibrium is reached

3- Static or cyclic loading after an application of

~ cyclic load.

The short term static loading is the collision of a

ship to the offshore structure. During this instant although

there is some dynamic effect between the ship and the struc-—
1

o '~ ture, wlth the essumptlén of suff1c1ent touchlng time, visco-

' most 1mportant force is cycllc loading due to wave forces

elastic effects on the soil are not considered. The problem
is solved by using static stress-strain characteristics of

the soil.

‘In the geotechnical design of offshore structures the

+  which takes its | max1mum{va1ue during a storm. When the phase

'%; angle of the, waye is 3n/2, 1atera1 wave force and the wind

..force act 1n the same direction as shown in Fig.2.3. As an’ o
example, at 150 m water depth design wave height is'H=30'm,_ |
wave period is T=15-17 sec and wave length is L=350-430 m in

the North Sea.

The reloadlng after cyclic loading, is the case of,
loading the'pllg having already a plastlc deformation by the

" effect of former cyclic loading.

2.2. METHOD OF ANALYSIS FOR LATERAL LOADS

: In the des1gn of 1atera11y loaded piles there are

ba31ca11y three; approachesh



wave phase

angle _ .
‘ 0-2m ;. wind /2 . ™ 32
I : direction : : : - v
—— e ST
rection '
" wave’

ave .l .

max

Fig. 2.3.— Principal Forces Acting on'a Template Structure
~ o (after Saglamer, 1977)
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A. Methods of limit analysis
B. Elastic method

C. Soil reaction-pile deflection method

A. Methods of Limit Analysis

Limit analysis'methodS’assume that the limiting or
maximumlsoil-resistance is acting against the pile when the
ultimate load is placed against the pile. The limit analysis
method assumes (1) a soil of constant strength with depth,
and (2) that the pile deflects sufficiently to develop the
full soil resistance all along the length considered. The
seeond,assumption‘is obviously untrue where there are.small
" deflections. The torce Aiagram for limit analysis is shown
in Fig.2.4. |

B. Elastic Methods

~;tIf the teaction-btessure relations of a soil are’
‘known; it wodldiseem preferfable to use an elastic method.
Figute 2.5. shows gfaphicaily some of the possible

" complexities in the behaviour of the soil.(Fofms of the
sﬁrings indicate that the stiffness of the soil will vary
with depth and deflection. The friction blocks indicate that
‘there 1s some limit to the soil reaction which can be devel-
oped. The spaces near the top between the springs and the
 pi1e 1nd1cate that there is some possibility of a pile under
going some deflection With no resistance being developed in
the soil The dashpots suggest that the resistance of the
soil w111 vary with time after the 1oad has been applied and
with rate of . 1oad1ng Also it is shown 1n Fig.2.5(d) the reac-
tion deflection. relatlonshlps of a given spring or of a given
part of the 5011 will vary with cycllc loading due to moldlng

away or softening of the soLI (Matlock, 1956).

With elastic methods, it is commonly.assumed that a
soil behaves,in'a series_df separate elements., It is believed
that ‘the assumetion could be applied to the problem of the-

Tatoralle 1aaded nile without a larce error beine caused .
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Fié. 2.4.— Example of a Force Diagram for Limit Analysis
L (after Matlock, 1956)
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'iz"F:'L"g.'. 2.5. — A Repre“sentation of the Generél Problem in Elastic
| . "~ Method (after Matlock, 1956)
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ed mathematlcally and the resultlng dlfferentlal equation can

Ordinary beam theory can beAused_to develop the diffe-
rential equation for the laterally loaded pile. The solution
of the equation depehds upon the development of a mathemati-
celly convenient function for soil reaction p. The soillreac-

tion may be a function of the pile properties, the stress-

strain relationships of the soil, the effective unit weight

of the soil, the‘debth of the overburden at the point consi-
dered, the deflection of the pile, the ‘rate of loadings, the

number of cycles of loading time consolidation of the soil

and perhaps other parameters.

There are. two steps to obtaln satlsfylng results in the

analy51s of laterally loaded p11e by elastlc method.

1- Complete information describing the behaviour of the

soil must be obtained.
'Zf The differential eqeation must be solved.

Assumlng that the ‘basic soil 1nformat10n can be express-

be solved, the results of a typlcal case might be shown as in
Fig.2.6.

If the relationship between soil reaction p and pile
deflection y . is linear and defined by the soil modulus E_ as

shown in Fig. 2.7., the soil resistance per unit length of

pile is equal'tp the.modulus multiplied by the deflection.

There are three p0531ble varlatlons of soil modulus with’
depth Soil modulus may be constgpt with depth, or may have a
linear variation with depth or_méyvhave any variation with

depth.

‘Case A vConstant Mbdulus with Depth

If the 3011 modulus is constant with depth as shown by

Curve 1 1n,F1g. 2.7 and 1f ‘the p11e can be con51dered to be of

infinite lencth. a d1fferent1a1 equation: could be solved rat-




i
oio.
3¢ [
o la,
5 e
cla
> |
o
»®
b

S ) ’ { Fig. 2.6.— Form of the Results Obtained from a Complete i
Solution (after Matlock, 1956) , .
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her_eaéily.
Soil resistance function is given by:
p = —Es.y . | A - o (2.1)
and the typical form of solutioﬁ is‘as foilbw;:
y = eBX(Aco;Bx+BsiﬁBx) + e_B#(CcosBx+Dsianj (2.2)
The coefficients; A,B,C and‘b can be evaluated b; the

boundary conditions at the top of the pile.

Case B. Linear Modulus Variation with Depth

If the soil modulus has a linear variation with depth x
as shown by Curve 2 in Fig.2.7, the soil resistance p is equal
to (ki + kzx) multiplied by the deflection y. Solution of the
differential equation can be made by substituting for the
deflection a series written in terms of a depth parameter Z.

Soil resistance function is given by: f

p = (ke + k,x)y . ~ (2.3)

\

and the typical form of the solution is as follows:

= + + )
y o= Cpypt Cpyy T Cayy T Gy (2.4)
2 2
: 3 7 3.8 12
e.g. ¥, ='2—.'-"7% YA +——1TO:L-— Z +.s etc. (2.5)

The undetermined coefficients must be evaluated from the

boundary conditions at tbé top of the pile.

Case C. Random Modulus Variation with Depth

If the soil modulus has a random variation with depth’ as




' Flg 2.7.—~ Me thods 0:f~SOlu.t'i,0'n where Resistance is Propor=
’ : tional to Deflection (after Matlock,.1956)
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shown by curve 3 in Fig.2.7, the soil resistance is equal to
some function of x multiplied by the deflection. The solution
of the differential equatidn can be made by writing the diffe~
rential equation in difference form as shown in Fig.2.7.

Soil resistance function is given

P = -¢(x).y ' ‘ | (2'6)

and the typical form of solution is as follows:

EI ,t. 4 - ' - .
ym:~ Esm(f)"ym+2[ 'aymﬁ1+6ym K 4ym—l * Ym-27 (2.7)
b f ‘ i ! . i . : : :
where,

EI = Flexural rigidity of the pile

= Soil modulus at point m

t = Number of pile d1v151ons in f1n1te difference
formulation
L = Pile length '
8 'y = Pile defleCtlon at. p01nt m.

; |
i Hll B

A humber‘Jf simultaneous algebraic equations are thus
obtained. A gbnwuﬁent method for solving these simultaneous
equations has been suggested by Gleser (1953), which will be

explained in detail later.

Iflthe soil resistance-pile deflection relationship is

not a straight line but has some other configuration like in

Fig 2. 8; then ln the'solutidn the elasto-plastic behaviour of

the 0011 must be considereduiin this case, either the inelas-

tic behaviour of the soil is simulated by the iterative app-
llcatlons '0f one of the elastic‘mEHKﬂs,'Or the behavior of
the laterally 1oaded pile is examined by con31der1ng the

phy51ca1 model of the pile- 5011 system.



pile deflection,y

arctag E_

soil reaction,p

"Fig# 2.3}—.The Nonlinear Relationship Between Pile Deflection
S o and Soil Reaction (after Saglamer, 1977) '
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A

C. Soil Reaction-Pile Deflection Method

Offshore structures involve unusually large ratios of
lateral to vertical loading and flexural stresses may become
a major factor in determining pile sizes. Thus bending moments

in piles must be reliably predicted.

The differential equation of the laterally loaded pile
is obtained by cutting a segment through the pile and applying

equilibrium equations as seen in Fig.2.9. (Hetenyi, 1946).

Writing the equilibrium equation for moment in the ele-

ment shown: . i

dM - V_ dx = 0

dM ’
= n:=Y

| g |
Differantiating with respect to X,

gr &Y - 5 | o (2.8)

where

deflection of the pile

depth from the ground surface

"

soil reaction.

