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The masses of the members perpendlcular to the plane are assumed to be-

: ) and the p'lles are represented by two-d'lmenslonal beam elements

»/’} E/_\BSTRACT

The dynamic response to 1ce forces of a p'l le supported framed

r
- :

g L @ !
R §

offshore structure is studied for two types of foundatmn condltlons'

-

: 1) R1g'ld base and 11), Sem'l-ngad base. . The sem1-rlg1d base 'ls 1deal1zed

1n two ways 1) lumped parameter (also called half—space, continuum -

and so'll spring) foundat'lon model wlth l'lnear soil spr'lngs, and 11)

f1n1te elemented foundatlon model with l1near and nonl'inear soll l T

behav1our.‘ L ., ’ _ )

The structure analysed 1s an. offshore tower supported by plles
’l'he members are assumed to be r1g'ldly connected and the added water mass
1s assumed equal to the. mass of “the water displ aced TheIstructural .
modell‘lng 1s based on a two-d'lmensional representation of the tower '
assuming a constant dlmension equal to the base length perpendlcular to '
~ the plane. The masses per unit’ length of the members 'ln the: plane of
the frame are computed by sumnmg up the structural mass, - the mass of h
the water contained in the tube and the mass of the water d1splaced

lumped at the horizontal cross- brace level joints. _-" : L ,

Linear analysis is carried out for the fixed base cond'ltion.' '

For the lumped parameter foundat'lon model, the foundation is 1dealized < “

by linear horlzontal and rotat'lonal spr1ngs at the mudline Tevel and .

" for the f1n1te elemented foundat1on model by two dimensional 1sopara—

metric plane stra'ln elements. . For both models. the structural members

~a .
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. response 1s-vdetermined by modai superposition.

L s, carried ‘out | for two types of clay

-

The noni inear behaviour

.due to shear deformatiOns of ther soii is handi ed by ‘the equivaient o
s linearization techni(}ue-, Mode superposition i’aciiitates an approximate

‘ solution in which the. st?i(fnesses used are made compatibie with

v analysis uses the pubhshed data on strain-compatible soii properties
\

®

' ' for. c'la!ys -and sands,and the finai vaiues of the “soil e]ement stiffness':

N

L properties are estimated by an iterative procedure. - The investigation ,'

a) Soft, and b) Stiff In a'H

the anal_yses damping is expressed in terms of the modai damping ratio-. K

and pi1e damping due. to interaction with the soii

. members. For noniinear soii behaviour. a typ1 cal member- stress is 48%

s highlights the considerable need for inciuding noniinearity in soii-

structure interaction studies. , Recon'mendations are made to extend this

investigation i:o’other' kinds of environmenta'l forces ‘on offshore . -;' -

o structures e. g waves and currents

c e

.

. which inciudes structura'l damping, viscous damping due to i"luid drag, o

:'_ . The resu] ts of the - study indi cate that soi'l-structure inter—'

‘ action causes a complete redistr\bution of stresses in the structural ;o

‘ effective shear strain ampiitudes at the s0il’ eiement centroids. .}'Th'el B o

. more than ‘that for the rigid foundation mode] < Therefore, the study .

3
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D1fferent types of mode]s are presented to determlne the T

response to random 1ce 1oad1ng of penmanent offshore structures embedded _'-

~in the. ocean f]oor. ‘In’ addition to the case of a rlgid foundat1on model.

Chapter II rev1ews the literature on 1ce-structure-water-soil

!

i1nteraction under the fo]lowing categor1es-f measurement of forces and

: subjected to ‘ice forces, stat1c and dynamic anaIyses of the 5011-p1]e
: med1um with méthods other than the finite e]ement method, and the
.app]1cat10n of the finite e]ement method to the so]utions of problems

‘ related to the foundat1on—structure 1nteraction inc]ud1ng se1sm1c excitation

-

.’\‘ '; .

, two other mode]s w1th y1e1ding soil, fbundat1ons are presented The;
. structures con51dered are p]ane frames ‘ ' o -
L, 2 Statement of the Problen ;‘“.;-;i’j=' o
’ The purpose of . this 1nvest1gat1on is to determ1ne the e]astic
7respon5e of a pi]e suppdrted offshore structure to dynam1c 1ce forces
con51der1ng 11near and’ non]1near 5011 behaviour (F1g 1) '
The time dependent var1ations of the disp]acements ax1al )
“forces aéd stresses of the 5011 structure system are obtalned at typ1ca1 ;
1110cat1ons S "t;i‘” &1' I 7: ﬁ_ - l’ ‘ —
‘\1 3 LEXQ!_ ... ‘;: :h Co ) :*:mf‘_ d.J :;L'-I. - '} i'l‘.’;\}-

' crush1ng strengths of 1ce, dynamic analys1s of f1xed offshore structureSE,{ "

v, . (.,’.- 'g',_"_.,ii‘ 5 «
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‘of models w1th finite element 1dealization

j"f);. _ | .

Chapter ?II presents the study of nonlinear/stress strain~

behaviour of 501ls under dynamic loading, constitutive equations,

-
'4'--'\

. “"hysteretic stress strain behaViour ‘of soils under cyclic loading,:

7

,:dynamic lateral loading on piles and presentation by p - y curves,

':and shear moduli for saturated clays. .Different modelling criteria
o used in this analysis, aﬂd factors governing a true finite element

"representation of the soil- structure system are described Evaluation

‘_'of the added mass of soil and water on the response is also discussed.'

:f} Chapter IV presents the theory of the finite element formula-'

" tion.. It also describes the formulation and solution of the dynamic
;equilibrium equations for the entire 5011 structure system with the
.application of the equivalent linear method to, model the nonlinear i

i_soil structure interaction.‘ .l

Chapter V 1llustrates a numerical example for different kinds
g -7 ’

.~

thapter VI compares the results obtained for different kinds '\

of models and lists the conclusions Several recommendations for further ‘”

. research are made at the end of - the chapter.
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© ' 'CHAPTER IT.

o " LITERATURE REVIEW ~
',2;1 Introduetion o e
: The topics reviewed are measurements of ice forces on: structdres,

tdynam1c ana]ys1s of f1xed offshore structures subJected to 1ce forces, "
) .

,static and dynamtc ana]ys15\of 5011 p11e med1um by procedures other than
"~the f1n1te element method, and the app]icatlon of the f1n1te e]ement

- method to the so1ut1on of the foundatton structure 1nteract10n prob1em.'.

-

2.2 Ana]zs1 RN : ,:;" L o L o : ;
-2 2. 1 Measurenent of Forces and Crushing Strength of: Ice S - “,,

Zubov (166). Proskuryakov (112), Korzhav1n (72), Drouin (33).

f and Drou1n and Michel (34) carr1ed out ana1yt1ca1, exper1menta1 and f1e1d

- \V

, stud1es on the determlnation 5f stat1c ice pressures on structures,— N
‘-primarily due to .the' temperature f1uctuat1ons w1th1n the 1ce sheets. '

' Korzhav1n 's, comprehensive stud1es from 1933 -.1962 on the determinatlon of
Peyton (104 1105, 106)

1ce pressures have been summar1zed by Miche] (93)
/

made many usefu] recommendat1ons for des1gn based on his measurements of
" ice propert1es, and laboratory and field 1nvestigat10ns of ice- structure
KR 1nteraction at Codk Inlet Alaska., Blenkarn and Knabp (12) descr1bed the -

ant1c1pated ice cond1tions and maximum icer forces ln the Grand Banks off S

the cOast of Newfoundland Neve] (96), Lavrov (79), M1che1 (93),

Edwards et al (37 38), and Schwarz et al. (131) used d1mensiona1

ana]yses based on model and fu1l-sca]e data to simulate the ice structure_

;'1nteraction prob]em.. Ne111 (94. 95) described measurements of ice forces,”.“
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l‘on several bridge piers in. Alberta 1nclud1ng the synchronization of force ‘
,recording and movie photography ‘at ‘one site- to’ study force fludtuations - ‘,.‘ -
:Wlth the nature of the ice-failure. Failure Properties ‘and strength B

. deformation characteristics of.ice and ice covers wefé studied by Heeksf

wer .""'ffgld Assur“(152),. Gold (47) and Lavrov (80).  Danys (27, 28) investigated -

‘ ' Egipffshore light p1ers in the St Lawrence River waterway, seven of, which ,:
5::: had been’ damaged or destroyed by ice. The effect of ice pressures on .
offshore lighthouses 1n the Baltic Sea, with some reference to- two :

;,;ﬁ" *~; structural failures, has. been described by RelNlUS, Haggard and Ernstons >;;

._(119) : ', IR S

- .v‘ Ice pressures based on the above two failures were estimated by B

Bergdahl (9) Kopaigorodski et al (71) made model studies on ice sheets n' i

- '.‘ﬁ . to. determine the mean ce. |pressure -QZ" and variation of the values L J/

H : + around the mean It was concluded that sheets with small h/d. (i e. 'iJ; L .':T‘ﬂ_s' .

thickness to indentor width) ratios fail by - 1nstability while shear o :

failure occurs for sheets with large h/d ratios Hirayama et al (55; PR
56) and Schwarz et al; (132 133) suggested an empirical formula for the

' 1ce |aressure :_ of’ ice which takes into consideration the 1ndent0r

L shape and diameter, ice thickness and the relative velocity between ice
: - and the structure FR R .‘ e
| ‘ ‘ Kiv1sild (68) described the structural de51gn of a year-round
“0i1 tennlnal in 1ce-covered waters of the St. Lawrence River. Afanas er
(1) developed an emperical equation for ]oading on vertical surfaces

:;f.“ based on experimental and tqeoretical studies Frederklng and Gold (45)

S

N described a mathematical model for calculating lce forces against an .-

)
y

AN
_isolated pile:that takes-into account the influence of the ice type, ‘

|
|
i
.’
!
f)j;>- :




i

loads on r1ver structures.

.......

N
strain rate, pilo geometry, and. temperature

(149) presents formulae for. the determination of static and dynamicaice o

-.tions (3) indicate ice crushing strengths of 200~500 ‘psi to determine 1ce

forces. Croasdale (26) described a nutcracker ice strength tester in the

- Beaufort Sea which give 1ce crushing strength values - of(580 15 to

A
%

RES

4R .

Zdeynamic responser

:lumped mass model

;: i postulated saw-tooth type deterministic loading

870 25 p51) Kennedyl(64). Lazier and Maclachlan (81). and La21er and

| Metge (82) investigated ‘the deformations and movements in 1ce sheets due

i -

“to temperature variation,_7 e "i o T 4 f ; A' TN

. e P . '. : 8 A
. . - s

‘2 2 2 Dynamic Ice Forces on Structures

Blumberg and Strader (14) first analyzed an offshore monopod

-~

- at Cook lnlet Alaska ﬂgubJected to. tidal current-driven ice loads fOr

They replaced the mov1ng ice loads by an equivalent

‘,static load at highest tide level and calculated the frequencies for the -

It Was. suggested that i) soil-structure interaction

may be qu1te 1mportant 1f the applied loads are»very high. and ii)

~

,1nteraction effects Nﬂi] decrease the resonant period and may cause a

shear failure 1n the supporting soils Assuming the primary structural

- response to ice floe exc1tation to_be. in its fundamental mode of - ':3
'vipration, Matlock Dawkins and Panak (90) analyzed a cantilever pier,

"jidealized as a damped single-degree of-freedom system and subjected to.

The calculated

response showed good agreement with earlier‘field measurements of Peytonf""‘

(106) Sundararajan and Reddy (141) used the Matlock et al model to

Ll study the stochastic response of a 51ngle degree-of freedom gEDOF) nndel;

The Ru551an code of practice

American Petroleum Institute (API) recommenda-
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'structure) but filtered out the excitations for w > W

s i

'"'fby spectral technique. The force records used were those of Blenkarn (13)

at Cook Inlet. Alaska,,frOm actual field data It was observed that the

. system responded to excitation for w < m (fundamental frequency of the~

o ‘ Peyton (106)

’ -concluded from field measurements of responses of a pile subjected to :

}; frequenc1es of fluid-supported ice sheets deforming laterally in dish-~
form, to be less than Iy Hz. Reeh (?&7. 118) derived relationships to '
' detennine the natural frequency and mode shapes of ice sheets vibrating

‘,in water and found ‘that the grequency of rigid body motion to be 1 Hz

' 2 2 3 Dynamic Analysis of Fixed Offshore Structures to Ice E_Lges qcx
‘ Reddy and Cheema (114) used the power spectral density method :df-" “
for- the determination of responses of an offshore structure modelled as ?5,,,

"multi degree of-freedom (MDOF) lumped mass system The 1ce force records '

i

3
Sk

«;the action of uniformly-thick 1ce sheets that the force osc;llations are .'A

were those of Blenkarn (12) determined from two instrumented structural

':.devices -a strain-gauged test pile»driven -into’ the ocean bottom e'

‘."adjacent to .an existing temporary offshore drilling platformuand a field

measuring the reaction at the upper hinge Observing the 51milar1ty

between ‘the flunctuating parts of jce force records and earthquake retords,v \

\

. Reddy et al (115) used the well known response spectrum technique for S
analysnng a three-dimensional offshore platfonn (modelled as ¥ two--

rdimensional plane frame) They calculated the probable maximum dynamic

- response to impact loads of moving ice sheets. sThe added water mass was .
’ s . . . .

[
(3

: predominant in the range of. 1 Hz - Kivisild (67) estimated the natural *j'

~test beam hinged at both ends ‘to’ the platform leg with a load cell Lo .”.
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taken 1nto account by assuming 1t to be equaT to the mass of. water .

d1sp1aced as- suggested by . King (66) The 1ce-force records were dig1t1sed

-
-

[

records was - ver1f1ed by usmg the Ko'lmogorov-Smlrnov test “The, work )
‘ ;1ncTuded an extens1ve 11terature rev1ew on 1ce-structurevanteract1on
: Reddy et aT (116) used the power spectra] density method for the response
"‘ana'lys1s of a framed tower takmg mto account the three-dimenswnahty ‘
T .'Swamldas and Reddy (142). anaT_ysed an offshore monopod tower cons1der1ng
" ice- structure 1nteract1on by the f1n1te eTement method * Instead ofr
' ‘.assum1ng the added water’mass to be equal to the disp]aced water mass,
i B ..the frequency dependence of the added water Tass was taken 1nto account
based on the substructure concept of. EATzw a programme for Earthquake .
.‘ Response of Ax'ls_ymetmc Tower- Structures Surrounded by Nater (83) The "i
".hydrodynam1c 1nteract1on terms 1n the. modal equations of . motaons of the f
‘ 'structure are determ1ned as so]ut1ons of the boundary value prob]ems for’
the f'lu'ld doma1n Ice-force records were generated art1f1c1a11y foHowmg
;"a method suggested by Swam1das et aT (143) based on the s1m1'lar1ty
"ibetween the fTuctuat1ng parts of randomly vary1ng ice- force records and

"se1sm1c records The wonk 1nc1udes the study. of the 1nf1uence of soil

- propertaeslon the frequencaes and responses e
' A < S f'_w . S . :
- 2.3 So11 Pl]e Medium . s oo TR

'2 : 3. 1 Stat1c Analysis

. 3. The true 1nteract10n problem betweén the structure ‘and the 'soil

system is still not weTT understood Terzagh1 (146) deScr1bed an g

A"us1ng the Nyqu1st cr1ter1on, and the’ statlonar1ty of the chosen ice- force ~

"

Vet S
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':4 approx1mate so1'| structure 1nteract1on ana1y51s wh1ch g1ves reasonab‘le _—

1,

Y

¢ anSWers 1n most cases. Howe (57) suggested two procedures for modelhng )

..
the so1'l restra1 nts on the structure penetratmg 1nto the ocean floor:’

o 1) essumptmn of an eqmva1ent pomt of f1x1ty at some’ distance be'low

: the mudhne w1 th no so1'l restra1nts, and n) assumptwn of the pﬂe as -

,._.,, ot

- a beam on e]ast1c foundatmn s1mu1ated by a set of c]ose]y spaced sprmgs..,

The eqm va]ent pomt of f1x1ty was defmed as that point of rig1d f1x1t_y

f‘or a. vertma'l cantﬂever w1thout the surroundmg med1um wmch has the ’

~

- 'charadtenst-lcs are presented by ~d sgt of | p-y (force-deformatmn) curves

e ishown 1n F1g 2(a) for different depths. The dafferenha] equat'lon for N

pﬂe to a known Shear. and moment at the mudhne

‘~-ana'l,y51s of a 1atera11y 1oaded pﬂe\for stat1c 1oad1ng \The soﬂ

’ same bendmg moment as the actua] pﬂe with 1atera1 soﬂ restramts.

{-.

Many research 1nvest1gators used th1s concept of equwalem: po1nt of .
f1x1ty, e. g Anderson,.Bartho]omew and Wong (4) and Bﬂhngton, Ga1ther :'.
“and Ebner (i1). The second method described by Ref 57, which uSes- the’
concept of an elastic contmuum by a set of c]os‘e'ly spaced sprmgs, seems -

much more rat1 ona] than the equwa]ent pomt of f1x1ty The cont'l'nuumv

concept has been used w1de1y td’date in the ana]ys1s of offshore “ - P

structures part1cu1ar1y in’ the ana'l_ys1s of -a 1atera11y 1oaded s1ngle : DTS

) .

C e

.