P

The value of b depends u?on the interaction of pile and

. soil, and the method most commonly adopted to deal with this

i
L
.
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is the 'p-y' method in which a secant modulus Es.is defined.

E, = ~-ply. : ' | (2.9)

where
Es depends on;

T a) stress- straln propertles of the soil and will vary

w1th depth : ' . ' ' '

b) pile width;

S (N
b - |
c¢) pile -deflection.

'The‘concept of p-y curves can be explained by Fig.2.10
according to Reese and Cox (1969). In Fig. 2.10 (a) a section
is shown through a pile which has been driven into soil, with
the soil stratumjto be examined indicatied at the depth below .

the ground surface as x The. earth pressure distribution

around the p11e after dilVlng and prior to lateral loading is
shown in Fig.2.10 (b) “If ﬁhe pile is deflected a distance Vs
soil pressures would be developed Wthh might have a form as
shown in the Fig. 2.10(c). Integratlon of the soil pressures
around the p11e would yield an unbalanced force p per unit

1’ when the
pile 1s ‘loaded by a partlcular 1atera1 load and pl‘ls the

length of pile. y1 is the deflection at ‘depth x

_ corresspondlng soil reaction. It is important to point out

that for a different 1atera1 load at depth x pile deflec-—

s
tion and s0il reaction w111 be dlffelent fro; Yy and Py- In
general as the depth 1ncreases, the soil reactidn also inc-
reaseg. A set of p-y curves representing 5011 behavior along

a 1aterally loaded pile is shown in Fig.2. 11. It is assumed
that these curves are 1ndependent of the consolldatlon effects

of clay.sub301ls under working loads.

'Ihbthe problem ahalyzed, if the soil reaction pile def-

lection curves are obtained along the pile length, the diffe~.
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'Fig. 2.10.— Graphical Definition of p and y (after Reese and

Cox, 1969)
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‘rential equation could be solved considering the nonlinear

behavior of the soil.

As p-y curves are nonlinear and function of depth as
shown in Fig.2.1ll in order to solve the laterally loaded pile
problem, several iterations must be made. . '

The solution of this problem may be done by usl 1g finite
differences method and the advantage of this method is that

it allows the values of E, and I to vary along the pile.

The basic equation as written previously is:

er &Y - gy o | (2.10)

and in difference form it becomes

ET | - |
_ET _ - N _ . o ‘
) E’mz, 1 T Vg ym_2] Es, v (2.11)

(L/t)

. |
where

L = length of ﬁile
t

'= .total number of pile sections.

Similar expressions could be found for slope (Sm),
moment (Mm), Shear:(Vm) and soil reaction (Pm) as:
S - 1 (._y + y‘ ) | (2.12)
m - 2(L/c) m+1 m-1
ET
;82
Bo(L/e)

vV = _;EE;__ (-y 9 +.2ym+1 - 2y -1 + ym_z) (2.14)

3

B 2(L/e)

A total of t+1 expre531ons of the form of equation can
be wrltten and also four expressions for the boundary condi-

tions at the tpp and base of the pile.

y (2.13)
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X=x;

X=X2

X=13

X=X4

i
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1971)

2.11.— Set of p-y Curves (after Reese,

Fig.
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at base of pile; M =V =0
o )

at top of pile; Pt and Mt are known (Free head)

at top of pile; 1 is known, 8, = 0 (Fixed head)

Then the t+5 equations can be solved by matrix methods
or by the method of Gleser (1953) based on successive appli-

cation of boundary conditions.

Generalized Equations for Free Head Pile

The eqdations (Gleéer, 1953) are written in finite dif-

ference form for correséponding points shown in Fig.2.12 are

documented below:

Point 1 Y. - 2Y + Y . =0 : ' (2.15)

1 o -1 -

» - + : . - .
301nt-2 Y2 2Y1 + Y_2 0 | | (2.16)
Point 3 Y2 - 4Y1 +,6Yo - 4Y_1 + Y_2 =—A0Yo‘ (2.17)

3 ‘ - o - +‘ —

Point (m+3)!Ym+2 4Ym+1 + 6Ym 4Ym_1 Y oo A Y
| ’ - + =
i IYt+2 4Yt+1 * 6Yt 4Yt—l Yt—2 Ath
-y .+ 2Y - 2Y + Y = -2u3p/¢3E1
t+2 t+1 t-1 t-2
(2.18-2.,20)
: L2 .H.P '
Y -2y + Y, o= - Sttt (2.21)
e+l t L 5

Definitions of terms in Equations are given at the end

of this section.
THe'solution for deflections could be obtained as follows:

From equations (2.15), (2.16) and (2.17);



.

Unloaded Pile

4. Deflected Pile

Ground Surface
PSS

f‘=Fig. 2.12.— Representation of Deflected Pile
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Y = - - - - :
B,Y, + 2B,Y, (2.22)

From equations (2.18), and (2.22):

~Y_ + Y, (4-2B.) -
Y, = —2 2 ! =-B Y, 4 BLY, | (2.23)
5+ A -4 |

From equations (2.23), (2.22) and (2.19):

M TR Le = pem2my )] BY, ¢ B.Y, (2.24)
2 = = BT, T Bsty :

6+A2 - B

1

- B3(4 - 281)

In general, thereafter

) Y ot Yn_l-EArBzm;z(A—Bzm_3Z]
Y = =—B Y +B Y
n 2m mt2 2m+1 m+1
| 6+A = By T Bope1(4TBong) '
m _ (2.25)

until a solution is obtained for Y, - Substituting this and

the solution for Yt—l into (2.21);

yl—3 +j[:B:zc—z"l‘LBZc—l(2'}3’2c—1aYc+1]=

“Boes2 T BorasYiesr (2.26)

Substituting into equatiod (2.20):

Yt+1[}th_3+2+{(Z"Bzc—3)Bzc—1+th54}{thth—s‘Bzc+1}

\




+{ —ZPL3 :
+{2-3 B = T2 L ’
2e~31B2¢-0| = =3 Bor+a BoreaBar(2By
| 281 »
tBoees T Poe-3Baean) (2.27)

To obtain deflections, substitute value for Yt+1 from

equation (2.27) into (2.26) to obtain Y _,- Substitute these

values into equation (2.25) to obtain Yt, etc. until Yo, Y

, -1
and Y_, are obtained.
The constants of the above equations are as follows:
B, = w2 | (2.28)
1 - 2+A : ' )
o. - :
By = A 7w | (2.29)
1 1 '
B,y = 32(4 - 2B1) | {2.30)
B, = 6+Al—B Eﬁ (6-28) - (2.3D
27173 2
5 By = 34(4—B3). ) (2.32)
For all even constants B6 through B2t inclusive:
Bom = 6}+ A - B —— B (4-B Yo (2.33)
m S m 2m-4 2m-1"" " 2m-3
E Fpr all odq constants B7 through §2t+1 inclusive:
- B, (4 - 2.3
B2m+1 BZm(4 B ) ( )

2m-1



2

-1 o |
Boer2 =73 12 I (2.35)
T t%EIB, (2-B,. )
B - + -
5 _Paep TP T By (27 By ) (2536)
gt+3 | B, Tz-BZt_l) , (

Generalized Equations for Fixed Head Pile

.Equations (2.15) through (2.20) for the fixed head pile
are 1dent1ca1 with those for the fixed head pile as are the

0 solutlons 1n equatlons (2, 22) through (2.25) 1nc1u31ve

- L .
1 - ¥ _ L -
. L S 2 - (slope of pile at gr?und 0)
t; or ¥
1 v o | | )
| Te-1 = Yt+l o (2.37)

t-1
In this case solution could be obtained as follows:

Substituting the value of (2.37) and the results of
equations (2.22) through (2.25) into equation (2.20):

- ' ]
v - 2L P(I*th 2 2t—lB2t+1)
' t+2 © 3 B! 1 1 1 ' B' '
! ( — f - +
P e EIC 1+Bzc 2¢- 4+BZtBZt 282e-4782¢P2¢-182¢-37Bo7 Ber1B2e-1
! (2.38)
: _B' X Bl
2t-1 2t . '
Y' = Y' = T — | [] Y (2.39)
el 7 Te=1l 14 By o - By By tH2 7 _
o o oa _ _
E Yt - B2;+ Yt+2 * B2t+1Yt+l ’ (2.40)
'
N To obtain remaining deflections, substitute values of
Y;+2, YE+1 and Y' into equation (2.25) for ?;—1’ etc. until
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valie for_Yé is obtained, after which ‘use equations (2.24),

(2.23), (2.22), (2.17), (2.16), (2.15) to obtain Y!, Yi, Yé'

/

T 1
.Y_lfand.Y_z.