] ‘Us1 ng the kaler foundatwn model, Reese and Mat]ock (120)

°

_ presented -, non-dimenswnal&o]ution for latera]]y Joaded pﬂes. They Rl

L S

assumed the soil to behave as a sem es of separate e]ast1c eiements
S

‘mth the soﬂ modu]us varymg hnear'ly w1th the depth Later, Mat]ock

and Reese (85) 1ncorporated the. non"hnear behavmur of soil in the

2
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| 'procedure usmg successwe eTast1c approx1mations adJustmg the so1] k

" three Poss1ble var1at1ons of the Spr1ng constants or. the moduTus of S

-»second and th1rd cases are probab]y‘ more su1table for sands grave'ls

and norma]'ly Toaded silts. Fe1busch and Ke1th (39) ‘used the 1terat1ve

) techmque of Ref. 85 to ana'lyse an offshore structure supported by a -

'..pﬂe foundatwn cons1der1ng a nonhnear soﬂ "p-y curve. A computer -
-prograrrme was developed wh1ch takes 1nto cons1derat1on the elastic ;':
"_structura] member and an 1ne'last1c soﬂ 'p-y curve for different depths.
. The resuTts are printed at the- end of the f1nal 1terat1on when

':,'convergence has been ach1eved for the computed and assumed soil moduh.

' -def]ect'ion cons1derab1y compared to that for the case of assumed f1 x1ty.

. . : B
the beam on the elast1c foundatmn model 1s so]ved by an 1terat1ve :

"'mod\ﬂus "E " (p/y) constants at. each tria]. Nﬂson (161) indicated . . 4

subgrade reactwn, Kc": 1) constant w1th depth, ii) 11near with depth,

-and 111) less strength than that. 1nd1cated by the second case down to .

', 'the f1rst- po1nt of. zero deflectmn of a pﬂe, XT’ as shown in F1g. 2(b)-

Case (1) 1s representatWe of normaHy consohdated c]ays, whereas the

It is po1nted out that the 1ne1ast1c soil behavmur wﬂ] lnfluence the '
4

. Therefore, neg]ectmg the coupT ing effects 1n soil- structure-pﬂe 1nter—

',act1on can resu]t in unconservatwe design va'lues.

Spﬂ]ers and Sto1l" ( 139) cons1dered the soﬂ med1 um interacting

-w1th a Taterally-loaded pﬂe and anaTysed two 1dea11zed mode'ls for statlg
Toadmg RED) an. e]ast1c p1Te in elastu: han—space, and 11) an. eTastwc ‘

h pﬂe 1n e]asto p]ast1c ha-Lf-space. The Mmdhn Equatwn was used ° for B

s {
points to the resu]tmg soﬂ surfaces.\ Franc1s (44) ana]ysed a

,determimng the soﬂ propert‘les relat1ng deformatwn at certam spec1f1c

-

..... R
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- two d1men51onal p11e group for stat1c 1oad1ng by the 1nf1uence co-- '

_ )
. conversion factors were estabhshed to. pred1ct the behavmur of the.

_' eff1c1 ent method The s0i1: resistance was cons1dered umform or.

1ncreas1ng/pr~oport1 onaHy with depth Aschenbrenner (5) presented a.

' three d1mens1ona1 study based on the influence coeff1c1 ent method Kubo

(74) carr1ed out' an exper1menta] study’ to determ1ne the behaviour of

: 1atera1]y-1oaqed pﬂes m both sandy and c'layey soﬂs A new rel atwnsh'lp_

- betWeen the’ soﬂ reactmn and pﬂe def]ectnpn was proposed, and 4

7

- ‘prototype pﬂe on the ‘basis o? the resul ts or model tests It was found. ‘.
:that the soil reactlon coeff1c1ent 'K‘ decreases. for pﬂe w1dths greater .
than 20 cm Many f1e1d test va]ues were processed to estabhsh a umtque.~ |
K '_re1at1onsh1p between the so1‘| reactmn coeff1c1 ent K' and the standard
penetratm/n “value 'N' for' clayey and sandy soﬂs Saul (130) presented a - S
- * general formu]atmn of the matr1x method for a three-dmensmnal
foundation with r1gidly connected pﬂes. He 1nd1cated that the method
’cou]d bé“extended to dynamcaﬂy-]oaded foundatmns Robertson (128) '
iand Parker and~ Cox (100) used the method formu'lated b_y Reese and Mat‘lock
.(122, 123) forgpﬂe ana]ysis subaected to lateral and axia] loading. -
' "Reese and 0 Neﬂ'l (124) presented the theory for a general three- ‘
'd]mensiona'!, grouped. pﬂe _foundatmn us1 ng mat_rflx formulatwn Bas1 capy,z ’

'the' n\ethod was.an éxtensiOn of the theory of Hrennviko'ff' (58) in which

the piles were presented as. an assemblage of sprmgs._ Awosh1 ka and

Reese (6) presented the analys1s of a foundat1on w1th w1de1y—spaced

‘ battered p11es for stat1c loadmg cons1 dermg soil nonhneam ty through
"p-y curve. Pﬂes subjected to 1ateral and ax1a1 Toads were stud|ed

' experimentally and ana]yt1ca11y. Reése, 0 Neﬂl and Sm1th (125) presented

At i Bl SR o i B A e S
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the generaHzed ana‘lysis of pﬂe-supported structures by matr1x :
fonnu'latwn ‘- L D T

Mode] stud1es of 1atera11y—10aded pﬂes were carr1ed out by
D;V1sson and SaHey (29) ‘o develop cr1ter1a for the des1gn of pﬂe _
foundatmns. Mat]ock (89) carned out f1 eld tests on 1nstrumented pﬂes '
as well as 1aboratory mode‘l tests to estab¥ 1sh the corre‘latlons between
the two. Three types of loadmg conditions often used for’ the des1gn of
1atera‘l'|y—]oaded pﬂes m soft, normal]_y conso'l1dated marine clay were

con51dered, namely. 1) short term stat1c 1oad1ng, 11) cyc'hc 'loading,

and 111) subsequentv reloadi ng with .forces 'less than the prev1ous maxima';'-' "

S1nce the des1gn reconmendat'lons of Ref 89 were based’ on-a cons1derab1e B

A

amount ‘of exper1ence and expenmental data, they seem ‘to be the most

rehab'le of the estabhshed procedures avaﬂable for deve]opmg p-

= relatwnsmps for p1]es(1n soft c1ay.l

" Field. tests on Iarge di ameter bored pﬂes under ax1a1 and Y '_

1atera'l loads were reported by Botea, Mano'hu and Abramesey (15) D1aJ o '
(31) present a computer ana?ys1s for. the determ1nat1on of pﬂe forces,

d1sp‘|aeements and soil reactmns of a group of plles in soil w1th genera]

i elast'lc propert1es. ‘He assumed e'lastic behakur of piles and represented

the pﬂe as a hnear e]ast1c beam supported e1ast1ca'l1y by the soﬂ
Interaction between dlfferent p1'les’ in the groups was neg]ected. 4

Shr1 vastava (134) ana]ysed a pﬂe grOup sub.]ected to vert1ca1 and 1ateral
loads by develop1ng a st1 ffness matrix relatmn between externa'l forces.- -

and d'lsp]acement vectors.~ ‘The pﬂe constants were determmed from the

Mmdhn Equation for forces acting 1nside the e]ast1c ha]f-Space.' It

was concluded that good results can be obtained from the e]astw theory 1f




the soil. properti es are properly assessed and the magnitude of .the,-loa'd_ing" |
‘15 about one-third to one ha'lf of the uitimate loading Pouios (107, ’1A08,' '
’109) assumed that the soil surround'lng the piles acts as an elast'lc hal f- _

o space accord1 ng to the elasticity theory Procedures were presented to "

red1ct the ]atera1 behaviour of 1soiated smgie pﬂes, pﬂe groups and

‘,,socketed piles. Though the method indicates the p0551b111ty of ana]y51s '

of any pﬂe size and p11e group, 1t s restricted by the assumptions of

‘_constant and umform Young s modu‘li for the soﬂs and pi'les. and constant

.

- tsection modu'li for the piles Other hmitations are apphcable ‘to only

’fixed or free headed pﬂes and computation of on]y pﬂe head response

) ‘ Brod et al. (16) outlined a method for ana].ysing ‘an offshore structure
.on pﬂe foundations con51dering non'hnear soii behaviour -Tr‘heitechniqqe'j_ .

used f_or_ the so}u_tion- was ‘a _redu;:ed st_iffness.. method, in whiéh'the_ S

structure-and the pi]e foundation are fi st treated. separately -and then

C defiections and forces at ‘the structure—pﬂe head interface are matched o

by 1teration to satisfy the fina'l equihbrium condiinon. Focht and Koch

(42) presented an approximate procedure for predicting the behavmur af -
lateraily-loaded offshore pile groups Subgrade (ply) analysis was |

llcombined w1th the elastic ha]f-space procedures incorporating the ;

- ,rei evant mod1 fi cat1 ons

&
2 3 2 D_ynamic Ana'l,ys1s

'2 3 2.1 Methods other than Finite Element Method

N
One of the earhest studies in the dynamics of latera'lly—ioaded

: pﬂes was® that of Gaul (46) He carried out extensive mode1 tests of a

. pﬂe SubJ£Cted to-iaterai hannomc forcmg function if an effort to

/
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simuiate a piie subjected to ocean waves Testing of a vertical wpi‘ie on
-~ a weak marine foundation 1nd1 cated that for "re]atwe]y" 1ow frequency

‘:of load oscﬂiation no dynamic ]oad factor 15 requ1 red. . It was al so

' studies would require testing with a wide'range of frequencies,

: v1bration making-the damping neghgibie The dynamic moduius differed
,1t was conciuded that - e /f' B o 3 L T

,‘in phase/vnth the oscﬂiating 1oad.

. bending moment “and the section where 1t occurs are not materially A

a different from those obtained for a static case, and

-,unusua] properties. Hence, the conc]usmns stated above cannot be ‘

| L,,-

TSy r

e

pointed out that odetermination of the variable 1oad factor by mode]
N /-

(j N
different types of piles and foundations Instead of assuming a viscous
- i

soﬂ medium, 1\t was. asswned that p]astic f]ow wiH occur in soﬂ during

from the static modu'l us by on]y 1% . From the anatysis of the test ~data .‘,ﬁ«",“.:

.7
{

o

;1.‘ The pile: v1brates in the form of a standing wave' which is

‘

o2 Soii damping is negligible, o A,'_ L A

3. At reiative'ly low frequenc1es of oscﬂiation the rnaximum -

;

Y 14. ' Soii modu]us is constant for montmori'l]onife clay, more

. 'comnon]*y known as bentomte, under dynamic 1oading

. In this 1nvestigat10n, ‘the .rate of ]oading was kept constant N

at 1 Hz and the material con51dered was a special type of c]ay exhibitmg

: raccepted to be generally vahd even for cia_ys Tucker (f148) extended
“'the Mat]ock model (86 87) for dynanuc ana'ly51s of ]atera]ly-loaded

pﬂes to the unsteady conditions of impulse and harmonic 1oadings He "

/
extended Mat]ock s technique for soivmg a beam-column on foundation

under static 1oad1ng to the probiem of dynamical i_y-ioaded pﬂe.« .T“he. '

ey
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‘ 'bas1c d1fferent1a1 equatwn of motwn for dynamlc equﬂibrwm Was
A

transformed to a set of f1n1te difference equatwns. V1scous dampmg

was mcluded in the mode'l and the results showed good agreement w1th

\those o?'GauT. Ref 148 observed that the true re]atwnship between pﬂe _

def]ectwn .and soﬂ res1stance 1s seldom 11near due to- non] 'fneari ty of

: {the stress stram curVe for soﬂ " It was reconmended that noanear

ﬁspr‘mgs be 1ntroduced to represent the ‘'s0i 1. force deformatmn :

. ‘characterist'lcs accurate]y and the iteratwe techmque. as suggested by

c,

ARef 122 be used for so]utwn

!

Hayasm and M1ya31ma (51). conducted tests ‘on vert1ca1 stee'l _ '

- H- p'l]es embedded 1n sands and subjected to jatera] static and dynamlc ._"

Toads' The1r f1nd1ngs were i) The natura] frequency and resonant

- ‘curves for s1ngle vertlca'l plTes can be ca]culated from 1deahsed

3z

.«sfmp]e vibratlon systems, and 11) damping coeff1c1 ents measured in the

- free v1brat1on tests depend on the re]atwe densit1es of the subgrade

and the lengths of the free parts of pﬂes Latera'i‘ load and \hbratwn

test data on prototype pl'le groups cons1st1ng of vert1cal and battered

‘ pﬂes ‘were ;'eported by Matsumoto and Tsucmya (91) Penzfen. Scheffey :'.

and Parmelee (102) ana]ysed bridges on long pi]es subJected to se1sm1c

1

'exc1tat1on m wh1ch the so1'| system Was. represented by a Ke]vin Vmgt

-model The 1nert1a of the soﬂ system was taken 1nto consfderatwn by

WV f
means of a lumped mass mode'l for eval uat‘lng the sm'l react1on to se1sm1c

. expitat'ion The reSu'lts from extensive soﬂ tests on San Franc15co Bay

“mud were used to determfne the non'Hnear hysteretw stress strain

. re]ations, damping and creep characterlstms of c1ay. Tbe model

c{evelopedl 1n1tially was a coup]ed system which led to an extremely

-~ .

B A




- ‘ments., Th1s approach was .also used for the ana'lys1s of an offshore

compl'icated method of aha]ys'ls reqtf'ir'ing'considerabie'computat‘ionaT‘?

o effort After a number of attempts it was dec1ded to si mphfy the '
- ,problem by using an uncoup1 ed spr1ng system often. called the "ka]er“ o
. :‘mode1 . Another assumpt1on made was to eva] uate the uncoupled sprmg

.p:ropertws from the stat'lc stress and d1sp1 acement f1e]ds withm the -

.clay medwm, i. e. the Mmdhn theory The assumpt1on was Just1f1ed

K

- by the argument that” the character1st1c wave length 1n the clay medwm,

a shear wave 1ength, was long compared to the hor1 zonta] drstanse across

- “the zone of maJor inﬂuence result'lng from 1nteract1on The soﬂ sprmg
g _-used was of the: bﬂ'mear type and a step-by-step matr1x analys1s
" solution. of Wilson and, CIough (155) was used to so]ve the set of .

"s1mu1taneous d1fferent1al equat1ons for the soﬂ and the p1le di sp]ace-

K
platform whu:h will. be d1scussed 1ater.1n th1s sectmn.

)

Hayash1, M1ya,11ma and Yamashita (52) proposed a‘new method

B for estimatmg the behaviour of p11es under stat1c and dynamn; 1oad1ng.'

They carrted out many f1e'ld tests on full-scale prototype pﬂes‘and

' invest1gated the character1st1cs of hori zontal subgrade react1on for ’

d1fferent types of soﬂ Severa] “standard curves" were presented for

"'d1fferent types of soﬂ c1ass1f1 ed as “c T_ype“ and "S- Type" to pred1ct

7 .
the def'lection of a pﬂe above the soﬂ Surface, max1mum bendmg moment

.'and the necessary 1ength of pﬂe embedment for design purposes.. The *
’study a1so considered the response of, a _pj’le. to. lateral dynam1 c foadingg'

" of ‘the" a1ternating t_ype ‘ The reports ‘ind"ica"te the n.on-avaf]abﬂ'i',ty of .

'~adequate 11terature on pi 'les subaected to random load'lng Prakash ‘and_ -

_— Aggarwa) .(1‘10) reported.the_ stndy, ‘of a vertica] pﬂe under i.atveral'“

>




' In another stud_y 1nvolv1ng earthquake ex

' comp'lete]y erroneous resu]ts may occur due to neglect of foundatwn—

B N e T

16

- dynam1c 1oad1ng, and compared the deflectwn with that for a stat1c case. .

'at1on Kubo (73) stud1ed the

[
.

response of a system hav1ng two degrees [+

' superstructure and the other the subsoil? He suggested that for
' structures modeHed 1n the most s‘Imp'|1f1ed way, at’ ]east two degrees of
' -freedom must be cons1dered for dynam'lc ana1ys1 S. The restormg force of

' the superstructure 15 the elast'ic property of the frame, and the spr1ng

force app'l'ied to the substructure is the hori zontal res1stance )of the

' subsoﬂ The study 1nc'l udes the. re'lat1onsh1p between the strlfctura'l

response and the ground mot1ons dampmg constants, etc. F]emxmng et a]

"(41) descr1bed an ana1yt1cal study wh'ich 1nc1 uded. soﬂ-structure 1nter-

: act1on. The superstructure was 1dea11sed by a convent1ona1 1umped mass
f'-»"modeI and the soﬂ med{um was represented by a ﬂex1b]e member attached '
rAto the .above 'Iumped mass mode1, hav1ng the same force deformat’lon ’

. re1at1onsh1p as - the foundatmn. The scnl properties ‘were: assumed to be ; E
:.hnearly e]ast1c and the so1l damp1ng was neg‘l ected in formulattng the
f‘-mathematwal mode1 .. The results from parametr1c stud'ies made on the :

T -_'variation of foundatwn st1ffnesses 1nd1cated that, ln earthquake analys1s,

4

»superstructure mteractmn effects

P

S, Forehand and Reese (43) stud1ed the vertma] motion of a pﬂe

,dur1ng drwing mth the he]p of the wave equat'lon. It was a§umed that

"... the resistam:e to driving is composed of the stat'ic res1stance p1us

. - 1ncrementa'| resistance that develops under dynamc 10ad1ng. and 'IS

expressed as a percentage of the stat'lc value aade The ]oad deformation

character1st1cs of the soﬂ are. descr1bed as = oo .