For fixed head plle, all constants are the same as for
free head pile to and including B) -and B! Thereafter use

2t 2t+1°
equations (2.38)-and (2.39).

Nomenclature
In the above equations:

‘Ym‘is the deflection at point m
t is the number of equal units into which L Is divided

P is the applied load
H is the distance of P above the ground surface

"E is»YOung's'Modulus for the pile material . -,

‘I is .the moment of inertia of the pile s
A is the soil resistance at,pointvm‘multiplied by L b
PR . t4e1

b is the width of pile.

Method-of Solutioni

[y

4‘1f D1v1de embedded 1ength of p11e into t elements with
add1t10na1 elements t+l t+2, at the top of the plle and ele—

ments t-1, t 2 below the p11e tlp.

2—:A series of E values are assumed along the pile

_length accordlng to: Es:= kh}x . o (2 41)
4&here§“kﬁj; a censtant“dfesqilimpdulds\variation.
'fx_'= depth_measured:along the pile length.

3— For every node, using finite difference equations, Y,

.dlsplacements are'found accordlng to~ Gleser (1953)
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4~ These Y, values are plotted in the referring p-y

curves and p soil reactions are found.

5- A new set of soil modulus is obtained using:
ES=-p/y ‘ (2.42)
6~ Using the new set of soil modulus values, Y, displa-

cements are refound.

7- This iterative procedure continues until the new set
of soil modulus values are equal to the previous set of soil
modulus. values.
8~'With the equations given previously Sm (slope), Vm

(shear), Mm (moment) distribution along the pile is computed.

2.3. SUMMARY

: In!this chapter loading conditions of the laterally
loaded piles are given. Three types of methods of analysis,
which are the limit analysis methods, the elastic methods and

the soil reactioﬁ-pile deflection method, ‘are described.

The limit analysis methods assume that the limiting or
maximum soil resistance is acting against the pile when the

ultimate load is placed on the pile.

The elastic methods assume that, soil reaction is linear-
ly proportional to depth. It is preferrable to use the elas-
tic methods, if the reaction-pressure relationships of the

soil are known.

The pile deflection-soil reaction method is the iterative
application of the elastic method, considering the nonlinear

relationship between pile deflection and soil reaction.

The derivation of the fourth order differential equation

of the laterallylloadéd pile,band the solutioﬁ'using finite
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~

difference equations are summarized. In addition an iterative

procedure for pile deflections soil reaction method is

N

described.



3, SOIL CRITERIA FOP LATERALLY LOADED PILES

3.1. INTRODUCTION

In this chapter soil reaction-deflection (p-y)
curves which are recomméended by various researchers hrg sum-
marized. The ﬁ—y curves for soft clays (Matlock, 1970), for
stiff clays (Reese, Cox, Kooﬁ, 1975) are summarized. In the
case of sands, the ﬁ-y curves recommended by Reese and Parker

(1971) and by Reese, Cox, Koop (1974) are summarized.

Each of the procedures described in this chapter is based
on experimental studies using full-sized, instrumented piles.
In each case, p-y curves were derived from experimental

results and were employed in developing the recommended

procedures.,

The feéomménded criteria relating to foundation design
are devoted primarily to pile foundations and more specifi-

cally to steel cylindrical pile foundations.

1
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The pile foundgtion'shall be designed to carry lateral
loads, whether static or cycdlic. Génerélly under lateral

loading soil reaction-deflection relationships of soils are

nonlinear.

.

3.2. SOIL REACTiON-DEFLECTION CURVES FOR SOFT CLAYS

A. Ultimate Resistance

Based on field tests as well as on laboratory
tests, Matlock (1970) developed soil criteria for constructing
p-y curves for static and cyclic loading in soft clays.

Matlock assumed that the ultimate resistance per unit length

of pile is expressed as:

(3.1)

where

undrained shear strength of undisturbed clay soil

cC =

' sample in N/cm?

b = pilebdiametef in cm, and

Np= dimensionless coefficient of ultimate bearing capa-

S city.

The value of the coefficient Np for the depth where

plastic failure occurs is givenwas;_

(3.2)

Near the ground surface where the- overburden pressure is

not high enough to prevent the formation of the upward wedge,

the coefficient Np is given by

Y X 43 % A (3.3)
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3.1.— p-y Curves for Soft Clays Under Static Loading
(after Matlock, 1970) :
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where.

Y o= effective unit weilght of.clay'in N/em3,
x = depth in'ém, ,
cv=!cohesion'of a clay in N/cﬁz

" b = pile diameter in'ém,vand

= dimensionless constant determined from the‘type of
clay. - T ’

Matlockfs'expe%imeﬁtal value of J ranged from-0.25 to
0.50. Matlock (1970)épdints out that thermagnitude of J is
relatively insignificant in the more important upper layers.
He proposes a value of 0.5 for use in connection with'offshore
clays in the Gulf of Mexico. : . . -

Near the ground surface the ultimate resistance per unit
legnth of pilé_is determined by the lower value of Pu com-

puted.

B. p-y Curve For Static Loading
The p-y ‘curve for the static loading as seen in:Fig.
3.1, is constructed by the following procedure (Matlock, 1970):

1- Choose € the strain which occurs at one-hélf the

s
' maximumvzgfess on 1aboratbﬁy undrainedVéompreSSiqn test
"of undisturbed soil sampies. Typical values given‘by _
Skempton (1951) for 650; iﬁ Table 1. Cpuld Be used if a
'stress strain curve 1s unavailable.

2- Calculate}thé_pile deflectioﬁ ysomwhiéhfcorfeéponds to.
the strain esd,on the stressfstrain’curve, by a fofmula
= 2.5€e:,b e L (3.4)

Y50 50

i

~where

b = diameter or width of a pile in cm.
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3- Draw a nondimensional cubic curve between points O and B

. in Fig. 3.1 given by: “ -

=05(-—-)/3f0r0<p/p< _ (3.5)

2
P <0 z

4- The curve between points B and C in Fig. 3.1 is a hori-

zontal line givén by:

. _ , | |
£ =1 (3.6)
u ,

5~ Calculate the values of p and y from the nondimensional

p-y curve by multiplying the abcissa with Ys50°

TABLE 3.1- Strain at Fallure of Clays in Undralned Triaxial
Test (after Matlock, 1970)

€50 - clay

0.005 brittle or stiff clay
0.02 : . soft clays

0.01 other clays

The coordinates of the normalized p-y curve are as seen

in Fig.3.1:

-y/y50 v p/Pg

0 - 0 .
1.0
8.0 1.0

o | 1.0

C. Effect of Cyclic Loading on p-y Curve

Cyélic loads cause decrease in lateral bearing capa-
city below that;for static loads. In this case normalized p-y
curve shown in Flg 3.2 recommended by Matlock (1970) could be
,utlllzed. In thlS case equation of the curve between points 0

~and K is given as in Equation 3.5:
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3,2,— p-y Curves for Soft Clays Under Cyclic Loading
and Reloading (after Matlock, 1970)




= 0.5 (%4)”3

for 0 < p/P_ <1 - (3.7)
'50 ‘ v

L
P
u
It should be pointed out that Equatlon 3.7 is applied
only for 0 < p/Py < 0.72. A maximum value of 0.72 for p/Py

is adopted to allow for the decrease in lateral bearing capa-

city under cyclic loading.

Between points K and L in Fig. 3.2 there is a stralght
line reducing p/Py to 0.72 x/x, at y/y., = 15. xg is the
depth below soil surface to boptom of reduced strength zone.

For soft clay xR may be approximated as (Matlock, 1970):

6b - s .
Xp = Y;b . | (3.8)
where ~
b:= pile diameter , .
y'= effective unit weight of soil
¢ = undrained shear strength.of clay
J = is an emp1r1ca1 adgustment factor, which is taken

- as 0 5.

The curve between L an@ M in Fig. 3.2 1is given as a.

horizontal line corresponding to a value of

L _o0.72 & (3.9)
P X ,
u "R
It must be noted that at x = 0, p/Py = 0 for the values
of y/y50 > 15. The value of p/Py = 0.72 from K to M in Fig,
3.2, for the depths x > X,. -
The coordinates of the p-y curve mentioned above may be

‘sdmhariZed asv(Fig. 3.2):



R ' ‘ . x<xR v
Y/Y50 p7Pu ) 'Y/YSO P/Pu
0 0 o 0 0
1.0 0.5 | | 1.0 0.5
3.0 0.72 3.0 0.72
% 0.72 15.0 -~ 0.72x/xp
| ' =) 0.72x/xg

D. Reloading After Cyclic Loading Condition

For reloading after cyclic loading an initial straight

line is assumed with slope

_ (p/Py) :
E50 = 0.5 TY7?§57- : ) (3.10)

up.to the post failure 1ine‘obtained in cyclic loading as
shown in Fig. 3.2.(b). In this case, for deflections less
than the/value B shown 1in Fig.3.2.(b),rit is assumed that the
soil reaction is zero. Tbe AB line in the same filgure is

parallel to OC.