L e . v w-,.-j,...v-ak“-v'-v-«sbn.
A .

‘*';*X eedom - one representlng the ‘ :




. \ PR T - . T ~ . K L. .- . . N
. N oo - . B , . . L. . , . -
‘ B i s SO VRN VSIS IIPR T PSS ISR SR SN E SO . .
A - - . P . . . . -
.o . s . Co . C. o .

PR AN E W

SN

. D T R - . L ; ‘ e
Lo L : LU\ ; " e e

A
0

v

~where RD 15 the dynam1c resistance R is the stat1c .nes1stance, ¢ s -

the v1scous dampmg and u i3 the rate of disp]acement. Wu (1963)

Yo

*observed that soﬂ resistance in the pﬂe dr1v1 ng analysis. is composed
of - two parts - the 11near v1scous dampmg on the outside surface and the::_
. restoring force at. the p11e end Barkan (]) 1nd1cated that, in clays, a
:the pﬂe natura] fr-equency rema1 ns near1_y constant whﬂe being dr1ven
and 1ncreases after a week It ‘was conc'luded from th1s observatlon that :
'res1stance dur1ng dr1v1ng is due to end bearmg, and res1stance after :
.-drlving is- due to the shear on the outs1de surface. Chan and Hirach (22) o
presented a- detaﬂed report of . avaﬂab]e pub]ications up to 1977 on soﬂ

. dynamics and soﬂ‘ r'heolog_y Parmelee (101) 1nvest1gated the buﬂdmg- '

B 3

...‘"foundatwn 1nteract1on phenomenon by ut1'|1z1ng the so]utwns for the o
steady state v1brat1on of - a r1g1d plate -on an e'last1c half- space He i
used Bycroft ] (19) re5u1 ts for this study with t,he ma1n assumptwn that n

',the ground or foundation med1um is 2 sem1 inf1n1te, 1sotrop1c, 11near1y

elastic bod_y Edge (36) made a detaﬂed analyti ca] study of an off-

shore structure wi th pile foundatmns, subJected to wave Ioad1ng Both L

o determ1n15t1c and stochast1c models were considered in the ana1y51s

assummg ‘a Irhnk]er-—type 'Foundatwn The soﬂ ‘was rep'l aced by three N

types of springs at each 1eve'| of pﬂe below mud'line' 1) Latera]

"spr'lngs for bendmg, 1) Vertica] spr1ngs for shear, and 111) Tors1ona1
- 'springs for twist. The Young s modu]us for 501 1 was assumed to be .
o varymg w1 th depth and the ana]ys1s was carried out for a hnear

" elastic \sys,tem. Kubo 4(75),-carr1ed_o_ut a -model -tes.t -for_ v.1brat10ns of . -
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- Exper1ment Station, Umvers1ty of Tokyo, in 1967, the followmg results = .

T

e
oy W

"a p‘lle-su'pported 'structure. A large s1ze shaklng table was used since a -

. 'small size-one will hardly satisfy the s1milar1ty law between the model ‘

and p.rototype. From tests mth a very large shakmg table at the Chi ba :

m_ were obtained by Ref 75 -1) maximum bending stress occurs at a per1od

A of about 1 3 sec 1n the prototype, and 11) as. the frequency of the shakmg

g

. ‘table 1ncreases, ground movement becomes larger and the surroundmg so1l

pushes the p1le hor1 zontally Ross (129) developed an analytlcal model’

. for the response analysls of an offshore p1le subjected to wave loadmg e

' .‘The pile analysed was a single one embedded m the ocean floor and the

superstructure was replaced by a lumped mass connected to the- p1le top '

. geometric nonl'lnear'l ty were cons1 dered Interact1on between the pile

and the soﬂ was s1mulated ‘by a mod1f1ed Kelvm Vo1gt type model placed

at. nodes below the mud lme Nonlmear soﬂ properties were s1mulated

’ by placlng a dashpot placed 1n parallel with a. sprlng fr1ct1on block

. system. . Dampmg was represented at each node by a: dashpot The '

equatwn of motlon was sol ved by the Runge Kutta Method,.. and the results '

compared w1 th laboratory test val ues on a model p1le

Agarwal (2) formulated a method for analysmg the dynamlc o

1

' f'response for a pile uslng the d'lscrete element, method as suggested by "

- -.Matlock et al. (88) for .a l1nearlyq.elast1c beam-column. The physrcal

model cons1 sted of r1g1d bars, connected end to end with: p1n Joints and

elastlc spr1ngs to 1nput the requ1red flexural stlffness The so1l

.', med1 um was represented by 1nf1n1 tely closely-spaced spr'lngs, i.e. the

Hmkler foundatlon, fass a_nd dashpot damplng.': AAlthough only ljlhear_

. v-:.—mma-p—-wn-"- o L .
o PRI A N '“‘-\,m.v waa"wuw-.g,. -

'by two - springs, lateral and rotat1onal A Both so1l nonl‘lnearlt_y and p1le T

[
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. analys1s was carr1ed out, the method gwes an. optlon to use a non'hnear
‘ sml spr1ng by an equ1valent combmatwn of a force and a l1near spring."
; 'The damp1ng behaviour of s0i1 medlum was. treated s1m1larly by a dashpot’.'. o

' Compan son of - the anal_yt1cal results w1th test values for two dlfferent‘

kinds of load1ng, i) harmonfc and ii) trans1ent, lnd1cated fairly good

agreement. Prakash and Chandrasekharan (111) stud1ed the d_ynamic '

; .response of a. p1le under lateral loadmg analytix:all_y and experImentally
: .Based on a full scale field test on several p1les both bear1ng and ‘
) frlctwnal types, an easier ‘method of analys1s was suggested for predlct1 ng.
E _p1le response to. latera'l dynamic load Szﬂard (144) reported the dynamic -

. résponse’, of mul t1level guyed towers subJected to earthquake exc1tat1ons

cons1der1ng the nonl‘lnearity of the. elastlc supports.' It was suggested

e

that the soll nonllnear'lty of the stress-stram relat1onsh1p can be

‘handled in a manner:- 13 m1lar to that for the prestressed cable supports
'The Nav1er solut1on was used to solve the di fferenh al equation of_ mot1on '
‘for the forced’ part of the vi brat1on-. The nonllnearlty of the cab‘le

supports was approxlmated by a p1ece—w15e l1nearlzat1on technique. -Tajimi .(

(145) stud1ed a structure embedded 1n an- elastlc stratum b_y the appl1cat1 on

‘of the three-d1mensional wave propagation theory Penzien (103) presented :

an analyt1cal model for evaluatlng ‘the response of an offshore tower to -

/

, se1sm1c exc1tation cons1der1ng soll p1le-water-structure 1nteract1on _
’ Three k1nds of models were used to stmulate the true 1nteraction effect of

so1l around the structure. two of these were presented earlier 1n a. paper - i

on the analy51s of a bridge structure supported on p1les (Ref 102)

N Detenm nlstic and stochastic responses were - presented for an elastu:

v ) ' e -
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. half—space model and the results interpreted in terms of present des1gn

'-'vcode reqm rements It was suggested that, for deep piTe foundations,

"-»be rapidly transferred to the surround1ng soil with increasmg depth,_ :

unless the foundatwn COl‘ldlthl‘lS are extremely soft B1elak and

'Jenmngs (10) stud1ed the _dynami cs of buﬂding-soil mteraction by
- modelling the soi‘l as a linear elastic- half-space and the building
. structure as-an - degree-of—freedom osc1llator. Both earthquake response

‘ and steady-state response were studied, and examples were: gi ven for one- o

CENY

"storey, two-storey and ten- store_y 1nteraction systems.: Results indicate
" that interaction effects may be 1mpbrtant and must be . 1ncl uded 1n the |
“deSign and® analys1s of certain structures Ha5selman (50) studied the bt
probabilistic response of an interactive soil structure system to seismic '
.excitation The analysis was based on the linearised sub system approach,
"a'"the platform structure and pile foundation form'lng one sub system, and
' bthe soﬂ the other sub s_ystem. The nonlinearit_y of the soil treated in

terms of the secant shear modulus following the suggestion of Hardin and T

Drnevich (48. 49) > -is’ represented by ‘soil density and the hysteretic

‘sml shear stress— strain .curves which vary with strain and depth. The ..
”"_spring constants used were based on the lateral and vertical forces of
’ . soil. corresponding to-the strains developed at the different levels,, and
the response of the ent'lre soil—structure system was calculated 1n an-

" 1te_rat_ive manner. The results 1ndicat& that dyqamic tuning between a:

softisoil : and a "p"latfonn. structure can give a h'igh level of respgnse

o

PAPIE SN

| the soﬂ inedium could be 1dealized by an_elastic half space because the: ..

.lateral forces app'l lEd to the upper ends of the piles by the tower would, e
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A ‘:1 dynam1c character1st1cs are 1nsen§1t1ve to deck mass changes The .
e g.;?fadd1t1on of a we1ght over 500, OOO 1bs. (6% of .the deck mass) at one
] corner of the deck changed the fundamenta1 per1od by only 1%, but the .
,'1f:‘qatura] frequency was very senszt1ve to so1l st1ffness Vand1ver (151) .
'f'presented a technique to detect the subsurface structural fa1]ure of a, ‘

sl ) three-d1men510na1 offshore structure (frame-type) by detect1ng changes

" : ' ) : \..A-
and, for a very h1gh 1nput 1eve1, he so1l column frequency may exceed

the structure perlcd causing a SIgn1f1cant dynamic attenuation.

~

Hays (54). carr1ed out a study of the non11near dynam1c response

. of a framed structure with pile fcundat1ons to se1sm1c exc1tation. The’

nunl1near1ty cons1dered was of a geometr1c type due to large axial 1oads

Co often-cal]ed the {PA effect {where P_1s the axial 1oad and 4 is the

‘displacement'between the. structura1 joints) The method was based on

- i

" the. non11near d1screte e1ement method suggested by Hays and Mat1ock (53)

1

,A computer programme, CLOSE 11 was deve]oped and the resu]ts checked
we]] w1th those of WOrkman (162) Ref 54 c1a1med that the same programme L\J
ll:lcou]d hand]e 5011 non]inear1ty (mater1a1) W1thout further mod1f1cat1on

‘f:1Utt, Dth1ng, Duthwe11er, and -Engle (150) ana]ysed ‘the recorded dynaﬁ1c

response of a monopod p1atform in Cook In]et The response was: s1mu1ated

w1th computer models to study the reason for observed changes 1n the

‘ ‘“fundamenta1 frequency It was observed that the p1atform frequency
changed from 0. 91 Hz dn 1967 to 0. 77 Hz 1n 1972 ow1ng to changes in the B

" s0il cond1t1ons of’the foundatlon ' It was conc]uded that the p1atform s‘- .

- . gng

{

:sf 1n the natura] frequency cf the structure.- It was 1nd1cated that a’

"detected sh1ft in natural frequency An success1ve measurements wou]d v_"

R . - e . . > 3
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T’was rep]aced by vert1ca1 and’ latera] sprlngs a]ong the p11e 1ength and}}'t;"“

Y stat1st1ca1 energy ana1y51s made for pred1€t1ﬂ9 the se15m1c response S

3 -
' and random wave response for f1xed and float1ng offshore structures

B j2 3. 2 2 F1n1te E]ement Method (fEM)

"structure 1nteract1on by 1dLa]Iz1ng the structure and foundat1oh by

M f;"’"}

AR

1nd1cate a: change 1n the mass" oir” st1ffness of the structure The'soi]
s ,'.p .

. s,

v'EStockard (140) studled the mode] suggested by Ref 129 for s1mu]at1ng
the dynam1c response of an offshore structure exc1ted by an earthquake. ".

:iiil'The non11near SDI] propert1es were s1mu]ated by a KeIV1n-Vo1gt-type '
',model placed at the p1]e nodes be]ow ‘the mud11ne The se1sm1c exc1tat10n ‘;
'ﬂfapp11ed to(the pi]e base was that of the 1040 El Centro earthquake :It‘w_l‘
: was po1nted out that p1]e 5011-water 1nteract1on has very s1gn1f1cant ‘

3’_' effects on the dynam1c response of an offshore p]atform subJected to

-

earthquake exc1tat1on o N L,"f IR

' " . : Cw . ‘a.‘

N1lson (157) preSented a méthod for ana]ys1ng the foundation ‘(,'f

i

- f1n1te e1ement mode111ng Llnear stra1n quadr11atera1 e]ements Were

-used, to represent a dam and 1ts foundat1on, and se1sm1c exc1ta jon was'“”

“~'{1nput at a remote d1stance from the structure ~The anal‘s1s was purely 'f

"

e]astlc, and Ray1e1gh damp1ng (damp1ng matrix proport1ona1 to the mass

”Fand st1ffness matr1ces) was con51dered The coupled equat1ons of motion
't'twere so]ved by a stab]e step-by-step 1ntegrat1on procedure as’ suggested
"}'by Ref 155 1t was po1nted out that the advantages of' this. method/over
!; mode.supérposition were 1) e11m1nat10n of the large)e1genva1ue problem,- ?2

'11) a faster step by-step procedure, and 1i1). easy extens1on to 1nc1ude

) the effect of non11near mater1a1 propert1es by modify1ng the st1ffness : ;’f;~'
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- solut1on procedure Khanna (55) used the f1n1te element technique to o

\

i

< L
CE o

matr1x ln each tlme 1nterval of 1ncrement dur1ng the step—by-step

evaluate the elast1c so1l-structure 1nteraction of a bu1lding frame to ‘

se1smic exc1tat1on The frame was finite-elemented by a number of one~'

-d1menslonal beam elements and plane stra1n elements were ‘used for 501l

: leferent types of foundat1on cond1t1ons were cons1dered by . vary1ng the

"‘cond1t10n A deep p1le foundat1on in soft so1l gave a second mode L -

'7‘than the second was con51derable, and the maxlmumwbase shear in the

so1l modulus and the ~depth.” The: results 1nd1cated that the fundamental

frequency 1s hardly 1nfluenced ‘by var1at1ons of the foundat1on

* value of one-third that for a r1g1d base whlch meant that- the soil

1nfluenced only the h1gher modes " The effect of var1at1on 1n the 5011

v

modulus and extent of: partlc:pat1ng so1l on the v1brat1on modes h1gher L

i column (for E = 10 Ks1) is about 170% greater than that for the- r1g1d

case (for El Centro 1nput) He concluded that as the elastic modulus

and the extent .0f so1l can greatly 1nfluence the response, wrong resultsm

would be obta1ned by neglect1ng so1l~structure lnteractlon

{

' Kuhlemeyer (77) presented a. f1nite element solut1on for the

' solution of stat1cally- and dynam1cally-loaded plles us1ng beam bend1ng

' elements of circular cross sect1on Fhe solution included’ up to two

layers of so1l and flexibillty coeff1c1ents were plotted 1n logar1thm1c

scale against Young s modulus ratnos (pile modulus/so1l modulus) The

‘ analys1s assumed that the soll and plles behave llnearly elast1cally

 “and the results were compared wlth those of Refs 107 108, 109 and '

VDNovak (99). Flnn and Khanna (40) used the f1n1te element ‘method for

:ewaluatingiseismic response of an earth-dam.

D
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i Ref.’ 89. The results showed reasonable agreement The 1nterest1ng c

’ Yeg1an and Wr1ght (163) f1rst presented a f1nvte element

'method for pred1ct1ng the lateral so1l res1stance d1splacement relat1on-
;sh1ps (p-y curves) for s1ngle or grouped p)le foundat1ons under short--f
\,term stat1c load1ng They concluded that soil- p1le 1nterface propert1es_j"

- may have a s1gn1f1cant 1nfluence on the lateral so1l res1stance-"'

K

L d1splaeement.relat1onsh1p,' The finite element solution results ‘were, .
"';~compared with results-from conventional procedures'for'developing the

p-y curves and pred1ct1ng the” lateral soil res1stance as described by

'parameter ‘studied was the zone. of p1le 1nfluence (rad1ds" .. At a

suff1c1ent d1stance r away from the p1le the magn1tude of so1l

Z'dlsplacements resultlng from lateral movement will be relatively small
'and may be neglected for pract1cal purposes The f1xed boundary was

“var1ed to establ1sh a relat1onsh1p between the zone of pile 1nfluence

of radius r! and the p1le d1ameter 'D" It was found that the rad1us

'would have to be approx1mately -eight t1mes the p1le d1ameter A “In th1s

analys1s, the p1le and the 9011 were represented by two—d1mens1onal

'quadr1lateral elements of the fbrm descr1bed by Doherty, N1lson and
J”Taylor (32) referred to as “QM5" elements " The so1l p1le 1nterface was

;represented by a spec1al type of element called the "sl1p“.element. ‘

Idriss et al. (59) developed a computer programme, QUAD 4,

for evaluat1ng the seismic responSe of. soil, structures by var1able g e

damp1ng f1n1te elements . The so1l behav1our was represented by a

: nonlinear shear stress stra1n curve for cyclfc load1ng (hysteretic-type)
:'and the response evaluated by an iterat1ve method after all the elements -

‘ ":\achieved strain compat1bll1ty Chan and Matlock (21) presented a '
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e e w1th complex modu11 C f». ":"‘ ‘ / {',‘ o ‘,.T

\\ C _ '
‘"discreté elementt method for‘analysinp a'beam‘co]umn-resting'on a ]inear”
or non11near e]ast1c or non11near—1ne1ast1c supports subJected to either 7:‘
stat1c f1xed Toads or dynam1c Toads. The appTIcatlons 1nc1uded studies

.-of the dynamlc response of offshore ptTes to wave-1nduced forces and o c
earthquake-lnduced forces.and pred1ct10n of the hysteretlc effect of . .