3.3. SOIL REACTION-DEFLECTION CURVES FOR STIFF CLAYS

These p-y criteria are derived from the pile tests
done in 1967-68 (Reese, Cox, Koop, 1968). The tests were made
by deriving, 18 meters long, 0.61 m diameter pipe piles in
sea origined bverconsolidated clay neaf Austin in Texas. The
p-y curves (Fig.3;3) for overconsolidated clays are given below:

-

A. Ultimate Resistance

At shallow depths (Reese, Cox, Koop, 1975)
P =2c¢ b + Y'bx + 2.83 ¢ ; (3.11)
At depths well below ground surface

Py = 11 ¢ b ‘ | (3.12)
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Fig. 3.3.— p-y Curves for Stiff Clays Under Static Loading
(after Reese, Cox and Koop, 1975)



B. Value of Ygg

The reference value (Reese, Cox, Koop, 1975)'Y50 is

given'by
y50 = Eso.b

where €., is given.in Table 3.2.

C. Standart Curve for Static Loading (Fig. 3.3)

(3.13)

As shown in Fig. 3.3, from O to 1 there is a stfaight

line of pl/y = ksx

(3.14)

“where kg‘and kC (for cycliné loading) are given in Table 3.3.

-

The section 0 to 1 can also be written in dimensionless from:

(P/Pu) ySO

=k .x. (=)
O 7ygq) ~ s Py

From 1 to 2 the curve is a parabola:

g : 1/2
p/P = 0.5 (y/y5q)

and from 2 to 3

Y=AYsg . 1.25

1/2 . )
A.y
50

p/Pu = O.S(y/yso) -0.055 (

for Ayggy < Vg < 6Ay50 where A is given @n‘Figﬁ

from 3 to 4

0.0625

0/p = 0.5(68)/2-0.411 -
u : Y50

(y-6Ay5 )

for 6Ay50 <y <18 AySO'

Finally from 4 to 5. a straight line portion:

| 1/2_, e
p/P = 0,5 (6A) /2 0.411-0.75.7 .A

for v > 18Ay.,-

(3.15)

(3.18)

(3.19)



TABLE 3.2~ Strain at Failure Values for Stlff Clays (after
Reese, Cox and Koop, 1975)

Undrained Cohesion,

c, - L : o
(kN/m°) ' o , €50
50-100 B ) : . 0.007

100-200 ; | C o 0.005
200-400 . : ' ' 0.004

A TABLE 3. 3- Kg and- k Values for Stlff Clays (after Reese, Cox,
Koop, 1975) »

. Undrained Cohe51on, c
: ’ 6 : kN/m2
kg and k x 107 N/mg 50-100 100-200 200-400
ks(stahic loading) o ) _ 135 270 540
kc_(cyclic loading) - _ 54 108 216

D. Standart curve for Cyclie'Loading (Fig.3.4)

A reference deflecticn yp'f 4 1.A. ysd is defined.

Then the standart curve consists- of a stralght line 0 to 1:

= . —— o 3.20

'a'parebola.l to 2: S
y-0. 45y -lz.é]
p[P. =B "l_— 0. 45 y o
which is. fltted to. form a cap between the stralght lines. O to 1
and 2 to 3 with the_peak at -y = 0.45 Yp- Values of A and B
are given in Fig. 3.3 I
Sectlon 2 to 3 is a stralght 11ne _ REEE
0.085 RS _ _
/Pu = 0, 936B - - (y-0. 6y ) o _ . (3.22)
: SO R ’ _ 4 .
, for O 6 Yp <y <1.8 yp,h'
fand flnally, section 3 to 4 is a straight: line:

' 02 . : o " :
p/Pu - 0. 936B - Oyéo - Yp N . (3.23)

for y > 1.8 yp

(3;21)”'
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3.4. SOIL REACTION-DEFLECTION CURVES FOR SAND

A. Parker and Reese Procedure

The criteria proﬁosed by Parker and Reese (1971)
for obtaining a set of p—y curves for sand are based on
fbrmulas for the ultimate laﬁeral soil resistance per unit
length of pile and on recommendations by Terzaghi (1955) for
the shape of the early partfof the p~y curve. The detailed’
development of the formulas for the ultimate iaterai soil

resistance is given by Parker and Reese (1971).

The ultimate lateral soil resistance is given by the
equation 3.24, of plastic failure of sand. The equation is
derived by considering the successive failure of the square

block soil elements as in the case of clay (Reese, 1958).

Pu = Y'b x {Kg + 2 K tan ¢ (Ki -+1)-KA} | (3.24)
where
P, = ultimate soil resistance per unit length of pile in
N/cm,.

y' = effective unit weight of soil in N/cm3,

xA: depth in cm,

b = pile width in cm,

K, = tan2(45°—é/2) coefficient of active earth pressyre,
K = tan2(450+¢/2) coefficiént of passive -earth pressure,
Kp - coefficient of earth pressure at rest which 1is ‘
° assumed to be‘O.S; and

d = angle of‘ihterna1 friction of a sand in degrees.

The examination of Equation 3.24'for‘Pu reveals that
the first term within the.pérantﬁesis‘Ks is by far the major
cdntributing factor in determining the ultimate lateral soil
resistance per unit length df‘pile. Therefore, the ultimate
lateral;soii reéistance Pu‘}s'proportional to the cube of the

. 4 i : . !
coefficient of the passive earth pressure.




Near the ground surface the ulfimate soil resistance on
a pile is obtained by computing the force exerted from a soil
wedge moving upward. The ultimate lateral soil resistance by
wedge type failu;e P is obtained by differentlating the
total force exerted from the soil wedge on to the pile with
respect to depth, x (Parker and Reese, 1971).

Po= ' x {b(Kp—KA)

+ x tanB I:Kp tana

+ Ko (tan¢-tana)1} ' : (3.25)
where
g = 45° + ¢/2, and _
o = angle to define the shape of wedge, and is assumed

to be equal to one half of ¢.

The early portion of the p-y curve is constructed from
Terzaghi's (1955) recommendation. Terzaghi used the theory of
elasticity to derive the relationship between the horizontal

deflection of a vertical pile and the lateral soil resistance

as:

p/y = k = mx : ) (3.26)
where

p = lateral soil resistance in N/cm,

y = lateral pile deflection in cm,

k = soil modulus 1in N/cm3, »

m = coefficient of lateral soil reaction in N/cm3,

x = depth from ground surface in cm.

The values recommended by Terzaghi (1955) for coefficient

m are summarized in Table 3.4.

L=~
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p,N/cm
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"glven by p=Pu

Hypérbolic P~y curve
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glvgn by p Pu tanh (P )

u

3;5,— Form of p~y Curves for Sands (after Reese and

Fig.
‘Parker, 1971)
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TABLE 3.4- Values of Coefficient of Lateral Soil Reaction-m,
for Sands (after Reese, 1971) N/cm3

Relative Density

N

Dry or Moist Sand

Submerged Sand

2.84

Loose 0.96 - 0.57 - 1.75
Medium 3.49 - 10.95 2.18 - 7.29

Dense 13.87 - 27.74 8.76 17.50

The procedures described to this point define two
straiéht lines, one from the origin at a slope given by Table
3.2. and the other a horizontal line given either by p,or
P The transition between these two straight lines is given

by the following equation.

]

g~
i

P tanh (E§f) »(3;27)

where

= lateral soil resistance in N/cm,
ultimate lateral soil resistance in N/cm,

PP : . . . 3
= coefficient of lateral soil resistance in N/cm”, and

< g ™ oo
1l

= lateraildeflection}of pile in cm.

The hyperbolic p-y curve generated by Lquation 3.27 for
p is tangent to the straight line defining the early portion
of the p-y curve given by'Equation 3.26 and is asymptotic to
the ultimate lateral resistance given by Equations 3.24 and

3.25 as seen in Fig.: 3.5.

The procedures for constructing the p-y curves are

summarized as follows.

N\
1- Compute the two types of ultimate lateral sqil resis-
tance per unit length of pile by Equations 3.24 and 3.25 for
P and Pw’along the pile. Typical distributions of P and L

could be seen in Fig. 3.6.

" 2~ Take the smaller value as the governing ultimate
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. 'Pile |

p,N/cm

L7777

cm

V

Fig. 3.6.,— Ultimate Lateral Soil Resistance for Sand (after
Reese and Parker, 1971) '




value.

3- Choose the appropriate.value of k, depending on the

state of the sand using Table 3.2.

4- Construct a p-y curve as it is shown in Fig 3.5.

5- Repeat steps 3 and 4 for various depths to obtain a

set of p-y curres.

It should be maintained that the. recommandations by

Parker and Reese (1971) do not include the consideration of

~cyclic loading.

B. Reese, Cox and Koop's (1974) Procedure

The p-y curves are based on formulae for the ultimate

. lateral soil resistance and on an initial linear relation

with a coefficient of soil reaction.

The foll@wing relationships could be used in calculation

of ultimate resistance.

a) Near the surface, x < Xpy

in :
Ko}ctanst B tan

Pu =y X tan(B~9)cosa tan(R-9

) (b+ x tanf tana)

+ Kb){tane (tand sinp - tana) - KAb (3.28)
b) Well below the ground surface, x > X
A

l. 8 - 7 ! e '
p, = Kyby' x (tan"g = 1) + K by' x tan¢ tan B (3.29)

In equations 3.28 and 3.29; x/ is the intersection

point of curves defined by equations-3.28 and 3.29 as shown

in Fig. 3.7.

o= 0/23 B = 45+ &/2; K_ = 0.4 Ky, = tan2(45 - 3/2)



soil reaction,p

0
\ given by Eq.(3.28)
\\ _XT
given by Eq.(3.29)
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o
)
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Fig. 3.7.— Variation of Ultimate,Soil Reaction with Depth
(after Reese, Cox and Koop, 1974)
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where ¢ = angle of shearing resistance

Standart Curve for Sand is given in Fig 3.8,

The first section, K to L, is a straight line given by:
p/y = kx - (3.30)

where k has the values given below for submerged sand for

both static and cyclic loading.

Relative Density, Dr Loose v Medium Dense

K(N/cm>) 5,43 16.29 33.94

The third section between points M and N is a straight.
line with a slope of m. To complete the curve the following

quantities are calculated:

3b k o '
yu = —8—0- . (3.30)

b

— it 30
Ym T %0 (3.31)
P¥ = A.P . . : S (3.32)
u .u X .

P = B.P
m u

where A and B are modifying factors used in the 1ight of
experience from full-scale observations as given in Fig.

(3.8). Then the slope of the line MN is_calculated_by:

p¥~p S
-4 = . (3.34)
Yy~ ¥m % —

The second section between L and M is a curve linking
the two straight lines. To locate point L Yk_is calculated

from:
{
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Fig. 3.8.¥ p~y Curves for Sands (after Reese, Cox and Koop,
1974)
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_n
n-1
Pm .
Y, = ———Tl 7 : ~(3.35)
(x ym .
where
Py
n =
m .y
A parabola given by:
1/n

P
P = (——f%;) y (3.36)
A

is used between the points L and M.

The fourth section, N to S, is again a straight line

given by:

p=P*=4A.P , (3.37)

3.5. SUMMARY

In this dhapter, soil reaction-deflection (p-vy)
curves for soft clays, stiff clays and clean sands are

summarized.

The p-y curves for soft clays recommended by Matlock
(1970) consider three types of 1oading conditions, namely,
static lo;ding,fcyclic loading énqlreloading after cyclic

loading conditions.

The p-y curve§ for spiff clays which are recommended by
Reese, Cox and Koom (1975) consider static and cyclic loading
conditions. | % | ‘ o

- i ‘ o ‘ Lol
i : S
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Finally for sands, two different procedures are summari-
zed Parker and Reese (1971). proceduré—considers one set of
curves for both static and cyclic loading conditions. Reese,
Cox and Koop's (1974) procedure considers both cyclic and

static loading cases.

The drawing instructions and the equations of the p-y
curves including the necessary tables for some soil parame-

ters are summarized in this chapter.



4, LATERALLY LOADED PILE GROUPS

4.1. INTRODUCTION

In practice piles are mostly found in groups. The
neighbouring piles effect the deflections of the single piie.
In the Poulos Method (1971), the increment in mudline deflec-
tion, which is'thevdeflection at the ground surface, of a

single pile according to group effect is calculated.

4.2. METHOD PROPOSED BY POULOS
N
Poulos (1971) has considered this problem for pilés
embeddedfin-a_homogenous elastic mass. Consider initially two
piles each under lateral load P as shown in Fig.4.1. Then if
the mudline deflection of a sihgie pile under unit ‘load is Py
the-inéreased deflection of each pile as a consequence of the

group effect is

o =P 5 (l+a) : (4.1)
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4,1.— Group Effect (after Poulos, .1971)

Fig.
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where o depends upon the pile spacing, length, stiffness, the
departure angle B as given in Fig. 4.1, and pile head fixity.
Extending this to a group of‘pileé, and assuming that super-

position holds,

m
= 0 . . + .
Py o 'El PJukJ K (4.2)
]=
i#k -
where N
p, = mudllne deflection of p11e k in a group w1th a
k
_ total of m piles,
‘pj, Py = loads on piles j, k respectively,
o = interacfion coefficient between piles k and j.

kj

This form of the équation is general dnd could be used

for both fixed-headed or free-headed piles and for 1atera1

load or moment applled to p11e head.

‘Changes in pile head fixity and type of loading will,
of course, change‘5 and akj' o

For single piles, Poulos (1971) gives

- ”;[_& A o ’
p - LES . . . (4'3)

where Ip‘has values:

IpH'for avlaterally'loaded, free-ended pile;
IpM»er moment on a free-ended pilej
IpF for a fixed-head pile.

~

and these parameters are ﬁlottéd in Figs.4.2. through 4.4.

'reSpect1ve1y against pile flex1b111ty factor K, for different

R
values of L/d where
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K, = 2B N - S (4.8

Wheth:
E_ = elastic modulus of pile,*
IP = moment of incrtia of pile cross section,
ESF= s0il modulus,"
L = pile length.

Values of the interaction factor o are, given in Figs.

4.5. through 4.7, here

apH4is for laterally loaded, freeﬂmmded\piles
apy is for moment on free-headed piles

ap, is for fixed-headed piles.

Equation 4.2. could be used either

a) to calculate mudline deflections of all piles when

the loads on the piles are all the same; Or

b) to calculate pile loads when deflections of all piles

are constrained to be the same.

4.3, COMBINED. ELASTIC/p-y METHOD (Focht and Koch, 1973)

An obvious deficiency in the»Poﬁlos method is the
calculation of single pile deflection by an elastic technique.
A combined method using the p—y,methdd for the single pile
but then using the elastic group, effect has been suggested by

Focht and Koch (1973).

i

! t

~ i H
! i

i
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Fig. 4.5.— Interaction Factors a , for Free-Head Piles for
Horizontal LoadS'(aftgr Poulos, 1971)
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Then:
_ m
= .+ .
P 0 jzl PJakJ Y. (4.5)
ik .
where ’
p = unit elastic deflection at mudline

-yt = deflecticn obtained by p—y'method.for’single pile
at mudline '

Thus the group effect increases the p-y deflection Ve at
the mudline by the amount ‘in the elastic portion of the

Equation 4.5."

It is suggesfed that the elastic modulus for the soil,
ES used in this part of the calculation, should be at least

as high as E or, if there is-an initially linear portion

) 50°
to the stress-Strain curve the initial tangent modulus, E

can be used (see Fig.4.8).

The Procedure in Modifying p-y Curves

The Poulos technique can onIy be'used'to give deflections
at the mudline, whereas~pi1e design requires moments and
shear forces—-and henée defLecti@ns— to be found along the
length of the pile. This can be dealt with empirically by
modifying the p-y curves, by multiplying the y abscissae by
consf?nt factors to producela new set of p-y curves for each

constant as shown in Fig.4.9,

The procedure.is to find the modifiéation factor that
givesva mudline deflection for a single pile equal to that
calculated for the pile in . the group. This set of modified
Py c#rves:is‘then used to compute the defleétiohs, shears

and4mdments along the pile.



Fig. 4.8.— Tangent and Secant Deformation Modulus (after
: Focht and Koch, 1973)
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&b, SUMMARY

In the pile groups, the neighbouring piles increase
the deflectiéns<oflthe single pile, In this chapter two
methods are summarized in the design of laterally loaded pile
groups. Both of the methods givg the mudline deflections of
the pile..The Poulos method (1971) uses an elastic technique
in the ‘computation of mudlide defleétion. The second method
is the combined elastic/p~y method which is suggested by
:Focht and Koch (1973). This method uses the p-y method in
computétion of mudline deflection, then uses the elastic group
effect. In order to calculate pile deflections all along the
pile length, the p-y curves must be medified by multiplying

the soil reaction axes by constant factors.



n

5, NUMERICAL TECHNIQUE FOR THE ANALYSIS OF LATERALLY LOADED

PILES

5.1. INTRODUCTION -

In this chapfer,a computer program for the solution
of'lﬁtefaily loaded piles, which is developed, is presented.
The method used ih pfogramming is recommended by Matlock and
Reese (1966). Tﬁe detéils of pile deflection soil reaction
method which is used in programming, is given in Chapter 2.