1ne1ast1c support . C T T . f‘ K

Kur1bayash1 and Lida (78) appT1ed the f1n1te eTement method to ,f .

..an actual br1dge pier subjected to v1bratory hor1zontal forces cons1der1ng

L T At S ¥ s g s AT BT et e e e e T sl o ot
Rl AT ST e e e o ot amsras D
N - . - - v I I WIS AT %

: 5011 foundation 1nteractlon " The est1mat1on of the elastic moduli of

Ty

so1Ts was made from the V01gt solution and the values compared w1th those .
0bta1ned from f1e1d tests. The damp1ng rat1o was set equal to 10% for " ,,f " i
each mode Lysmer et a] (84) developed a computer programme LUSH ” Rt
for compTex response ana]ys1s of so1l structure system by the f1n1te ‘.}‘ ) %;]

' eTement method The programne takes into account the strong nonT1near - S B
’ effects wh1ch occur in soil- masses subjected: to seismlc excitation. ;‘f:-\f

ThTS is ach1eved hy A comb1natlon of an equ1va1ent 11near method

A 8kl B3 I

,descr1bed by Seed and Idr1ss (135) and the method of compTex reSponse
/ SR t

’ v

| Carnahan Z1mmer and Carnahan (20) presented some aspects of .
anchor-plle des1gn for marine environments us1ng ﬁhe f1n1te Glement .T‘\Zl.l L
method The p11e, the so11 and the piTe/soil intgrface were modelTed
di the stresses and forces obtained using the prdgramme, ANSYS. The B '

s analys1s was completely e]ast1c and a gap eTement was used to
‘ represent the p11e-so11 1nterface._“,; B B . ‘
N Seed et aT “{136) reported an exten51ve compar1som of han- :

' space and f1nite eTement analyses for 5011 structure 1nteract1on under

N - ' - . ) . N ' . o
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L se1sm1c load1ng The paper descr1bes the 11nntat1ons of ‘both nethods ‘
"and 1nd1cates that, in fin1te e1ement ana1ys1s, the approx1mat1on of
La true three-d1mens1ona1 prob]em to a two-d1mensiona1 p1ane stra1n .

‘ ;prob]em w111 cause an. error of approx1mate1y 20% to 30%, but the method’

_1s st111 advantageous because of 1ts capab111ty to.include var1ab1e

modu]i -and damping characterlstics . E

aDesai (30) 1nvestfgated the stat1c Ioad deformat1on behav1our

: of ax1a11y ]oaded p11e foundat1on 1n sandy so?]s by the f1n1te e]ement
’ method The va]ues of the bear1ng capac1t1es obta1ned from finlte
- element ana]ys1s were compared with those determ1ned from f1e1d tests -

i_ and ]1m1t equ111br1um-ana1ys1s. Quadr11atera1 1soparametr1c elements

/

"(ax1symmetr1c) “were used to mode] the p1]e apd the surround1ng so11

- med1a, -and’ the deformat1on behav1our of sands was approx1mated by us1ng

hyperbol1c stress stra1n curve

.". «

Isenberg (61) pointed out that, 1f the s1de boundar1es are

' :‘suff1c1ent]y far from the structure, the response at the boundary s

BRI RE—

’a1most the same as’ that for a free field‘analys1s

i ma A




LR CHAPTER IIE -
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S\ T o - SOIL PROPERTIES. L
R LT

, 3 1 Intréguct1on o _"j f' : R o

Th]S chapter d1scusses the non11near stress stra1n behav1our -
4

' ,for so11s under dynam1c 1oad1ng and the : different modellipg techn1ques

2v;'used for analysms of so11—structure 1nteractlons ' Soil. deformatlons due.,"

. .to dynam1c load1ng, earthquake. wave,,1ce or severe mach1ne-developed

fbrces ¢an vary from sma]l to very large amp11tudes near]y e]astlc to-

p]astic va]ues.. Partlcular attentlon 15 glven to the effects of straln o

'amp11tudes, cyc11c loading and the reduction 1n shear modu1us due to

' {’cyc11c loadlng. The varlatlon of damping w1th straln amp11tude is a]so

e
AR

d1scussed _
- Two types of fbundat1on cond1t1on5‘are d1scussed 1) Rrgld
Base and ii) Sem1-R1g1d Base The Sem1 R1g1d Base 1s 1dealized ln two

ways: 1) Lumped Parameter FOundation Model w1th Linear Soi] Spr1ngs

R »'A.r,-——_-w’.-,-—-. L e R TSI T S

e

'and 11) Flnlte E]emented Foundation Mode] with L]near and Non]1near 5011

Behaviour.. The f1n1te elemented foundat1on ‘mode] also d1scusses severa]

factors that need to be cons1dered for better modelllng such as the

‘1nf1uence of the boundary,mesh size .and the highest frequency to be,

=

' lncluded in the ana]ys1s

e

' ‘for soi]s 1in the form of a constitut1ve equat1on as:

R

oy = WAt A i o ) -
g et = g 4 Y :

3. 2 Dynamic Stress-Stra1n Re]ations for 50115

,3 2. 1 Const1tut1ve guat1ons

JackSon (62 63) presented the genera] stress-stra1n re]ation

\ .
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" 11eve1 at wh1ch 1t is being tested

A 043 f'KeJﬁji.f-ZGl(eij fh1[3'e"§iq B

“and the yield COnditidh~as:" g
VAL - 3... BT U % VI
. g = flog) 3-2)-
‘ _where:cijk=’tota1:stress'tehsbr,'
e55 T total strain'tensbr,'ﬂ ‘ft R RN '

",.i K‘=jquu1us of volume compreSsibii1ty-orebu]k mpdu]us;.*“

g=¢ +e +eg.= vblumetric‘Strain, P T

x' fy " F2

G = Shear modulus,”
\'qf;'='Kronecker de]ta funct1on (5 i -11'when:if€~js,§?3 =
i # ) S .'_ B ?.f' o

J§-='second 1nvar1ant of the stress dev1at1on,

," "

and g

r

:\_The d1scussion of JE has been given by Newmark (98) .

Soil deformwng 1n one-dimen51ona1 compress1on may: behave e1ther b

'fnn a stra1n harden1ng or strain-softenIng manner depend1ng on. the stress
F1g. 3 gives the genera] behav10ur !
but 1t has}been found that for stresses above 200 1b/1n , so11 exh1b1ts~
a stra1n harden1ng (F1g 3, curve A) behaviour. Below th1s stress level
‘.jthe stress stra1n curve may exh1b1t stra1n harden1ng or stra1n soften1ng

(F1g 3, curve C) depending on’ the type of 5011, degree of saturat1on
L

2

g ten

average'effect1ve norma] stress or octahedﬁal~n§rmalrstress{. .

"Eqnt (3 1) g1ves the stresses due to vo]ume ‘and shape changes.; a
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“where 1, = shear stress.

R O Tt

3Jbe to study ‘the influence of the non11near behav10ur of so115 on the -

' 'response of aL offshore structur‘, Particu]ar attentlon w111 be g1ven )

to the nonl1near shear stress-stra1n reTat1onsh1p of 50115 wh1ch 1s
Alpr1mar1ly of a stra1n-soften1ng type ' Therefore the stra1n-harden1ng .
;COnfined compress1on behav1our w111 not be cons1dered | :_?"'

T For shear1ng stress stra1n cond1t10ns Eqn 3 1 reduces to

i

.~ or, in Cartesian coordinates, . . . 1/ o 0 o o

N .
]

&

shear strain ~ . . .,

<
n

shear modulus.

~ and
T I

)
1]

3.3 NonT1near Stress»Stra1n Behavwour

The stress-straln behav1our of any type of soil depends on a ~

: .number of d1fferent factors 1ncTud1ng density, water content structure,

s 1dra1nage cond1t1ons, stra1n cond1t1ons {(i.e. pTane stra1n. triax1a1), o

‘duration of Toad1ng, stress h1stgry, conf1n1ng pressure. and shear stress

The f1n1te element method 1s a powerfu] too] for the' 1ncorporat10n of
I

".soil non]inearity in ana]ys1s Kondner and h1s co—workers (69, 70)
' approx1mated the non11near behaviour of sofls for bothfclays and sands by
.a hyperbo]ic relationsh1p-» The equat1on for the hyperbo]1c stress strain

-

. relat1onsh1p in soil was proposed as o

o . } e e e '
. . w..--i‘.-p&...a.: A = ‘i
- - - : ! s Zisy
ot T £,

e .
Y ; |
KA o )
Jo. 29 “)
. and degree of compact1on, . The prlmary goa] of th1s 1nvest1gat1on w111

'a'{- -2 507 F -‘-(3'3‘?‘)?‘"
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where °l’ 03 the maJor and minor pr1nc1pa1 stresses, ‘
e e = ax1a1 strain, _ ' B -y
= andt‘ﬁa and'b constants whose, values may be determ1ned by experlments. , R
. . " . . ]

The physica] mean1ng of a' and 'b' may be seen from Figs. 4 and 5 where
/

a\ 1s the: rec1proca1 of the- 1n1t1a1 tangent modu]us, 'E ', and 'b' i

/'

the rec1proca1 of the asymptot1c vafue of the stress diference, u1t1mate
dev1ator stress (o 03) : Duncan and Chang (35) formulated the f"

‘ expression for tangent modu1us for any stress~cond1t1on as

/

Zccos ¢ 72 o5 STn. ?J Pa
. K R . BERE

" where :Rf =IT;—-+————7—— » termed ‘the fa11ure ratlb, T
O T Bt - S

) ﬁl L L‘ﬁ}""( 1.° 3)u]t_ asymptotic va]ues of stress d1fference,
S . i / oz o

.p; atmospheric preSSure expressed in the same. pressure

‘unit as Ei?

. .
1nitia1-tangent.medu1us,

madul us numben/ ' o

/ .

N m
]

¥

4 and«js~-*‘ : n = exponerit- determin1ng the Var1at10n of'E1 w1th 03 .
e T T .

:lkw:;»}¥{-%*f'“i“"'7:5 K and n are the pure numbers which can be. determ1ned readily

from laboratory tests. and ¢ and ¢ are the Mohr-Coulomb strength ‘

parameters. T LT s

e

- ‘§~~ N Re 1 - sin '- " n B : o

S D ?sfil ,‘if_' (dl -0 )f'- compressive strength or stress difference at fa11ure, L
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T f ~“'3".4 ﬂysteretic Stress Strain Behav1our for 30115 B

Soil stress strain characteristics are\,gnlinear as mentioned

. before and, undet’ constant cyclic loading. describe hystereSis loops such
. S

-as those shown in. F19 6.. For loads produc1ng high strains, the secant \a;

'f"tl.modulus decreases and the damping ratio (defined as a function of the
_;area enclosed by the 1oop) 1ncreases as compared w1th Toads producing -
| smai]er strains It is read11y apparent that‘eacﬁ of these properties N
,#,_s;_,/w111’depEnd oﬁ”?ﬂé magnitudf of the strain for which the hysteresis loop
| is. determined from Fig 6. Thus, both shear moduli and damping factors

- must be determined as functions of the 1nduced strains 1n a 3011 specimen

'3 4 1 Laboratory ahd Fie]d Tests for Determining Shear Moduli and .

o Damping Ratio

Severa1 fieid and laboratory testing techniques have been

. Y‘.,f*_;,deveioped to determine dynamic shear modu11 and damping characteristics )

- of s0ils which can be briefly c]assified as:: . i' .
; 1)A.d1rect determination of stress strain re]ationships.,“
2 2)‘rforced v1brat10n testse ' ' |
. 3) free v1brat10n tests, ‘ .
4)' fie]d measurements of wave veioc1ties, and

) 5)' ana]ysis of ground response during earthquakes.'

| 3. 5 Effect of Test Variab]es on Shear Modu]us and Damping .;
"‘ The shear modu]us of soi]s is 1nfluenced by a number/of _
: quantities and has been described as a functiona] relationship by Richart
:(127) in, the form' -:. ISR . :;i 'u>“: o

!

1

.-

ey,
L
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?:fl ‘ '1. - -_B?V *
J jhﬂ i :G o .; ‘ -
I "._";G"?ﬁjlfl,_(;é."e, :H',IS',.,'ro,‘_'C". A -f',lfc,;e;_;T_)ﬂ L e
E ;h‘uhere EB %«average effect1ve conf1n1ng pressure;‘ ]
\ o= vo1d ratio, _ v N . | '
| }-H ﬁ-amb1ent stress history’ and v1bration h1story,.f; o .E o ;ﬁfi;.?g.'
) Sﬁe:degree of saturat1on,, S - - | C
,.'r;‘= octahedra] shear1ng stress, T
,_b =:gra1n character1st1cs, .
,A =’amp11tude of straln. |
, Lo f =,frequency of v1bration, ":"f f’; f{f e
BT ‘f_ ) "tf?tsecondary effects that are funct1ons _of: tlme and magnltude of
SRR L o _stress 1ncrement,/f/”////f</i' o _' , :'"’3'- ‘ u:',f
‘ f": : 9;3.5011 structure, L tf‘~j~f:”%_-ﬁl - E 0 S - J/
V;1%§~andjiA‘T = temperature, 1nc1udfng effects'ofifreezing.~.~ , | ) | ll?’?
. Refs. 48 and 49 made a comprehen51Ve study of the factors that :
affect the shear modu]i and damping of soil and suggested that the o . "_fA‘.
pr1mary factors affect1ng moduli -and damp1ng factors as 1) straln ' ;
ampl1tude. v 11) effect1ve mean princ1pa1 stress, Um’ 111) v01d rat1o e;_‘ fé
‘- iv)‘number of cycles of load1ng, N. and v) degree of satPratlon ofg ' .”ﬁg
| cohesive'sofTs, S.  The less 1mportant factors were noted as: i) octa- S
hedral shear parameters e and ¢ » and 11) tlme effects. ' L ﬁ%t
’ From the exten51ve ser1es of reversed torsiona] tests on % f
_ cohesive and cohesionless sails and the 1nformation a]ready ava1lab1e in |
N the literature, it was estabd;shed that a mod1f1ed hyperbo]1c curve w111 ?
; ’M: sat1sfactor11y represent the shearing stress shear1ng stra1n relation Z
throughout the range of .strain amp11tudes up to fai]ure. F1g. 7;shows‘; "’t ;', %,
g .
: Tl ;j‘




-,:point along the curve - for example, poi

o determined by fie]d and/or laboratory tests.

. Refs 48 and 49 found it convenient to-normalize the strains by the use

‘”of the ratio v/v instead of constructing plots/of G/G and damping as

the factors uhlchsgovern the basic ‘hyperbolic shearing stress shearing

’strain curve

i represents thq maximum - shear modulus G

1evaluat1ng G

L

. where Gmax

Jand . Chet

..direct‘functions of the shearing ‘strain, v.

- OCR
) a

a
m

where K
%

the maximum shearing str iggxermined—from—a'simBTE'"hEar—testf b
-—Ihe~h0 O aJ ‘max is the second asymptote to .-

the hyperbolic curve as described by Ref 69

o

-l 1)+K0
max” 3

i S

__’_..L'———

At zero shearing strain, the tangent to the- curve
The secant mod :

ol £ designated as G and

R

can-be '

G' and Tnax

“The general expression for
B . .

max and Tmax 15 given by e ;. ,:f PR ;_~ o R .3"”
CTE = 14760 x 2913 - o)’ (OCR) o} );5 en e

'm. , 1+e

max1mum shear modu11 1n psffat zero strain,; o j:al, . B "1: S
void. ratlo. : ) ’ L o u_'.'.tf ‘;‘;: o :5 ‘?/
overconsolidation?ratio; : ‘ " _

parameter that depends on ‘the plast1c1ty index of 5011

_mean principal effectivé stress in psf.

' o 2y 2% . “ni:-f.
oy sin o' +C' Cos ¢] = (L‘z‘K_OGG] } - (3.8).

e T ..
'». , . ]

coefficaent of lateral stress at rest
vertlcal effectlve stress ' '

static strength parameters in tenns of effective stress. '

o~
. v

[

,Jhe reference strain, “r’

K " \ -




is. def1ned as the strain at the 1ntersection of the 1nit1al tangent ]ine,

w1th s]ope, Go’ W1th the 11m1t1ng sheap/stress,,r > as shown 1n Fig 7

‘max’
For thos repres?,;atjon;“test,dataffor shearing stress strain fa11 into

a- narrou/pand for- both cohe51ve and cohesion]ess soi]s.

cr
%

A ,”-‘ Fig. 8 shows the shear-stress stra1n réﬁationships for clay

' and sands. Fruther refinement ‘made for representation of the test data

resu]ted from a distortlon of the strain scale: to produce a "hyperbolic .