In the computer‘prograﬁ, Gleser Aigoritm (1953) 1is used. In
programming the p-y curves, for soft clay, recommendation of
Matlock (1970) in used. Static and cyclic 1oéding cases are
considered. The second subroutine which creates the pP-y curves

for sand is programmed according to the recommendation of

Parker and Reese (1971).

A general computer program is developed for the determi-

nation of deflections and bending moments of a pile under

~lateral loading as a/functlon of depth. Various boundary con-

ditions could be consideréd at the top of the pile. Soil pro-
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perties are defined by a set of curves which give soil reac-
tion as a function of pile deflection. The detailed informa-

tion about these curves . are given in Chapter 3.

5.2. PROCEDURE

A summary of procedure used in programming could

be written as follows:

1- Assumption for soil moduius along the pilevlength is
made. 2. Using thié assumption, the fourth order differential
equation (2.8) of Iaterally,loaded pile is solved. 3. With
~the deflections found, the subroutine developing the pile

deflection-soil reaction curves are called and corressponding

soil reactions are computed for every depth. 4. The soil reac-

tion values obtained from the curves are divided by pile
deflections, and these values are taken as the new soil
modulus values. 5. Using'this new soil modulus values the
differential equation (2.8) is resolved. Pile deflections are
refound. 6. The procedure has céntinued until the new soil.
modulus values found are equal to former values. 7. At this
stagé by using the last pile.deflectioh values, from equa-
tions (2.12), (2.13), (2.14) slope of elastic;curve,bending

- moment and shear forces are pomputed and printed along the
pile. The flow chart of the computer program-is giﬁen in Fig.
5.1.

As seen above there afe“basically five different parts

in the program.
These are as follows:
1- Input
2- Assumption of soil modulus

3~ The Iteration Procedure

A. Solution of the Differential Equation
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B.
c.
D.
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Calculation of Soil Reactions
Computation of SoilAModulua Values

Evaluation Criteria

4- Computation of bending moments, slope of elastic
curve and shear force

5- Output‘

5.3. INPUT

In this section pile properties, soil properties

and supplemental instructions are read.

Pile properties are:

EPI

PL
DD

flexural rigidipy’of the pile, EI
pile length, L

pile diameter; b

lateral load, P

height of application point of lateral load from
ground surface, H

Supplemental instructions are:

TOL

SKO

SK

‘number of pile sections

tolerance is such a value that when the convergence
criterila is less than this value the 1terat10n
procedure -ends

soil modulus at the ground surface taken .as the
first assumption

slope of soil modulus linearly increasing with
depth

As two problems for two different typés of soils are

consider

ed,

there are two different sets of input parameters,

for the development of pile deflection soil reaction curves.

One set is for clay and other set is for clean sand.
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Case A. Clayey Soils

12 key for cyclic or staticAloading, IZ=1" for cyclic

loading, and IZ=2 for static loading.

GAMA = effective unit weight of the soil, Y’

CccC

undrained shear strength of clay, c

EPSO

1]

strain at failure € for which the typical

50
values to be used are given in table.

Case B. Sandy Soils

DM = coefficient of lateral soil reaction m in N/cmz,
for which Terzaghi (1955) gave the values as
shown in Table 3.4. o

"GAMA = effective unit weight of soil, y'

FI = angle of internal friction‘of-sand in radians, ¢.

5.4, ASSUMPTION OF SOIL MODULUS

'SK and SKO values define the aéSumption of soil
modulus. There are two possible variations of soil modulus
with depth. Soil modulus may be constant with depth, or may

have a linear variation with depth.

The values of SKO and SK. may be summarized as follows:

Case A. Constant Modulus with Depth

SKO # O . , and’
SK = 0 i



‘Case B. Linear Modulus Variation with Depth

i}
<

SKO
SK # 0 -

, and

or

-

SKO
SK

H
<

. 5.5. THE ITERATION PROCEDURE

‘A. Solution of the Differential Equation

Using soil modulus values, in the first iteration
from the first assumption and in the preceeding iterations
from the values computed from cﬁrves as will be defined in
part D, the fourth order differential equation (2.8) is
solved. In the solution the equations from 2.15 to 2.40 are
used (Cleser; 1953). After the solution, pile deflections |
along the pile are found. |

Pl

B. Calculation of Soil Reactions

The subroutine is called to find soil reactions.
Two different subroutines may be called according to soil
type. In the case of soft ciay subroutine,SOFCL is called,
and in the case of clean sand subroutine PSAND is called. Both:
of the subroutines'deveiop soil reaction-pile deflection
curves for every depth. With the pile deflections found in
the above secction, soil rcactions are computed from the
subroutines. The detailed information about subroutines will

be given in the end of this section.’

C. Computation of Soil Modulus Values

By dividing the soil reaction values computed
in the previous section B, by the pile deflections found in

section A, a new set of soil modulus values are obtained.



D. Evaluation Criteria

In the first iteration the first assumption of
soil modulus values and the values.found_in stép-C are compa-
red. If they are not equal, using the new soil modulus values
found in step’C,‘the procedufeé,in steps A,B,C and D are
repeated until the new soil modulus values- are équal'to the
formerly calculated values, or the diffefence between them
is less thaﬁ/a.toleranceyspecified in the program}

~

5.6. COMPUTATION OF BENDING MOMENTS, SLOPE OF ELASTIC
CURVE AND SHEAR FORCE

After the convergence is satisfied in section D,

a

the slope of the elastic curve, the bending moment and the
- 3 4

shear forces are computed from equations (2.12), (2.13) and

(2.14).

5.7. OUTPUT

For every node, node number, soil modulus, pile def-
lection, slope of elastic curve, moment, shear force, soil

reaction values are printed.

5.8. SUBROUTINE  SOFCL
This subroutine aevelops pile deflection-soil reac-
tion curves for soft clay which is recommended by Matlock
(1970). Therexplanatioh and equations for these curves are
given in Chapter 3. In the subroutine-both static and cyclic

loading cases are considered. The procedure is as follows:

1- The xp value, which is the depth below soil surface
to bottom of reduced strength zone is computed from equation
(3.8). |

i
i



FROM MAIN PROGRAM READ
x, T, ¥, v', C, b, IZ
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CALCULATE
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X
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p, SOIL REACTIONS p, SOIL REACTIONS
"~ ARE COMPUTED ARE COMPUTED

Fig., 5.2.— Flowing Chart of Subroutine SOFCL

'



2- Dimensionless coefficient of ultimate bearing capacity
_ENP is computed from equations (3.2) and (3.3) along the pile
length. ‘ ' /

3- Ultimate bearing resistance PU per unit length of

pile is computed from equation (3.1).

4=+ YSO value is computed from equation (3.4).
5= Soil reaction values are computed According to 1IZ
key elther the equatilons for static loading case or cyclic—-

loading case are used.

In.the case of static loading, Qith the pile deflections
computed in the main program, from equations (3.5) and (3.6)
soil reactions are éomputed. In the casé of cyclic loading,
from equations (3.7) and (3.9) soil reactions are computed

along the ﬁile length,

The flowing chart of subroutine is shown in Fig.5.2.

kN

5.9. SUBROUTINE PSAND

’ This subroutine develops pile deflection soil reac-
tion curves for every deﬁth along the pile for clean sands
(Reese and Parker,,197f).‘Detailgd explanation of these
curves are given in Chapter 3. FI, éAMA, DM values which are
read in the main program and the computed pile’deflectionsvin
‘the main program are attented to the subroutine. Tﬁe procedure

is as follows:

1- Ultimate bearing cépacities from equations (3.24)‘énd‘
(3.25) are computed for every deﬁth and the smaller value is

chosen.

2- From equation (3.27) using the pile deflections found

in the main program, soil reaction values are computed. The



' FROM. MAIN PROGRAM READ
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1%

A

Fig. 5.3.— Flowing Chart of Subroutine PSAND




- 87 -
value of soil Teactions are then attended to the main prog-

ram. The flow chart of this subroutine is given in Fig.5.3.

5.8. SUMMARY

In this Qhapter, the explanation of the developed
_computer program for the solution of pile deflections and -
momeﬁts according to.pile deflection - soil reaction method
is given. Beside the mafn»program, the subroutines developing
the soil.reaction - pile deflection curves for soft clays and
sands afe documented. The flowing charts of the main program
and the two.subroﬁtines'are given. The p-y curves for stiff
clay are notfprogrammed. The p-y curves for stiff clays may
be programmed using the same technique for programming the

p-y curves for soft clays.
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6, NUMERICAL COMPUTATIONS

6.1. INTRODUCTION

Using the compﬁter program developed in Chapter 5, four
sets of problems are solved;‘two for soft clay and the other

two. for dense sand.

Effects of nonlinear soil behavior are studied by chang-
ing the magnitude of lateral load. In addition effects of

various soll parameters such as strain at failure- and

Ecno
50
lateral soil reaction coefficient-m are numerically evaluated.

In the problems a stecl pipe=pile of 18.3 meters in
length and 0.406 m in diameter is selected. Flexural rigidity
of the pile 1is 9.076:{1011 N—cm2 and is constant along the-
pile. The propertieé of the pile and the soil are given in

Fig. 6.1,

In problems 1 and 2, the pile is installed in a soft clay
subsoil and in probiems 3 and 4, the pile is installed in a
dense sand‘subsoil. In problemvl, the strain at failure—eso
is changed in ordexr to study. the effect of strain at failure,
In problems 2 and 3,.the'maénitude of»latetal load is changed

and .the effect of nonlinear soil behavior are studied. In
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Fig. 6.1.— Pile Problem for Numerical Computations
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Fig. 6.2.— p-y Curves for 40,6 cm Diameter Pile in Soft Clay
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problem 4, the effect of lateral soil reaction coefficient m

is studied.

The soil reaction—deflection curves for soft c¢lay and
dense sand are shown in Fig. 6.2. and Fig. 6.3. fespectively.
In the’figures 6.2 and 6.3, p-y curves for some depths are
shown. The two sﬁbroutines developed in Chapter 5. compute

P~y curves all along the pile length.

80 runs‘are made to solve four sets of problems. Computed
pile toﬁ deflections and maximum bending moments for fixed
and free headed piles, for every set of pfoblems are plotted
in Figures 6.4 thrdugh 6.11, The computer time for each run

is 30 seconds.

The mathematical compatibility conditions of the solu-

. 3 - . !
tions are explained in the end of this chapter.

6.2. PROBLEM NUMBER 1

; The properties of clay subsoil in which the pile is

installed are given as follows:

C = 24.1 kN/m? ,
y''= 7.1 kN/m3
where,

is the undrained shear strengtﬂ,of clay, and

Y!' is the effective unit weight of clay.

C and Y! remained constant in every problem and only the

strain at failure, 650 values are changed in order to study-

the effect of strain at failure,

The range of Change in €50 is from 0.005 to 0.02 in the

o
H
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case of soft qlay, and the corresponding deflections and
maximum moments are computed for each case and plotted in
Fig. 6.4 and Fig. 6.5. Both of the curves are nonlinear. As

it is expected, when the strain at failure increases,

€
_ . 50
the top deflections and maximum bending moments increase,

6.3. PROBLEM NUMBER 2 - - -

In this problem soil parameters used in problem 1
remained constant and 656 is taken as 0.01., On the other hand
magnitude of lateral load is changed to investigate the non-

linear soil behavior. -

In figures 6.6‘and 6.7 top deflections and maximum
moments are plotted as functions of lateral load, P. For the
free head pile case a remarkable result is obtained. After
the lateral load is .increased to such a value, the curves for
deflection and moments flaﬁteh, and this indicates the rapid
deterioration of the clay due to éyclic loading. The figure
shows that, in the design of pilé to sustain lateral loading,
it is necessary to compute the pile response for a full range
of loads. For the fixed head case the curves don't flatten
like 1in the free heédlcase. The values of maximum moments for
fixed head caée are greater than the values for free head case
for the load range from O.ZS:{IOS N to 2}{105 N. This values
are for this particular prqblem. But forveQery type of pile
behavior,/soil behavior, anﬂ loading condition, there will be
a cfitical value. For the load range from,2.0:<105 N to 4.0 x
105VN the maximum moments in free head cdse, have larger values

than the maximum moments in fixed head case.

6.3. PROBLEM NUMBER 3

The pile installed in a sand is analyzed and the results

are presented in Figs 6.8 through 6.11.
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The propérties of sand subsoil in which the bile is

installed are given as follows:

¢ = 34°
'S 7.9 kN/m°
where, .

¢ is the angle of internal friction of sand, and

v is the‘effective unit weight of soil.

Coefficient of lateral soil reaction, m is taken as 9 N/cm3.
The water table is assumed at the ground level. In Figs. 6.8,
6.9 in the ordinate axes the lateral load 1s increased from
0.25 x 105 N to 4.0 x 105 N and corresponding deflections and
maximum moments are plotted. The both curves are nonlinear.
As the soil is dense sand, at first glance the curves seem.to
be linearly increasing but it would not be satisfactory to
emp loy a'désign method which predicts a linear response under
lateral load. Sand behaves in a more-favorable way than the
clay. There is not any flattening in the curves due to increa-
sing values of lateral load. In this case the maximum moment
values for fixed piles are slightly mbre than maximum moments

for free head piles for a full range of loads.

6.4. PROBLEM NUMBER &

The effect of lateral soil reattion coefficient, m is -
studied in Figs 6.11 and 6.12, in the ordinate axes m, values
are plotted and the corresponding computed values of maximum
moments and deflections are given. All the cufves are non-
linear. For various sand densities three different m values
are taken. In the dense sand range where m changes from 8.76
to 17.50 N/cm3, the increase in deflection is very small and
the curve is moderately a straight line having a very large
slope. In Ehis range the“slope of the curves in Fig., 6,10 .-

for free head case and fixed head case are more or less equal.
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Coefficient in Dense Sand '
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In the range of medium dense sand where lateral soil reaction
coefficiént; m is from 2,18 to'7.29'N/cm3,vthe curves are
nonlinear and they are flattened as the values of m decreases
from 7.29 to 2,18 N/cm3. The anmount of increase in deflection
is not véry rapid for this range. The maximum deflection is
obviously obtained for loose sand. The curves for free head
case and fixed head case are nonlinéar. The deflectidné
increase very rapidly as tﬁebsandvbecomes looser. In full
range of m values from 0.57 to 17.50 N/cm3, the ratio of the
top deflections computed in the case of free read pile, to‘
:thg top deflection in the case of fixed head pile is between

2.61 to 2.76. .

The ﬁaximdm moments corrésponding to different types of
sands are shown in Fig. 6.11., The moment curves are nonlinear.
For m values of 0.57 to 17.50 N/cm3, the maximum moment values
for fixga head pile are larger than maximum moment values for
free head case, In .loose sand the values of maximum moments
increase more rapidly than in the medium dense sand. As the
. sand becomeé looser the importance of m values increase so the
exact value for lateral soil‘reactiOn coefficient must be

chosen for every differeﬁt‘problem.

6.5. MATHEMATICAL COMPATIBILITY OF‘THE SOLUTIONS

Lateral deflection, slope of_élastic curve, moment dis-
tribution and sheér force distribution are shown in Figs 6.12
and 6.13, along a free head and a fi#ed head piie reséecti-v
vely. In both of the cases cﬁe pile is subjected to a 1.3 x
105‘N lateral load. The load is applied just at the tob of
the pile at the ground surface so the moment according to
lateral load at the top of the pile is zero. As it is seen
in both of the figures, ail maﬁhematical'compatibility condi—
tions are satisfied and the boundary conditions used for the
solution of the différentialAequapion are obviously met.

N

Moment and shear force at the bottom of the pile is zero
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and shear force is equal.to lateral force at the top of the
pile for both cases. For the free head case the fourth boundar:
condition is the value of moment known at the top/of the piie
and in this ‘special case it is taken as zero. In thé fixed
head pile shown in Fig 6.13, the value of the slope of elastic
~curve 1s zero at. the top ,of the pile. The difference in the
upper part of the deflection curves in both cases are also
compatible with the slope of elastic curves. In fixed head
case as the slope of elastic curve is zéro the top of the
deflection curve is parallel to the pile axes. Also in both
free and fixed head cases, maximum moments are found to be

at the depth wheré shear force is zero. In free head case,
maximqm moments are computed at the depths equal to 7 to 8 pile
diameters below the ground surface., It is observed that the
upper 10 pile diameter zone of the soil is important in
designing piles against lateral loads. Therefore improvement

" of soil conditions for depth 6f 10 pile diameters below the
ground surface may be a.reasonable and economical solution in

the case of very weak surface soil conditions.