Py

" y ) . .. . ,

. _ v“h~5;i¥;; [+ a exp I- b”sij}
. . . s S T T Vg S r S
o R o o Lo S oy
% ./“ . : . _ . - N

- A in which a' and 'b' are empirica1 quantities ~For clean.‘dry'sands;

the vaiues of 'a and 'b' used to’ evaiuate “h w111 be 0.5.and 0. 16,|_
- ""\ - 1,1 respectiveiy Establishing the hyperbolic strain, a single curve ‘was i'
| | deve]oped to 111ustrate ‘the variation of the shear modu]us rat1o, G/G ‘
’ and the damping ratio, D7Dy 0 " with ¥h as shown in-Fig. 9.- The,‘T*
' 1nf1uence of the other parameters on the vlu -vh re]ationshjp.was

described -in Ref -49 by additional curves. ',1_4 >

3 6 Bil1near g;gresentation of Soil Stress-Strain Curve due to ch]ic

oading ‘ o _ o
‘ ' Thiers and Seed (147) perfbrmed a series of sjmple shear
silty clay containing a 1ittle organic matter and some’ si]t. Theﬂ‘,mple
" was- taken from normally conso]idated depths of 16 to 32 ft. below the

3

i

] -/(3;9,)‘,_"

e o strain" described as: : ‘ A L

-

‘

L experiments with cyclic loading on San Francisco Bay mud, a dark grey : __ﬁ'

B mud]ine, and the water‘content ranged from 85 to 96% Model]ing of the U




.ish1p with shear modul1 G1 and G2 and' a y1eld straln of v These‘

f'cyC\l es.

' G’ and
~ ‘aPproxlmatFly 50% to 80% as the strain level 'mcreases From 0 5% to 2%

e e - Vise e s e ot VLS S T =T

- ,'stress stra1n curves for cycl1c load1ng was based on a b'lhnear relat'ion- SR

»

L ."parameters were determmed for variatwns of, peak stra1n and a number of K

The concl usions arepas follows:. .

? ( 1) If the stress strain character1st1cs under cycllc loadmg PR
co

nditions are represented by bilinear. models defmed by parameters, Gl’ '

P i) for a- glven cycle, the modul1, G and GZ’ decrease ,‘ ‘

" shearing stra1n, for stra'ms above 2%, the modul1 are nearly constant,

e 11) the yield strain,v s 1ncreases l1nearly mth the stram level but

r
remams essent1ally constant for a g'lven stram up to 200 cycl es, and Coe

- 111) for a given value of peak stram. the modul1, G1 and GZ’ decrease .

about 30% in the ﬁrst 50 cycles, above 50 cycles, Gl and G2 are nearly o
constant . S . : Co e "

E 2) [-'or samples subJected to’ cychc strams of constant X :

: ampl1tude. there is a m1n1mum shearmg, strain of”the order of 1 5%, below

r—,

wh1ch the static strength is virtually unaffected by 200 cycles of stra'ln.:

Even a peak stram nf 3z reduces the strength only by 10%.

3). The stat1c modulus of the clay is reduced by: cycl1d strams

ey

‘of all amplltudes, the secant modulus at 1% stram is reduced by 20% for

" a peak stram ‘of about 1%,and by 50% for a peak’ stra'ln of about 3%.

e
v

A

3 7 Shear Modulns. Values for Saturated Clays- “ i j ) . .

Seed and Idrlss (135) presen;ed the results of an extenswe
serles of tests on clayey soils (saturated), based on their test data '

-and Informatmn already avaﬂable in the lwterature smce 1960 A




[ )

it

"'“h

1

' re]ationsmp was’ estabhshed between the shear modu1us and undra'ined

'shear strength for a mde range of stram amphtudes
-
.Was: based on the facts that i) stﬁ"fness 1ncreases, in general with

"i'the so1'| strength, n) for static 1oad condltmns: the rat1o (E/S ) for
saturated c]ays does not vary wrde]y from one sail to another, and 111)

3 .test data at very ]ow stram 'IeVe]s 1nd1cates an apprommately. 11near
' re]at1onsh1p between the shear modulus and: 'sh
".,of clays as po1nted out b_y Irhlson and D1etr1ch it seems reasonable
to expect that variations in clay. character1st1 cs m1ght be takem 1nto

l account \)rnth a reasonab]e degree of accuracy by normahzmg the shear

SN

‘modul us w1th respect to the undrained shear strength S s and expressmg .

.the relationsmp (6/5, ) .as 2 functwn of shear strain (Fig. 10) For

max -
o purposes of ana1ys1s, it was . suggested that the max1mum shear modu]us,

G' s of any c'lay samp'le can. be taken to be the undramed shear strength, '

max
Sy of the c]ay sample t1mes the value of (G/S )

' (def1ned as 10 %)

max at Tow strain’ ]eve?s

The data 1n F1g 10 can be used to assess the
"1nf1 uence of stram amplitude on the shear modu'lus of c] ays For th1s,

Idrxss (60) expressed the ordmate 1n ter'ms of the ratio of, shear modu1us

at shear stram. v, to the shear modulus at a shear strain of 10 4% 'e :

-'.‘ var1at1ons of the shear modu]us and damp1ng rat1o for c]ays vnth stra1ns

A are sho\vn 1n F1g 11. Reasonable est1mates of the shear modu]us of a-

'c'lay at any stram amphtude can_ be obta'lned by’ determmmg the undra'lned"

,.shear strength of ‘the soﬂ samp]e and app]ying the reductmn factors '
* shown ;1n-F19. .11 to detenm:ne the values at‘ otheroshear strams.
in ‘F.‘ig. 11, listed in Tab]e-l."has been used f-or. the response 'ana]ys1 s..

e

.o/

’

P O AT P N RIS

‘Their conclusion

shear strength for a number T

The data 3
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LN

T lom

.n.3 8 1 Soﬂ 'p-y cUrve

'_ characteristI cs from trrama'l tests “with the fo'l]owing re'latlonsmps

_ s - , / SR
3 8 Dynam1c Latera'l Load1j of Piles 7

\Many stat'lc and a few dynamic tests have demonstrated that the

. 8
.‘soﬂ re51stance VS deﬂectlon re]at1onsh1p deve]oped on a pile face '

forced 1atera]]~y agamst the soil is nonhnear. This nonhnearlty 1s, '

[N

of course, cﬁ the strain- softemng type . (F1g 3, curve C) and’ can be

_ 'appréx'lmated by hyperbohc curves s1m1]ar to- that shown .in F1g 7. A‘lso, o
_~ vthe resi stance can be expressed as a funct1on of deﬂectmn, y. _—

Ref 163 has ‘used the hyperbohc stress—stram re]at10nsh1p for deve]op1ng
:the p-y curve by the finite e]ement method The determ1 natwn Lof a

) . v'smtab]e pressure Vs d1sp1acement curve for a part1cu1ar pﬂe-soﬂ system .

depends .upon the d1mensions of. the pﬂe, propert'ies of the soi] and the

operat'lng env1ronment , F1g 12(a) shows var1at1ons of pﬂe dlsp]acement _‘

at three e]evatlons for a pile forced hor120nta11y 1nto the- soﬂ .

\F1g 12(b) md'lcates the pressure vs disp]acement for the f1rst <cyc1e of ‘

._"loadmg, ‘and F1g 12(c) indicates the hysteres1s ’Ioops formed 1f the

: ,deformatwn Is- repeated]y reversed. It is seen from Flg. 12 that- the

,stra1n dependent so1'l react1on wﬂ] gwe a varymg st'iffness' a]ong the

’ p11e Hysteret1c dampmg will also vary a]ong the pﬂe ‘under v1bratory

1oad1ng S . o S 2

<

e

If 1aboratory stresslstram curves are’ avaﬂab]e then the

B 5011 pﬂe 1nteract10n could be represented by the p-y! curVe McCleHand
‘ and Focht (92) deve1oped a pllpcedure for constructing the p-,v curve % o
ng e

- for soﬂ w1th severa] layers of c'lay depos1ts of d1fferent shear stre

-

37 . o
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' . 3.8.',1,'1- Development of the So1l p-y Curve e e A

' 'express ed as:

’ _re51stance around a pile and deflecti on from both field and laboratory - :

yE 1/‘2‘b el '”3"'105)” g

lateral soil resistance on- pile per unit length of pile -1n :

z
~2
M.
3
.
o
]

R . .. . . »

;' pounds/mch. .

.-U .
‘u

pile diameter or frontal s1ze in inches R L

A d dev1ator stress in a triax1al test w1th the conf"lning pressure s

It

“

LA as close as possible to the actual overburden pressure, e

. strain in the triaxaal test. .,‘ «
S L N

\

o
=
e
3
]

i

Ref. 89 established a relat1on between the lateral soil

tests. The ultimate soﬂ resistance per: unit length oi“ the pile was.

; : = ' R
. N t, - . ER 1 AR

..‘pu = Np ;b* . (3;].'1') T
P 'L‘. R ) ‘

Cin "wh’ich',N dimensmnless coefficient for the depth where only 'flow

i n-which x

P
- around' failure occurs, usually assumed to be '9' except

" pear the ground surface where it is given by

depth in 1nches.

©
u

weight density of- clay i’n pci. -

v
o,
ll

s cohesion of clay in pSl’«

[~
n

= pi le diameter or w1dth in inches.

we o,

-
T LS sy LY e T
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1

: “'compressmn strength

The fma] express1 on for t

-.'d1mens1ona‘| curve, shownwln F1g. 13(a) L _-".- ‘

LR PR L

\ .
LR K ;o
l: . ', ,.v\ n " s
e o
‘ ¥ : - 39.
' i 3 . g ° .' '
J = d1mension1ess constant determmed from the type of clay, ‘
“and - "Pu:..=- u1t1mate soﬂ res1stance m pourLds per. 1nch. '

p y* curve was obta'med as a cubic non- .o

o | /3 - o
. p/P o 5 {JL) e .(3.13)

Y50

between 0 = p/P < 1 where y50 2.5 ssob in wh1ch yso is the def]ectmn

orrespondmg to the. stra1n, EEn} € 1s the strain correspondi ng to one- -
50°. 50

'.'half of the: u]timate deviator stress, °Af’ or one-half of ‘the unconfmed

o

"Typical. va]ues of 550 are avaﬂab]e from Skempton s

’ work (138)- 1f 1aboratory stress stram curves are not avaﬂab]e. jAn

: 1mportant findmg of Mat’lock (89) was that repetltive or cych 1oad1ng

Lo causes a softening of the soﬂ res1stance

The va]ue of the peak

. res1 stance 1s only about- 70% of the res1 stance offered for a single stat1c

Joad.© "4 S
Joad ‘

Reese (121, 125) gave an expression for determ'inatwn of the _

' u] t1mate soﬂ resistam\:e for a wedge-type ‘of faﬂure near the ground

-.,v N 'surface COI’IS‘IdEl’i ng the equi"libnum of forces on the wedges as:

.’ . = ‘ T )
K :?u,= pbH + 2 cbv+A2.83 un | | j(3;14)'-
“where’ b = effectwe unit wt, of soil’ in pci, T
| “H = depth in inches, ‘
h,= d'Iameter or w1dth of pﬂe in 1nches,
1__ c= cohesion of c'lay in psx, o . '
and\ P,u'.—_' ultimate Iateral soi]r resistance for wedge-type faﬂure 1n "

pounds per mch




N

R
P e

e v o

',f;equatwns wﬂ] be the u1t1mate soil res1stance, 'P ',

" are shown in F1g

actual or. computed records.

LY

For der1ving the expresswn for u'lt1mate 5011 reactlon of a 'f'low around' :

,. type faﬂure, ‘

SRR

T R T By= Ngh (3.18)
where P = u'iti‘mé\te 5011 resist"a“ ¢e in pounds :p-er ihch“ )
‘and" N‘:: = coeff1c1ent of bearmg capac1t1es, the value of wh]Ch is .
v usuaﬂy assumed to be-11. .. A

B The 'lower of these two val ues of P ' as evaluated from. the above ::"

Detaﬂs for

3

deve'lopmg the p—y curve for both stat1c and c_ychc 1oad1ng condit10n$

13(b)

39 Ice-Force Load1ng

.. - A, EE L . LT e

Ice-force time h1story records are generated by mo;hfymg the .

' rnavaﬂab]e f1e'|d records of’ Ref 15 using the method 'outHned in Ref 143

The method°. based on the s1m1larity between the fluctuating parts of

randomly - varying ice- force records and se1sm1c records, uses a non-

stat1onary random process obtained from fﬂter1 ng a shot n01se through a ;l

1
second—order fﬂter. The response of the structure can be studied’ using
any appropr1ate t1me-h1story of 1ce-force 1oad1ng obta1 ned from e1ther .

In- th1s 1nvestigat1on, art1f1c1a'l ice- force

: récords are generated only to overcome the déficiencies due to the

scantmess of ava'llab]e f1e1d records. and to obtam more reahstic .

Eestmates of the' 10ading function. “'- N E ,f‘e K /

Both 1ce and earthquake 'Ioadmgs wﬂ1 induce s1gnif1 cant’ cyc11c

stresses and strains in the soil.

1)

There are some 1mportant d1fferences




4 ggm

@,

in the nature of 1oad1ng, such as the t1me sca'le and. the number of

: cyc]es.' The duration of a strong earthquake is measured 1n seconds w1th

~

the per1ods rangmg from 0.1 to 2 'seconds;’ while the. duratmn of ice -

'Ioad'lng may extend to hours, or even days, with permds ranging from 0. 5

:to 2 seconds Hence, the numbey of s1gn1f1cant 'Ioadmg cases may be

' 1arger for 1ce than for earthquakes in most cases, whtch may have an f

1mportant effect for a site where b th ice and earthquake loadmgs occur.

Some of/the methods which were or1 1na'lly deve]oped for soﬂ responses _—

AR}

for earthquake 'load1ng by Seed an Idr1ss (135) are apphed to study e

respOnses due to ice 'Ioadmg. 5

!

Afanas ev's (1) formu]a 1s used in est1mat1ng the mean of the-

1ce-force record. The max1mum 1ce force deve'loped when .an lce-cover 1sh L

l

cut through by the vertica'l co]umn of the- tower is given by

BRI _‘=mKB'ho o L (3.16)

r

" -

where, m = shape coeff1c1ent equa] to. 0. 90 for a sem1 circu]ar one

.[5—+£[}§for1<5<6 o o (317)

o K =
,~[for’F > 1,‘ the va1ue’sare obtaine‘d from the graph in Ref. 1] '
.B;.= mdth of- the resisting structure, .
" h= th1ckness of the . 1ce-sheet IR N o E
l'and‘ g = untaxia] ‘comp‘ressive strength of tce. ' A

~framéd tower- 1s shown in’ F1g. 14 The mean part of the force on the

framed tower is assumed to be produced by the 1mpact of a moving uce floe

- of constant thickness of 1. 5 ft The random part is generated artiﬁca‘l'ly

T

The.typical-'tota'i ’(mean and ﬂuctuating) force record for 'the ,' B




"'record.“,.'.‘ IR S

DA e, B v cp et
EERR N R (v S SR

C

. ‘as described in Ref.. 143, and Superposed on the mean to give the total

-

. 3 10 Modeﬂing Con51deration S

In the fixed base ana]ysis, Fig, 15(a), ‘the stiffness( of the

foundation is assumed to be ripid compared to. the stiffness (ff the’ j '

._structure For the ha]f-space analyS'l s, the foundation medium is

:1deahzed by 1nteract1ng sprmgs whose stiffness represents the force— .
deformation characteri stics of the soi], ‘Fig. 15(b) Fina]ly, in the
finite e]ement 1deahzation both the structure and jt(he foundation are y '

:"discretized w1th severa] eiements of d'l fferent types which a]’low a

v B

, consistent representation of the stlffness and mass of the structura]

- 'system, Fig 15(c}

3.10.1 - Ha]f Space or Semi- Fixed Type .,'. ‘ - “ B

¥

LR

Ref. 103 has determmed the horizonta] foundation stiffness

using the e]astic half-space ana]y51s for a tower 1ocated on: deep soﬂ.

o

If the foundation condition is not extreme'ly soft, lateral forces

appHed at the upper end of the pﬂe by the tower wﬂ'l be transferred to o

N the surrounding soil with soil re51stam:e increasmg with depth‘ “As such

. 1§ seems reasonable to assume the, foundation to be the same as -that for

B

’an equiva]ent rigid c1rcu1ar footin\g of radius,r at the ‘base 'of each leg

' ‘of. the tower and app]y the e'lastic ha'lf-space theory ‘to obtain ‘the -

. 'lateral foundation stiffness as . ' ‘r ' . . .
K, = 18, ZGr G-y S (3.28) -

Cy.

(2 - ulz - . .1:7,..‘.
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Sl T T here Ky 1atera1 st1'aness per leg,. N e e

', modul us of rigidity of the soil
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. radius of' t
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1
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footing. here radius of the tower leg, :

[
T
A
it

: Pmsson S ratw.

Ref 103 a'lso descr1bes the evaluat1on of the rotationa'l spring

Y

. constant usmg ' the rel ation

N

.\ ~ 2"
"'Ke{_ iNMp

"','.where : Y } is the y-coordinate position of pi'le, iy and KHJ is"its o
vertical stn’fness, i.e. equa]s the vertica] 'Force required at 'ltS upper /

. ’end to cause a umt vertical deflection. - K

1p- is giVEﬂ as ‘

S "' e
,.,.,-..u—ﬂb".'.‘.‘.‘j ! -~ ‘.‘

(e e
o i . 1P 3 [ ] ] ) ‘ o .(3_-20) _ ]
i/ PR "where L A and E represent p1'|e 'Iength, area “and modulys . of e'Iasticity, C

T respectively ) '_ T 3\;’ a

RS L 3 10 2 Maximum Frequency

Before mode'l'ling the structure soi'l system by fin'ite elements,‘ :

S : s I the important factor which shou'ld be estimated is the choice of the -

S maximum. frequenc_y,

max - to be 1nc1uded in the ana'ly51s “Choice of th'lS

- i o frequency will influence more than/anything the accuracy of the finite -
i ‘ ,eiement dimensions and the cost of the ana1y51s Ref 84 gives typical |
'va]ues for earth dams as 8 Hz and for nuclear power p'lants as 25 Hz (for
'.seismic ana'lysis) Typical va'lues of frequencies for offshore structure N .
- have been estab'l ished ranging from 0.2 to 3 Hz. According to the
"\""i\Nyqnist criterion, the interval of the. digitization, At. for the force

/-
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3

- ~' digitization criterion. o=

T 3 10 3 Model Dimensions

o The same 1nterpretation w1ll also be applicable for externally applied

. '3.10.5 Mesh ‘Size

Y record must be- smller(&h\an ¥ Wi x’ wh'ere :‘“m is the highest frequency

"specified above.

carefully detemnned othenvise the . response of the structure will be

affected by reflections from the boundaries

It is uSually 5ufficient to place the side boundaries awa_y from the

"structure at a d1 stance of 2. 0 - 2 5 times the depth of the model. oo

o+
the free field, and the motion 1n the free field w1ll be horizontal.

_ forces

_-hlgher frequenc1 es. Kuhlmeyer and Lysmer (76) observed that the element a Lo
d*lmension in the. direction of wave- propagation has a ma.]or influence on ' 4

’ -}motion w1th high frequencies and correspondi ngly short wavelengths. ]
;.

) Ref. 76 has given an empirical rule that the required mesh size for

2%
In this anal_ysis, At = 0 01 sec satisfies the '

The overall d1mensions of! -the finite element mesh should be

The side boundaries should--

' be placed outSIde the zone of 1nfluence of the structure to be analysed B

‘ , i

3. 104 BoundaJ Conditions 1.,.'-.

Ref. 84 has 1nd1cated that, if the input motion (seismlc) is S J

‘horizontal, it will correspgng to vertically propagating shear. waves. in

uch as 1ce forces, -and the best way’ to simul ate the condi tions
' ntal rol lers at ‘the boundary to ‘allow all modal pomts on A i

-the vert1cal boundal‘ies to move in the horizontal di rection only : _{ S .
( .

The choice of element size has considerable inf1 uence on the ,

A

. Sed

: BERTRR e ﬂ"”m‘(_“l.“‘ T ..
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‘ that, because the sigmﬁcant part of the mot'wn corresponds to vertical

’\l'gwave propagat1on. a good ru]e for the vertica'l element s1ze 1s a va'lue

it " wherg V,' 1s the shear wave velacity in the eleme'nt",'

J T e R TN

$ o ] e, o A mamtane o oo

effectwe transm ssion of any motion should be between one-quarter to

: one- eighth of the shortest wave length of motion. Ref ‘84 has suggested

e

-'Iess than -h =.1/5 A > where A is the wave 'Iength of . the shortest '

; shear wave' expressed as

. v :: ' - - . . v., -. ) I ‘ . i ')- ~" '> B .A‘ __~:. ;" l .'. . : '.'I
N W e TN = e S N
o e fmax VO o

1s the highest

“max
'frequency 1n the analys1s G 1s the shear modu] us of the layer,and P

Ve

. ,the mass dens1ty of the soﬂ For the case of * a lumped mass. matr1 x, half

j the e\ement size (hmax

/2) shou'ld be used It has a] S0 been po'lnted out 'L - J
... by. Ref 84 that the computed response is. ]ess sensitwe to the cho1ce of

the hor1zonta'l mesh s1ze which ma_v be sejra]* t1mes 1onger than the

.-{’

‘ d1mensions 1nd1cated by Eqn. 3.2,

3 10,6 (Thickness of the - Soﬂ E‘Iement AR y
Ref. 65 has 1dea11zed the soﬂ under the bu1'|d1ng frame by S ' I
rectangu'lar p]ane stram ﬁmte elements of 20 ft thickness. This 1s . "
' ;based on .the concept that the frame 1s a part of a long buﬂding wi th
120 ft bays- and is subjected to earthquake load'lng in -the transverse

i rect'lon causing on]y p'lane strain deformat'lon Later, Ref. 163

E '\\

-

presented an approximat'lon for the zone of inf uence of soﬂ around a pﬂe'
-‘cons1der1ng the soﬂ and pﬂe as’ ‘a two—dimensiona] quadrﬂateral el ement,‘ :
The zone of pﬂe mﬂuence. as represented by the radi us, L3N is rel ated o 4_ ,

__d1rectly tor the d1ameter of pile. D, and found to be . approx1mate1_y e'ight RN

LRey T e
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t'imes:‘t’he pile di.amete'r. ‘Based on this assumption, an equivalent'

' /th1ckness of the so1l e1ement has been used 1n th1s ana]ys1s wh1ch is

a',

, approximate'ly haH“ the w1dth of the base. '

3.10.7 Added ass -of Soil . ', B S ,.fl/i

The effect of the soﬂ mass on the movement of the pﬂe shou]d

| ‘be~cons1'der-ed It is ver-y difﬁcu]t to estimate the effectwe mass wh1ch

‘,wﬂ'l part1c1pate in motion with the pile. - Ref 46 has assumed that,-
. dur1ng V1br-at'lon, the 5011 medwm wm behave 11ke a Fluid medium and’
- _the mass of the. soﬂ part1c1pat1ng wiH ‘be’ the mass of soil d1sp1aced b)‘
the pﬂe vo]ume Ref. 103 obtamed an expressnon usmg the M1ndHn :

theory for e]ast'lc half-space, and stated that the effectwe hnas‘s of soil

part1c1pat1 ng 1n the motion mth the p1'le mass 1s given by _ : . 3
’:.‘15' jv (qs + ¢v ¢ ) Pm l_(x,.v z) dv o *(3-22)' ‘
S A7 , .

. “wher‘e Mis ; v1rtua'l mass’ of soﬂ part1c1 pating 'in motwn at any 1eve'l e,
;'.¢ > ¢VJ‘1¢ represent the soﬂ pﬂe 1nteract10n d1sp]acement field within .~

;the soil tr-'lbutary volume '\I1 r 1n the x—,y-and z-directions, respectwely.

.due to a umt homzonta] d1splacement of the pﬂe groups 1n the x- '

, d'irecth)ns at noda] point S b

Instead of deriving the acce'lerat'lon from the shear‘ wave theonf, o

K Ref 75 assumed the distnbution curve for stead_y-state v1bration as . =

4

A L;ai(t) = 100 1.}.—2—‘3'—2— [g— sin 'mt.q'. SRR ‘-._"_'(3.23)‘-‘
R : P - Ceooe T : 1
g i

- ' , o~ - . ’

- /~.' “' J,
(-] !r -

12 kl
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B : IR B ,‘ 47
.xfl'/he v1 rtua] mass determmed from the acceleration distribution curve was - -
checked by comparmg ynth experimenta] values and a parameter. Bs ,'J, "
termed additmna] mass ratio (= add1t10na1 mass d1v1ded b_y the total mass
A of soitl surrounded by 9 pi'les) was taken as -the’ variab'le. = .10% gave SR
rthe best agreement between ca]culated ‘and experfmental va'l ues. ) o
i ‘ Ref. ;4_0 der"l_ved an expression_ fo;\\t/he partic'lpat‘ing soil mass
5"'Ms'e' [Cs » P-B—Z-L] (xr'-L;S,ET) o S ) ‘;'-@ |
whereg$ = 'soil mass; " . L .
G ® soﬂ mass coeff1c1ent - a ﬁ,,, A /
Pg = Mass densvtygof soil, =~ = IR o B o
) = pﬂe d'lameter, B | '_
. L= 'Iength of segment above and be‘l ow the node d1v1ded by two
"‘x'r = re]ative di aplacement of pile node mth respect to the- soﬂ

I s

SET =* permanent set of soil, B L

an_d' L u] timate d1sp‘lacement of soﬂ, soﬂ quake.., g

. The present analysis assumes the mass of the soﬂ in’ a rectangu] ar e]ementu

to be 'lumped equa]ly at the four nodes fol lowing Ref 65.

-

3108 AddedMassof‘Hater S S

A ]umped mass approach has been used for the calcu]ataon of the

r

added water mass assumed equa] to the mass of’ water displaced by the

L

structura1 member fo1l 10w1ng Ref 66 Th'is assumbt'lon for the added water

mass has been found to be reasonab]e for the first few modes, a1though

there has been con51 derable discussion regarding possfble frequency

T S
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féé? L 4.1 1ntroduct1o o ff' o R o ‘b“‘ 47‘5 R
i---f' ' ‘This chapter descr1bes the mathemat1cal formulat1on of the E .
- ‘5" 'dynamfz analys1s -of the structure so1l system by the f1n1te element "
i ' L L. {-
s . -method As it is d1ff1cult, if not 1mposs1ble, to obtam analyt1cal
~]§. , N . solutions for the structure cons1dered 1n v1ew of the many compLex . ,:‘ K *\.
";‘éd Lo : cases, numer1cal analys1s of a phys1cal model based on certa1n o
} f“f : a _ approx1mations and s1mpl1f1ed assumpt1ons seems to be the only feas1ble ;
fP' - N o approach After the mode1 is’ postulated differential equations of o ;‘) &
’ . motion are set up for the entire soil structure systems and uncoup]ed. "\)
lv-fThese equations are then solved by a step-by—step stabfe 1ntegrat1on o f’,"° :
v procedure and the responses obta1ned by modal superpos1t1on.i* :
‘ ' . ' o . Ly S : 4°’
- 4.2 Ideal1zat1on of Structure P1le System S : CeT
Ce ) ‘ f "
T“#g5:m Structural members and plles are 1deal1zed by two d1menssoqal
. . r-\?rbeam elements. In the computer programme SAP—IV (158), the formulat1on ,-.A‘ a e B
] ) ”';215 based onh a three-d1men51onal approach as shown in F1g 16(a), wh1ch .
: cons1ders tors1on, bend1ng about two axes and the ax1al and shear1ng .]]'~,;"ﬁa 2
} -t :
deformat10ns., The element is prlsmat1c and tﬂe development of - 1ts ~
. - st1ffness propert1es 1s standard ‘as g1ven 1n Przem1en1eck1 (113) S
SN A :
the structure has been modelled as a two—d1mens1onal frame, the beam o
! . g .
o elements need only six forces and s1x d1splacements..v RN "1
- . '» ¥ . -49 ' S 4 ; ’.'
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1ﬂetnhere E: A, I

. "
R P Ty Sy,
A
3

The st1ffness matr1x for a typ1ca] two d1mens1onal

"1s g1ven as

'/

1o

.

-EA'
L

-‘:12-612 :

-eh

Co f 4 2. 1 E1ement Stiffness Matrix For Beam E1ements»'

~

-

. Symmetric

(4 +- o )EI

vt I3

Q1+¢)

- . L.
o

- 12 EI

1(1 + o )

o

- 12-;EI_z

0//

*-sﬂ

%1+¢)

6EL

2<1+<:>)

(2 - oy)EIz ‘—§,EIZ~

TN
.%.(1 + oy)

%-\

element .

z .

: f’respect1vely

‘ by Joint numbers, 1 and j

‘e1ement st1ffness matr1ces as

”u;+5)s

201 ¢ 00
sl

S RN IN

2'(1 +A¢1_Y)'_J," e

e

- .moment of inertia, Tength, and shear deformat1ons of the e]ement

The geometr1c location of a typica1 element 1s def1ded

The locqtlon of the pr1ncipa1 ax1s of the

* beam is defined by -a th1rd jo1nt number k as shown in F1g. 16(a)

'h.the use, of vector notation has been~dq;cr1bed by Hi]son (159)

: /-
: ‘relationship between the 1oca1 coordinates Sl’ S2 and S obtalned by

T@\

':';structure stlffness matr1x Kb 1s assemb]ed by the direct add1tjon of
‘ S .

5

The

™, ¢ and oyane'the Youné’s modnius,'cross‘seetione]3aree;1;w:f

'
AP L S
f :

\ [
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-t

-’account for the members perpendicular to the plane are lumped at the -.",-, R

- 4 3. So1l Medium
) quadrllateral

‘ thlckness “h"

fr‘ plane straln deformation only.

B 4.3.1 75tiffness'Matrix for'Two-Dimensional Isoparametrio Elements

- - 'r 53 hy o
/ n > . v
where the' interpolation functions are =~ = . 5
: . . T ‘-‘.‘ g . . l‘/ -
. S ! oS ) T [
. : o , .
. ." :

’correspond1ng hor1zontal cross brace level nodes.

’a part of a space framelrfqgnstant w1dth equal to the base length

- 5"1-1 s .
. ..' . * ' . E%v
'A . L B
: —le = Zlﬂ;n " (4.’2).. o ;
The mass matrlces for the element are. computed on the ba51s of lumped ’ »
ass 1dea]1zat1on, Therefore, the assembled mass matr1x for the ]{' . '
entire structure-pile system i® a dlagonal one. Add1t1onal ‘masses to .

-

l .

. o .
The so1l under the st\ucture (plane frame) is ideal1zed by
isoparametr1c plane straln fanlte elements w1th f1n1te
Th1s assumpt1on 1s based on ‘the concept that frame is

I !

perpend1cular'to the plane, and the soil under the frame wlll undergo h . ‘.

A

s

The local. and global co-ordinate systems for a general

16(b), are related by

‘% ) - ' 1-' ' T t

quadr1lateral element, as shown 1n F1g.

T h; Xxs o
T REET

R R |

(4.32) . 4
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4 3 1 1 Stra1n-D1sp1acement Equat1ons

o o The above 1nterpolation funct1ons are used 1n the d1sp1acement

approximat1on to ‘take into’ account the r1g1d body d1splacement modes. -

}

uy &s,t)A= z‘hi u

,Fbr:twp—di@éhsional'analyhjs,”ﬁhe strain displacement eQuatiqns*ére;

. “/'

|
X
1

S Sxx T Tax Lhix xi
' ' " u

-t
.

) 3 S R SO S
{. A o= —l = y Lot . R L o o S . , ;
E e SR VR

Land o L : T

L8y, du L C
e e ey, - :

o Sxy T ey Foax ot hi sy x1 + 1 hi,x i

" The above exbressﬁghs_aré-whitfén'ih mathii'form as

sl e

- 3 1/4:(1+sj(1+t). N ‘ '_f.5f ‘-'_.I-vi4.4c

L TR L

yi . _“("4.5b").' | {J

e L 5~:; . »:f.' (4.6a) -

)
)*
y

- (4.56)
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‘ These stra1ns are re]ated to ‘the' e1ght noda1 p01nt d1sp1acements by a

(3x8) matr1x.' The submatr1ces of the equat1on (4 7) are g1ven by

-——x~

H,, = [h

=Y

determ1ne the der1vat1ves w1th/respect to the, g1oba1 system x-y

e

Hoy = Thy x M2,y D3, x Pand

1.y hzay’hB;y hdsy

!

~ (4.8b)

1s done by us1ng the chain ru]e of part1a1 d1fferent1at10n'wi‘

a .

LQ”T’) K
o | ox

_in general, the chain rhie is.

8,

s,

t,

-t

" (4.92)

k4¢11) 

. 7(4‘--3@"“ L

’As the funct1ons, h 5 are 1n terms of S and t, 1t 1s necessary to ‘

Th1s ‘
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From équations (4.3a) and (4 3b), B

K,
-
il
o
>

‘.

TN

For' the given numerical va]ues of s and t, the derivatives of the

1nterpo'lat1ng function can be eva'l uated From equations (4 12) and

(4 14), all required derivatives for the numerical evaluation of strain-'
- ‘-.""", disp]acement matrix ‘of. equation (4 7) can be computed.

Vs

‘A,

o 4. 3 1 2 Element Stiffness ‘and Numer'ical Integratwn -

'. , For unit thickness the e'lement stiffness matrix is gwen by
K=-J a cadA ' (4~15) ‘

=z

L S . O R ¢ 1% 75 S

'- "1.\‘.‘_. ‘ : S '\ . .
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/AN

{ o out over the area of the e]ement The matr1x c ls expressed as a

“\

!

f‘(3x3) matrlx for the p]ane stra1n e]ement in the fonn Ci

o - to. .
/ ! . . .
e ——— - - B - momapinry s eans rmmeiea .
i
[l
v Je. ~

)
v
!

-“1n wh1ch c is the stress stra1n matrlx and the lntegratlon 1s carried '

- f
v 2
-

I

.E’ .

R e T 6= I

[y
o

-where E= Young s Modu1us and = Po1$son s Rat1o. Equation (4. 15) can )

- be rewr1tten for the purpose of numerlcal 1ntegrat1on in the s and t ;

L
o~
Jow

addsdt . S 7:(4.17)d

App11cation of the one d1men51ona1 1ntegrat1on formu]ae g1ven in® .’";"

Zienk1ew1cz (164) yie]ds

v

>
, ~“1g : ﬁ j wk a a (sj, tk) ca (sj'/tk o "(n,;a)
/. ’ ’ .
. : /")' ' Y -1

in wh1ch s and tk are 1ntegration po1nts. and HJ and "k are the

appropr1ate weight functions In genera] _;ELJelement st1ffness matrix /;§§;3'

derived in- the above ; manner w1]] 1ead to F (8x8) matr1x Tb 1mprove
the bending capacity of the e1ement, add1t1onal 1nterna] degrees of

freedom are provided at the element 1eve1 Th1s can be done by .."V

. 1mprov1ng the e1ement displacement funct1on 1n,equat1on (4. 5) with the

1f: addition of a few other terms as 1nd1cated below oy

w0 ey




P mmemp s s L s = e aaqTesa s e ewo oG

“"u.=zvh. +'h

Coaamd G

Ly S E hi ‘,‘yi'*'hs '°‘3 +'"s,°r4 (8-19b) -

where ¥ (1 = 1 2,3 4) are- the additiona] degrees of fréedom., Functions
h5 and h6 must be zero- at the four nodes The fina] stiffness matrix i'

-

(8x8) 15 obtained by a static condensation procedure and w111 not be '

‘_described here. - The .net- resuits of the addition of the 1ncompat1§1e i

" modes islthe better satisfaction,of-microscopic_equjiibrium in the - - .