.6.6. SUMMARY

"Ip this chapter, problems of a steel pipe pile installed
in a soft clay and in a dense sand are solved using developed
computer program. Effects of nonlinear soil behavior are sfuf
. died by changing the magnitude of lateral load. In addition
effects of various soil par#meters such as, strain at failure-
€¢q and lateral soil reaction coefficient-m are numerically
evaluated and the results are critically discussed.

Four sets of problems are solved using totally 80 runms,
and computed pile top deflections and maximum bending moments
for fixed and free headed piles, for every\éet of problems,

are plotted in Figs 6.4 through 6.11,

In problem number 1, in the case of soft clay, €59 which

is the strain at failure is changed in order to study the



effect of strain at failure.

In problem number 2, the pile is installed in a soft
clay subsoil. The>mégnitude\of lateral load is changed. After
the lateral load is increased to a critical value, the curves
for top deflections f%atten, and this indicates the rapid

‘deterioration of the ciay due to cyclic loading.

In problem number 3, the pile is installed in a dense
sand subsoil. The magnitude of the lateral load is changed.

Sand behaves in a more favorable way than the clay.

In problem number 4, in the case of sand, the effect of

lateral soil reaction coefficient, m is studied.

All the curves obtained are nonlinear because of the
nonlinear socil behavior.

All mathematical compatibility conditions are satisfied
-and the boundary conditions used for the solution of the

differential equation are met,

In free headed piles, maximum moments are computed at
- the depths equal to 7 to 8 pile diameters below the ground
surface. It is observed that the upper 10 pile.diameter zone

is important in designing piles.



/. SUMFARY AND COMCLUSIONS

A rational approach tg the analysis of a laterally
loaded pile is presented. The method is very useful because
detailéd response of a pile under lateral loading could be
predicted for a small cost. The results of the computations

allow the dimensions of the pile to be selected so as to

satisfy design requirements and to achieve maximum economy.
The:advantages of using the method are as follows:

1. Changes 1in pile properties with depth, changes in
diameter of the pile and changes in pile stiffness may be

,consideréd while analyzing the pile by the presented method.

2. Various bouﬁdary.conditions may be treated. In this
thesis only the free head and the fixed head cases are analy-
ied. However, the theory may also be applied to restrained-

head case.

3. Various soil conditions may be considered. Through
the use of p-y curves, it is possible to take into account
changes in soil resistance as a function of pile deflection

and as a function of depth.

FaN

The possible weakness of the method lies in uncertainties
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in regard to .the prédiction of p~y curves. Criteria are pre-
sented for soft to medium‘clay and for clean sands. While
these criteria are thought to reflect the behavior -of these
soils under lateral loading, they are based on the analyses
6f a relétively small number of experiments exist in the
literature. Criteria are not yet dvailable for other types of

solls. v : , .

‘ In this thesis, a general comﬁuter program is developed
which would give numerical solutions of lateral deflection,
slope of elastic curve, bending moment and shear force along
the laterélly loaded pile., Soil propefties are defined by a
set of curves which give soil reaction as a function of pile
deflection. Two subroutines are developed for soft clays
(Matlock, 1970) and for clean sands (Parker and Reese, 1971).
Both of the sdbrOutines developed soil reaction-deflection \

curves for every‘depth along the pile.

A summary of procedure used in programming could be

written as follows:

1. Assumption for soil modulus along the pile length is
made. '
2. Using this assumption, the fourth order differential

equation (2.8) of laterally loaded pile is solved.

3. With the deflections found, the subroutine develdping
the soil reaction-deflection curves are called and correspon-

ding soil reactions are computed for every depth.

4, The soil reaction values obtained from the curves are
divided by pile deflections, and these values are taken as

the new soil modulus values.
5. Using thelse new soil modulus values, the differential

equation (2.8) is resolved. Pile deflections are refound.
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6. The procedure has continued until the new soil modulus
values are equal to former values.
) 7. At this s'tage by u31ng the last pile deflection valu-;
esy from equatlons (2. 12), (2.13), (2.14) slope of elastic
cu%Ve, bending moment and shear forces -are computed and prin-

ted along the pile.

Problems of-a steel pipe pile installed in a soft clay
and in a dense sand are.solved using developed computer prog-
ram. Effects of non-linear soil behavior are studied by
changing the:lateral load. In addition effects of various
's0il parameters such as, strain at failure-€50 and lateral
soil reaction-m are numerically evaluated and the results

are critically discussed.

Four sets of problems are solved using totally 80 runs.
Computed pile top deflections and maximum bending moments,
for every set of problems for fixed and free headed piles,

are plotted in Figgres 6.4 through 6.11,

In problem numberxl, the pile is installed in a soft
clay subsoil, stréin at failure—eso is changed in order to
study the effect of straln at fallure. When the strain at
_fallure €co ;ncreases, the. top deflectlons and maximum ben-
ding moments increase.,

In ﬁroblem numbe} 2, the pile is installed in a soft
clay subsoil, The magﬁitude\of lateral load is changed and
the effects of non-linear soil behavior are studied. After
the lateral load is increased to a critical value, the curves
for top deflections flatten, and this indicates the rapid

: deteriorétion of the clay Hue,to cyclic loading.

In problem number 3, the pile is installed in a soft
clay subsoil., The magnitude of lateral load is changed. Sand

behaves in a more favorable‘way;than the clay.

-~
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'In problem number 4, in the case of sand, the effect of

lateral soil reaction coefficient-m is studied.

All the curves obtained for maximum bending moments and
pile top deflections are non-linear because of the non-linear

soil behavior.

A1l mathemdtical compatibility conditions are satisfied
and the boundary conditions used for solution of the differen-

tial equation (2.8) are met.

For free headed piles, maximum Bendiqg moments are compu-
ted at: the depths equal to 7 to 8 pile diameters below the
ground surface. It is observed that the upper 10 pile diameter
zone is important in designing piles against lateral loads.
Therefore improvement of soil conditions for depth of 10 pile
diameters below the ground surface may be a reasonable aqd
economical solution in the case of very weak surface soil con-

ditions.
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APPENDIX

A.1. USER'S MANUAL

The computer pfﬁ%ram-for the numerical analysis of la-
terally loaded piles is given in this chapter. SI units are
used for the parametefs used in the program. Force unit is
Newton‘and Length unif_is‘cm.

\

INPUT
1. Identification of problem
lst card: TITLE (20A4)

2., Pile and Loading properties
2nd card: PT,H,DD,PL,T,EPI (5F10.5,E20.8)

3. Soil and pile type, evaluation criteria
3rd card: TOL,ISOIL,KODE (2I2,F10.5)

4, Assumption of soiijmodulus values
t!'" "4th card: SKO,SK (2F10.5)
‘5. Soil data .

For sofcﬂclays,m



5th card: GAMA,CC,EPSO,IZ (3F10.5,I2)
For sands, ) ' ‘

5th card: GAMA,FI,DM (3FLl0.5)

OUTPUT

1. TITLE -

2, PL,P,H,T,SK,SKO,EPI

'3, 1SOIL,KODE,TOL

4. For soft clays
GAMA,CC,EPSO0,IZ

For sands
GAMA,FI,DM T

5, NITE,YT

6. I,ESM,S,Y,TM,V,SR

SYMBOLS USED IN THE COMPUTER PROGRAM .

- TITLE

PT

DD

- PL

EPT

“ISOIL
KODE

fi$0L

- sKO.

Title of the Problem

Lateral Load, P . N

Distance of AppLicatioh Point of P above the

-Ground Surface, H

Pile Diameter, b
Pile Length, L

Number of Equal Units into which L is divided, &

Flexural Rigidity, EIL

: Key specifying the type of soil (SOFT CLAY = 1,

SAND = 2)

BoundaryFConditieﬁ Key (FREE HEAD = 1,
FIXED HEAD = 2) ' o

:’Tolerance (taken as 0.0001 for this problem) -

: Assumed 5011 modulus value at the ground surface



SK

" GAMA

cc

EPSO -

1Z

F1

DM

YT .

NITE

ESM

™

'SR

..

’e

e

Slope of linear Soil Modulus Variation

Effective Unit Weight of Soil, Y'

_Undrained Shear Strength,vc

Strain at Failure, €50

Loading Key, CYCLIC = 2, STATIC = 1

Angle of Interﬁal‘Friction in Radians

Coéfficiéﬁt pf Lateral Soil Reaétion, m
Top Deflection of the file
Nuﬁber of Iterations

Sqil Modulus,..Es

Sloée of Elastic Curve,‘S

‘Pile Deflection, 'y

v

Bending Moment, M

’Shear,Force,-V

SoilvReaction; P



A.2, COMPUTER PROGRAM
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