-

element. oo s

\ B

. Having formu1ated the stiffness matrix for a typical element. i

L m, the stiffness matrix for the entire 5011 medium can be obtained by "

-

the d1rect stiffness method,

. F | i L . _’ R ' 1_ - _/ L ._.,‘ .

where _5 stiffness matrix for the soi] medium '

vand _'gm stiffness matrix for the mth e1ement.

/

The mass matrix is formu]ated in a 51m11ar manner. Thetlumped*maSS
idealization makes the. mass matrix diagona] " The smal] reduction in
accuracy due to the approximation is Justifiabie in view of considerable .

saving in computer storage and time.A In this 1nvestigation one-fourth

of the mass of the quadrilatera1 e1ement 1s assumed to be concentrated » L

‘at each of the: four nodal points fo e T

. . 1 I
'ﬂ’:‘. d -
\ .. .
4+
-
IR IR
ot 3R S e e st
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a. 4 ' Dynamic EQuilibrium Equations __f b ' |
' ‘ The dynamif equations of motion for a system of structura] -
‘\eeTements was expressed in the fo]Tow1ng matrix form as described by "
' C]ough and PenZIen (24): . '
_['=;M* REE LY c;;g){ U+ Ke3 {U} ={P(t) } ,(4-21)

“where - [ M* ] combined mass matrix for soil structure systems having
F 2 . N “

-1

only d1agona1 e1ements for 1umped mass approx1mat10n, . .
[ C* ] Q”combined damping matrix for the 5011 structure system,
[ K* ] ? stiffness matrix for the soi] structure system being

p051t1ve symmetrich

. 'and {'P(t)'} ,1oad vector.

4 4 1 Response History Ana]ysis by Mode Superposition

In the mode: superp051tion ana]ysis, 1t is assumed that the
structural response can be expressed adequate]y by the p Iowest '
vibratlon modes, where P < n (maximum number of vibration modes which '
f one may obtain considering all the degrees of freedom) For undamped -
free vibrations, the above matrix equatjon can .be redpced to the

generalized eigenva]ue equation, S SR .
o e S NS N (e T

where @ and ¢ are ‘the free vibration freﬁﬁency and mode shape,: h
respective]y Using the transformation { v Y=L ¢ ] { x } where the
co1umns in & are the p M-orthonorma]ized eigenvectors Eqn 4. ZL

K%
canube written in the f011owing form as described in Ref 158 ~',;
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compared;to'that of~thevstructure, and the damping forces.cause coup]ing'

’between~the'undamped free vfbration modes. The coupling due to’ damp1ng ‘

. 1S/part1cu1ar1y 1mportant in systems where the foundat1on med1um 1s

1dea]fzed by an elastic half—space model because very 1arge viscous -

damp1ng Will be requ1red-to s1mu1ate the rad1at1on energy loss . Bes1des,i'

kd

th1s, the damp1ng in so1]s is stra1n-dependent and the damp1ng values
to be used in each e]ement should be based on the stra1n developed in
that e]ement Th1s has been descr1bed in Ref. 59 and 84. For this

1nvest1gat1on, a constant damp1ng va1ue, expressed in terms. of the modal

damp1ng 1n each of the structura] modes. has’ been assumed Th1s 1nc1udes ‘ .

'f structural damping, viscous damp1ng due to flu1d drag. and pi]e damp1ng .

due to 1nteract10n with the soil. -Eqns. 4.23‘represent_a set of p L

4 uncoupled second-order‘d1fferent1a1yeQuations.‘iThe so1ution'oflthese

'second—order differentia] ‘equations is accomplished by a step-by-step.

procedure as" suggested by Ref 8. The only approx1mat1on made 14 that

. the acce]erat1on ‘of each point 1n,the system var1es linear]y within a

S
—

sma11 time- 1nterva1 At. Th1s assumpt1on g ves. a- parabo]1c Var1ation

of ve]ocity and a cub1c variat1on of d1sp1aqe, nt. within the time .
1nterva1 at. Th1s step by-step 1ntegration te .n1que is” accurate 1f .
the t1me step is sma]] compared to the shortest per1od of the so11- :
structure system. L \ L

| ‘ .j,f In the. finlte e]ement 1deal1zat1on of the structure w1th
comp]ex geometries, ‘the shortest per1od of vibration of the mathematlcal
model may be several orders of magnitude less. than the periods

associated w1th the s1gnif1cant structura] response. If the time step 1

‘ V‘: 1s long compared to the shortest period (normally al]owed va]ue 1s
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*lone-tenth of the shortest period) the method w111 fa1l and 1nstabi11ty : -‘;'_ ; y
‘ w111 occur Newmark (97) has studied this 1nstabi]1ty and recommended N L
.the constant acce]eration method éhis procedure is found to be stabie
when app11ed to finite element systems, however, some finite " f . ' ';/1

: _osc111ations assoc1ated with the high frequenCies are stii] present in __,‘:

‘the resuits Several different unconditionaiiy stable step- by-Step o ' A.-fv
/ ’ —— i

S methods have been used in the dynamic ana1y51s of structura1 systems

‘ with 1arge numbers of degrees of freedom. One of the simp]est 1s the

-

'Hi]son - e method suggested by Bathe and Niison {(8). Th1S approachi |

is based on the assumption that the acceieration varies 1inear1y over

f:an extended computationai intervai, -

/f' : ) ; s T

ST e‘eAT," .uhere 8> 1.37e‘1 - ".-f; (4;25)» SR ;,L ‘

g
The\details of the computationai procedure are we]] described in

. ~—
. .

R ,Ref 24, The computer programme SAP IV uses the 'Wi]son -8' method
' 'for the - solut‘on of Equation (4 23) to determine the response’ of the//
entire systen N L . A P

e \ R . ) ,.I‘, : \ ©
"_n".:'u" ) 1‘ * ' o oo ‘. )

‘ The nonnai mode method makes use of superposition which is

4 5 Equiva]ent Linear Method
oniy vaiid for 1inear systems In the,previous chapter. it was pointed'
- out that shear deformation occurring ‘in soils due to dynamic loading: "

-
jg introduces non]inear effects. This non]inear deformation shouid be s
. .

. considered in the response ana]ysis.‘ Seed and Idriss (135) inciuded

it by introducing an equiva]ent linear method in which an approximate~ ' . fu

4 solution is obtained by a linear, anaiysis. provided the stiffness and
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t damping used in each s011 element are compatible w1th the effective

':fcehtroid is checked in Tabl

" compatible w1th the va]ues o

until convergence is achieved The va;/e

' 1teration define the: nonlinear respon .

T LT B = N ., R - e . e
Chy et e VR R : R

i

T shear-strain amplitudes developed in the'element Data ‘on strain-
i‘compatible soil. properties for clays and sands are published in Ref 136

"Typical~variations of shear modulus and damping w1th shear strain are " .

shown in. Fig 11 -and summarized in Table 1

“In applying the above equivalent linear method, a set of shear
4’

l'moduli and damping values is estimated first for each s01l element.
. Based on these variable properties, the structure is analyzed and the ;
stress history is computed at each soil element centr01d Having computed S

~ ithe stress history, thé effective shear-strain amplitudes for each

o, R

, element are estimated assuming that the effective shear-strain = Factor* <

'| | max1mum. where v defines the Shear’ strain, and Factor is a constant

varying between 0. 50 and 0. 75

The effective shear-s ,ain%amplitude computed at each element

to ensurq that the ‘straih amplitude is

' dulus and damping used ln the

i -response evaluation If the soil properties are not compatible, S

modified values are estimated from Table ;//énd the process repeated
btained from’ the last
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5 1 Introduction L

'f'line. the water depth is 300 ft A two-dimensional representation of the

] et . o f:MinfFT?Tja

4 co CEEEERL L ST g

. .. A_NUMERICAL EXAMPLE _h._,__:‘fia}"' 3
NUMERICAL Lo T

This chapter presents an example to illustrate ﬁbe applicability

of the models described in the previous chapters to realistic situations

Detailed accounts of soil property values .and the st udtural configuration

‘”‘ of the tower are presented.' The procedures for respon§e computation for

Results for different kinds of models are given in the corresponding.-'

tables and figures

5 2 Structural Geometry and Its Member Properties ‘.h .2: :;..- R
The structure investigated is a welded tubular steel frame
designed similar to that analysed py Corotis apd Martin (25) for response

to random uave forces The welded tubular steal frame was designed for

5. medium depth of water. Generally, the structure'bnd the foundation should
be treated as a continuous uni; and the height of the structure Wl1] be set ih»
t"equal to the- sum of. the water ‘depth, the foundation depth and the height :

'~ ‘above the water surface . In this example. a total height of 460 ft is

’ assumed, uith 100 ft below the'mudline and 60 ft above the still water

tower with three types of foundation conditions ‘and sectional properties
of the members are shoun in Fig 17 The structuralrmembers are. assumed

to be rigidly connected and the pile diameters assumed to’ be the:same as

AW
different kinds of models are described. The sequence of’operations for
c the response calculation is summarized at the end of the chapter ) "'1,';‘

" d-
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. ~'..that of the tower 'leg -A constant d1mension equa'l to the basie Tength of

-‘qunts and are sﬂﬁwn in F1g 17. i

. . A . . ,_~ ot
a O ; ” oo

o were d1g1 tfzed w1th a time 1nterva1 of 0 01 seconds and know1ng the

.the record 15 taken as 7.6 seconds. - i e

B R A T S R TS kR Y D PRI

.. the. planar frame 1s assumed in the th1rd d1reét1on. The masses per umt'-
B -‘Tength of the members in the’ p]ane of the frame are computed by summ1ng “

,‘ - up the struotura] mass the mass of the water contamed in the tube and~ |

the mass&t water d1sp1aced The masses of the members perpendicular to

- the plane are aSSumed to be lumped at the horizontal cross ba‘se level

[

"B, 3 Ice Force Record . - S,

Ice force records are generated art1f1c1a]]y as the contmuous

i :,'Forcevs; jme records. were not ava‘Hab‘Ie.‘ The procedure for generatmn o

of art1 f1c al ‘1ce force records has been descnbed 1n Chapter III The

.. 1
force vs. time, 1ce force records are shown m F1g 14 Ice 'Force records‘

P |

.fﬂter pro ert1es and the lnterval of d1g1tizat1on, the predommant
_;frequency f. the record is est1mated as 2. 35 cps. In all the ana]yses, -

- ice, fqrces are app“l'ied at the M S L level, and the total durationﬂof

- ) . s
- B

"A. “ / .'uu" ’ o o ) o T et

5. 4 Metf:od of Ana]ysis :for leferent KLnds of Models S ;. "

4 The resg,onse anagys1s for d1 ffereht kinds of models was carried
out b‘y th@ computer programne SAP-IV (158) The preparation of 1nput

[
data and output commands wﬂl not: be gwen as they are ﬁeTT-descmbed 1n

‘,"Ref 158. The flrst f1ve frequencies were consldered for’ each indiv1dua1
mocleT| in the- response evaluation by a modal ana‘lysis, and the modal :

‘:f damping 1n each of the structura'l modes was assumed to be 10% Hhﬂ/

’:I ﬁ .A .
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,4,'_‘ "-_ s th1s may seem a_b1t mgh for: r'le f1xed base ana]ysis, it 1s reasonab]e .
' when the yleldmg of the foundatmn is taken into consideratwn.
[ .

The 1mportant cons1derat1on m the ana]ysws of the offshore

structure is the soﬂ cond1t1on For the prob'lem under 1nvest1gat1on,-

* the sodl consnts of approx1inate]y 100 ft of c'lay under]am by rock

| ' In the fimte element model, the side boundar1es are. ]ocated at a’ '7 - L &
- d1stance of - approx1mate1): four t1mes the base w1dth to ensure free f‘le‘id |
N :, o fmotmns _The soil medlum has been represented by the f1mte element |
"mesh (plane strain) shown in F1g 15(c), whwch consists of 24 e]ements RRTI, ‘.

’ahg 36 noda'l points. In order to simu]ate a semi- 1nf1n1te system, '.:‘

S ,nodal pomts. 18, 27 36, 10, 19, and 28,were ﬁxed 1n the vert1ca1
) ,dlrection permittmg movement on]_y 1n the hor1zontal d1rect1on. Noda]' .

S ~points 1 to 8 (except 4 and 5) are fixed to the base Forty-four bsam L l\j

b mmn g o e

e]ements were requ1 red to represent the structure Two twpes

of foundat1on 1ayers were taken 1nto cons1derat1on' i) soft and 11) :
st1 ff.. Below the mudline, the basic sdﬂ propert1es vary mth depth and :
'are funct1ons of umt welght, undrained shear strength and Poisson s .

< . rat1o Knowmg the va’lue of undrained shear strength for. each 1ayer. lt, E

)

‘. is. possibIe to f1nd out the shear modul us at small strains (here def1ned‘.'

1% g i ., “as v = 10 4%) from. Fig 10. - This’ va]ue 1s listed 1n Table 3(a) and 3(b);',_ﬁ. o H
' ‘ ‘as G for each element.‘ ‘For an ¢ e]ement in ,the clay medium, "’°u‘d ' ."‘U
ibefequal to the: undrah\ed shear strength, SG Of the Cla-V "“thi" the ‘5
ﬁ ’ - element t1mes the. va]ue of (G/Su max' as suggested in Ref.. 136 Typical“-‘ _

" " -val ues. for the maximum Shear Modulus (Grnax aD Strai" 10 4%) are g'lven in o

L fTab]e 2 for d1fferent layers as calcu]ated from the undra1ned shear*
- v , ,f:'..-r AT s . .

o

‘- r IR strength of; the samp‘le

- r . . . .

‘ o .

i Lo A
- ' - . . ‘! »
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'For hnear anaiysts the shear moduius of . each element 15 not dependent '
‘on the shear strain, it wnl be constant and anaiysis 1s carried out’

o with the above va] ues of G ' for two_ kinds of soii The frequencies

T

and the responses computed for the two different kinds of soi‘ls are

- shown 1n Table 4(a) to 4(d) and Figs 18 to 25.. For noniinear finite

' i element anainis, it is assumed that the shear moduius for each element’~

. s strain dependent and the egl.nvaient hnear method described in

o

: Chapter IV is app]ied The soil- structure system is ana]ysed first '_ Ce

¢
~using- the properties as given m Table 2, i e. a iinear anaiy51s ds .o

P

ol

carried out first Then the max1mum shear strain 15 computed for each :

,eiement from \the stress history, and the effective shear strain caicu]ated

B 4

- at the eiement centrmd by the foi’lowmg reiation

N \ S T

L

K ('~ i,{,?‘veff = Factor xxiv[max . : L e ﬁi5.1) R
‘where ;;eff- = effectwe shear strain at el ement centroid S - f. e
“and tvmax = maximum shear strain computed from stress history

R ';' The factor for: effe Tve shear strain is assumed to be 0 65.

+

From the computed effective shear strain at each e"iement centroid /tpe o

reduction factor for shear modulus 1s estimated from Tabie 1 and Fig 11.

—

~

Reduction Factor = =)
L e Shear Moduius at 10 % strain (G‘max

Tabie 3(a) and 3(b) show the: values.of ~new shear moduii at the end of the

first cycie of iteration. ‘It is seen that the soﬂ properties are not ‘

strain compatibie Also the differences between the assumed and computed

' and the new shear moduii forahigher strain ‘levels are computed as fo]lows-A ’

Shear moduius at any strain v oo ‘(5'-20)

LY S

LT T L

wles "1 e e




land Figs. 26 to wo e

o representlng the foundatwn springs for the - 'lumped parameter mode'l -
Ll comp1ete the mode] are twenty-three and forty-two, respect1 ve]y ’[he"

p verticaT direction,. ‘The frequencies and the responses are presented in -

) Tab]e 7(a) to 7(c)and Figs. 34 to 39. LT e

is represented by n1neteen noda'l points and thirty-e1ght e]ements (two-

dimensmnal beam elements} The frequencies and the responses obta1ned

| are shown 1n Tab]e B(a) to B(c) and F1gs. 34 to 39..

.
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o shear modu11 is very h1gh Hence, a- new 1terat10n is carr1ed out w1th

{

‘ :.repeated untﬂ conVergence has occurred F1na] resu1ts are shown in
Table 3(a7 and 3(b) “The va1 ues computed from the f1na1 1teration "
B ‘l‘constltute the nonhnear respohse The frequencies and the refponses

I‘Lcomputed from the n0n11near analys1s are presented 1n Tab]e S(a) to 5(d)‘

For the 1umped parameter mode]. shown in F1g }5(b) ,the soﬂ

-medwm is 1dea11zed by ‘two kinds. of spr1ngs at the st}ucture\base ]evel,_

L .represented by tWo k1n‘d‘s of e]ement groups These are 1) beam

The tota1 number of nodal po1nts and e]ements necessary to,. '

, "'nodal points, 1 .and 2, at the base 1eve1 are assumed to be fixed 'in the '

u'.’

Lo

; For the flxed base mode'l shown 1n Fig 15(a). the struc,:ture

termed horizontal and rotatrona] spr1ngs m _Chapter III The propert1es 4;
o _

",‘Of these sprmgs are g1ven in Table 6. The structura] mode] 1s

‘ :the 1mpr0ved va'lues of shear modu1us for each element and the process is'

_-elements representmg the structura] members and 11) boundar_y e1ements .

F
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LT 5 5 Sequenne of Operations N -.: T .

Y

) X Finany, an outhne of the seqdence of operations required for

I . \ - ‘the response eva]uation' is listed be]ow- _ .

o / A 2A Ideahzation of the soi] structure system as an assemb]age
~/ o " u‘of finite eiements I | N a R

q) ‘Nodai pmnts e R e o I

’ (R i . - EE T b) -’-Boundary condi.t;i,pns". - R |

| - c) - E]ements ‘,

. . . d) Estimated materi al properties | ,

i, -' . : -2, Form Mass Matrix \ ) . L "."":- o o

‘ | | '3. . Form'Stiffness Matm'”x A -

T R 25 ".Setup the equations of mot1on o e J

T .

N _.‘ ERREREN "Soiution to, evaluate noda1 point dispiacements

I TR 6 Eva‘luation of stresses and strams

24 ] . ) . ~ Oy

P L 'Fornoniinear ana]ysis.A LT SR N I
. . o . . S ,../-;.‘- - ' . : o L B <1

7. Determine effective shiear - strains in all soi1 elements as / -

‘{ A e ef.f actor X I |max \", o
v .8. -,Computation of strain-compatib]e soil’ pmpertws

a) Enter Table.1 for all soil e1ements
s e L), i COmpare with: propert‘les used in the analysis

: ) - : ', . 1) IF the difference is too 1arge, the ana'lysis is ,'

3 _' . . repeﬁed from 1(d) with new properties.~ o
o P - RN
R ',"ii) If 'the difference 1s sman the computation is ~
R ‘_,_ s ,stopped. S ::" _‘
- v .I.‘{ , ‘.liA ."',‘ - R
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¢ 7. -DISCUSSIONS AND CONCLUSIONS —

/

The resu'ts are presented 1n separate sets, each representing

" one of."the prob‘lems investigated The cases considered are 1) Finite

Eiemented Foundatiun Modei of the Soﬂ Structure System with 1) Linear

‘.5011 Behakur,s and i) Nonhnear Soﬂ Behakur, 2) Lumped Parameter

.(or. Haif__—Space_) Foundation Modei_ with L_inear Soi) S.prings‘, and, fin’,aiiy, AU

3) Fixed Base Model. The numerical results are présented-at the end of o

'this'cha‘pter.' S T

- 4

l_with the fundamentai frequency 15. 5% 'less than that for the rigid base »'\, B

T A L e
- ) L. [ \ e b e L ! /
L .",. R N ced ., ! - ,A': ol Y T . '
S e e - L. A R
;

6.2.1 Freguencies N /;1 :

It is seen from .the ahove resuits that the fundamentai .

- ,frequencies of the frame are infiuenced significantly by soi]-structure.

interaction For exampie, the fundamentai frequency of the 1Umped

i 'parameter modei for the soft soﬂ condition 'IS 10, 0% less. than that for

'"soii behakur, the fundamenta“r frequency is 6 67% iess than that for
' 'the fixed base. o " L Y._" I )

-

The variations are much iarger for nonlinear soil behaviour,

R _-‘condition It 1: interesting to note that reduction in soil moduius

o nﬁch, in effec-t, reduces the soii stiffness, affects the second and.

- “g'. - . .:, . P

: the rigid case. For t?ie finite eiement mode'l in soft soil W'Ith iinear ,

higher modes significantiy, for both iéineSr and nonlinear ana]yses. :Fojr'./ o

PR
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examp‘la it may be seen from Tab‘le 5(a) that, for the finite e'lement

" at deck ievel for the soft sai] conditio as shown in Tabl

: ‘23% more than that for the rigid case.
' condition.-

foundatgon. . T SV o .'_,;_‘. 3 u\

s gt gt e L [ R LA ST T oo, :
PR AR I PR BN R AT

{ - - L .
. . v
e .i-'... — ' . ‘/ - g
] _. . ; '
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/ . . LCl .
S P D
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mode'l in soft soﬂ with nonlinear soﬂ beha\nour, the third mode Y

'frequency is litt'le more than a thii'd of the corresponding frequency

for the.rigid foundation case., B " Lo e
- ;6.2.2' 15p1a ents B T S Y

to the decrease in the fundamenta'l as we]i as the higher

‘ “frequencies the ﬂexibie foun,dai:‘ion has a maJor inf'l uence on the
o structura] responsef Th'lS can be easi‘i_y seen from the resu]ts in . ‘

: Tab'ie g(b)

%

The m&ximum disp'lacement at deck levei ’lS 4 373 1n for the

' soft soii condition Which is 36% more than that for the rig d case.

Even for the case when soil nonhnearity 1s§l neglected, the

» -

4(b) is
This variation in di ‘p'lacement

- | is also noticeabie for lumped parameter mode1'ling of both types of soil

‘ f at de\'ck level fcl‘z the- soft soi],condi_tion_‘is 23%.more°compared, tq_.a ,_rig.id

'o
. A i L -t - oo _."—
T \ -1 - AT . s, .
6 2 3 Stresses . ; :

; 1

For- ‘the’ case of a ﬂexable foundatmn, the displacement at the

. base leve'l (mud1 1%«!) of the tower is quite important. It is seen from i
o Tab]e 4(c) (linear anafysis with finite eiement mode‘l'l ing) that ‘the '
g maximuin stress in the ve?tical member,,near base. is 10% 1e55 than that

. ‘-

--for a fixed base 1mode1, uhﬂe th\e \stresses ip Qc.ither tnembers are higher

’
‘For e;%mp'le,. th& stresses’ in membersis and 17 -i’or the soft soi'l

i Ty

—',. K - LT e }'A‘

isplacement k

From Table 7(b). it i s observed that the maximum di sp]acement . -

/f

RN
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condttion are ’23%/mor:e than that 'tor the fixed base moderl,. and"'lé%l ,and_. S J_

V.Z\O% more“for th'e sti ff 'soll cohdition l'he“‘varlation of 'stresses 'is

e g vy b et S AT
-

even more when nonllnear $011 behavmur ‘ls cons1dered Table 5(c) The“

-
T . ¥ . 7
R » . . b - FP
. . - - o
. oy
K] . H
- P .

‘stresses in members, 15. and 17 are 48% more for the soft soi’l 'and 24% - v

more for the stiff 5011, than that for the fixed base cond1 tion. Ih‘ the
A A former case, the stress m member 7 1s 20% Tess: than that for the r‘lgld
o o foundatwn condition. All these tress variations are. due to the .

5.;" o S relatwe displ acements of the floor“'levels with respect to the foundatlon.v .'
| . " : - It is not1ced that in all’ the cases u‘ﬁth fl ex1ble foundatmn the relative .

| B - displacement at the first floor level with respect to the foundat'lon is . |

a o \,.’f-", v less than that for. thé’ r1g1d foundatwn, therefore, the stresses are L

-,-reduced 1n the hottom member. But the same, situation was not observed

s 'for the hlgher levels, particularly at the M S.L. level where the - | \ :J
relatlve displacement 1s larger for«the fl ex'lble foundation than that

.for the rigid one; therefore, stresses are 'increased 'ln the top. members.~ -
e L} o
. ,-,' ' 4-. L. For the lumped parameter model the stresses 1n all the"

menbers Table 7(c) - are 8-20% below thosegfor the fixed base condition._ | (,/ ,

This is'a little surpr1sing but not unrealist1c when one cons1ders the '

‘ y'relative dis‘placements between flOOr levels. 0ne of the limitatmns of

.f. ’A'-.this kmd of model 'ls that. while computing the horizontal stiffness.

' KV' the value of- the shear modulus is taken only for the top layer of A
. the soil. It 1s not known to Qhat extent th'ls wﬂl affect the overall/ .

LLET
-

C N e

heSponse of the structure. Alternatively. 'ln the finite elelnented folmda— ,

w..,. L Vl . -tion mode], the soil medium 'is represented consistently and the resu]ts

4 o . 0 .oy \

SRR PR seem to ‘be more reahstic than those for the half—space lnodel 55 SN
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' “depend'lng upon the relat'lve stiffnesses ‘of the foundat1on and the

L structure

6 3 Conclusions ) | _ _
, ‘ The foHovnng conc]usions are drawn from this study
| ,;:t;',“" 1.
s1gn1f1cant1y due to structure-soﬂ 1nteract1on

2."' D1fferent kmds of soﬂ cond1t1ons mfluence the structura'l

."-'

response s1gn1f1cant‘ly 1nduc1ng h'lgh stresses in certa'ln members In o

fact, redistr1but1on of stresses takes<'p1ace in the whole structure
“\"“. o o 3. - For the frame cons1dered 1n th1s 1nvest1gatlon, the stress

o

"o 1n the pﬂe member, 1, for the f1n1te e]ement mode] var1es sign1f1cant1y

Fundamenta] and higher mode frequenc1es are 1nf1 uenced L

due to soﬂ behaviour. For nonTinear soﬂ behaviour with the stiff -

soﬂ condit‘lon, the stress 'is 75% more than that for Hnear behaV'l}(ur. ol

i 'Simﬂar]y. for soft soﬂ the difference 'Is about 259. The stresses 'In

. -the other members are. also affecteg sign1f1cantly compared to the r191d

"o

base model. R e e
. "’ ﬂ

el 4 It is seen from the different models used that soﬂ stiff-

.'ness 1s very important .For 1dent1ca‘| structures and same- ce forces, A

_ the d'lsp]acements occurr1ng in the strutture wﬂl vary quite a lot

A

It can a] so be shown that d'lfferent foundatinn displacements

'wﬂl be obtamed if the kind or st'lffness of the structure 1s changed

.' Al though this case has not been demonstrated speciﬁcally. the author )

feels that response ana'lysis to dynam'lc 'loading may lead to erroneous B

resu]ts 1f ‘the foundat'lon-superstructure 1nteract1on is 1gnored. R S




s .,6 4. Contributions o .

S 1 ~ App1 ication of the equiva‘lent 1% near method to study
“ : nonlinear foundation structure interaction of an- offshore tower j
S :subjected to ice Toading. - | " \ S :
| - / ﬂ:. L - 2 Study of the effects of different foundation conditions
xa "'.,-mth varying soﬂ properties. o 'A o
o ‘3. Investigation of'the inf'luence of various mode'l]ing -
‘h /t{chniques on the dynamic responses of an offshore tower. \
1‘., S R % Study,of the effects of‘ soil- structure interaction o_p the
| | fundamentai and higher frequenctes an‘d modes'.. ‘ . :
' "5, Identifi cation of the need for more fieid records for the

artificia] generation of reaiistic force record enve'lopes.

: S 6. Indication of the. necessity for obtaimng strain—dependent

. 5 : ~‘ soi] properties. based on site ffieid exp'loratwn and 'laboratory test

progranmes compl emented by experience and avaﬂabie data for simi]ar .

. / -

soils.

: 6. 5 Réconmenations for Further Research . ' e
. . o ;
1 App]ication to other ki nds of environfnental ioading, e g

: wave forces. N L

' . } due to repetiti ve 'Ioading , »
Use of frequency-dependent spri ngs instead of linear static

-

2 Study of Hquefaction of sandy soii foundation conditions o

vagisl cLTR T : springs for the 1umped parameter foundation modei. e T

_,:‘,:.7 , 'f ;' (,'7-" 4. Use of variab‘le damping i:o ensure strain compatibiiity.-‘:, Y
o i ‘f;j (Note' ‘ The present ana'lysis has neg'lected the variation of damping in
o the two s,ystems = soil and structure.)ﬂ_j .". “" SRR . P
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TABLE 1:

o o
Pl 14
e ar !
PN

. Strain=Conpatible Soi1 Properties

C(Ref. 84)

" Effective
Shear Strain-- -

‘Ygff (%)

]99 (VYe’f

i

Shear Modulus :

“Reduction Facto‘r* /

Fraction of
' Dampi ng

(%)

Clay

- .cm

< sand.

-4

100 7% .20
360x10
1. 00' x: id

3 16 x- 10

100x10’-.
0316

-3 "
r
2.

- -8.0

-3.0’

-0.5

28
*A 2.0
iy
" 0 |

‘ i_.boo -
0.913°
o
0565

© 04000
.':0..261',_ ‘
“oasz
06

1000
0.8
0.9
“o.82%
S0.656 -
" 0. 4437
-0, 246~‘
o0L15

. 2.50° 3
2.50
2.50.
3;59

6.50. -
b.25

1.8

475 {

050
i,
o 3.20

5.60 .-
1100 "
155
21,0

Crl tica]

-
"o,
-
/
-

' 1.00°, 0. 0.07 . 0.009 200 - 246 )
3,16 0 - 0.5 7 - 0.013 . - 0.049 2. o 246 - )
. A v l'._ -..-, . o ‘° : _‘.' v." M : .' .
10,00 L 1.0 0.008 . 0.089 0 29 o 2446 .
: *This is the factor wh'lch has to be appHed to the shear modulus at- e

low shear strain.amplitudes. (here defined as 10‘4 percent) to obtafn S" |
the modulus at higher stram levels.- v oy FETN R

e
Ty
3
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. po==m -, - - TABLE 2 Soil Properties for Different Layers - .
e o i - . %2 . om E o - T : ‘
y A - . o . . 8- "- . . : S . o L s . e ’_, ." . 3:;. .
K . ) /., N G .- . — . g . - B, 3 '.,
L o Soft Soil . Stiffsoil . o
S0~ 0 o soit stratum ' %

. - Depth below’
o T« Mudling,

Undrained” (5)
.'Shear Strength .

G*~

. Undrained (s,) y Tl

. i Shear Strength Gmax
St . SR ) " ; (psi) ,.-." (’(Si) (psi) 4 (kS'I)
e . . - . ' . ".. ST ‘» . 4 = 5 TR 'l. P L - .:.‘_‘ j 3 ',! ..',”“ .
ST UL || 1.080, 25 2 sal -
e ..' ‘ 2 . :‘ (5 30| 1 Gol - 1.521 L ‘3;5 . : g :‘3' B R

) ,% O
1"Shear moduluk at Tow str;ain level (here deﬁned ‘as, 10 = '"-3?-&;, P: =
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. e . L _ TABLE 3(?1 Iteration Cycles for F1n1te E]emented Foundation Mode1 with Noanear Soﬂ Behaviour (Soft Soﬂ) =

-’~ K se

T o Ao e _Iteraﬁo‘n Cyclg Woul- - e o7 T

: ’ ~ , e . Y . . 2 -
R A T Lo e S Hax" _Shelr: Eff. Shear. A " .
-Soft ~ . . 'Density .Poisson - CMax  Cysed Oy %z Tyz étmi" T, Strain - peduction” - SNew Difference - -
: SN

4" CElement - Mat. Type- (POF) . Ratio  (KSI)' (KSI) | (PSI) ' (PSI).".(PSI):’ (107 )‘ © 0™ TFactor - - (KST)

: X R T S )], -0675, . .0016 L1192 O ;24_72 ©.U.1607 - .68@2- (3401 32.0

BRI 2NN ERRTREAS SR b 0974 -.0014 208 4200 - 2730 . 5900 1 2.950 - 41.0

T B 0.47 ° 5.0 5.0 R ‘ . U S

| -3 s, C oy r G | .aces . .r2do T.270s . c6269° . 4075 - - 5286 2.643. ' 47,0
a5 o | 7| .0953 - .56 -.2626 - .6925 . .4501 - - .5144  2.57¢ . 49.0

T " . 2
Lt pe e e . <

KX 15 6”} o o | ] | aiss -.omre gs20 Lz c.a2e2- 0 8T (2.515 280
10,15 - soft - b ovo-oob oo b o073 0763 <0898 - 9809 - | - i6376-C L6376 - 2:231-.  36.0°
T 4 (X 1 X X O T S
S R R SN .0535 . 4301 ,2726 . .9466 -, .6153°  .4696 ' 1.643 . 53.0
I T L H N (A S I L TE RV = R N 3125 4662 . - 5098 _ . 1.783 . 49.0 .

AU N e N TR 0125 0130 0186 ' .0748. .. 0486 +BS63  2.140  14:0
R Tl AT N, o2 -.osa7 Lomr o013 o 39 s 1788 285

i

A

e T
[T DN YLV
- oA

L S g0 d.40.- 2.5 2.5 oL e ) " 56,0
R % TR NS Ty e 4037 3065 12271 976 436 1081 560
BERUN T S AN FEE B B N .0749 - 3507 _..5621%_ ' .5214 4039 - 8299 1325 470 o
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- T L . C , : o " TABLE 3(a), Continued R R E Lo '

:".;' e b ,. o ' S ' B S Iteration Cycle No.- 2

S e Hax Shear Eff lhear
C o, [ S -Strain - Strain

U Soi'l e Densit:y Poisson Gﬂax I.fse& Yy . - o~z yz . 5. , Reducotjo‘n' 'GN'Ew.', piffefénce i
s, ﬁegent Mat. Type  (PCF) - Ratfo- (KSI). (KSI)-| (PSI) (PSI) “(PSI)"  ~(107%) (101") Factor .  (KSI)., - %
B Ty "y | .01 .o09 -.0086 1117 - .3328  .2163° _ -.6302- st - 7.5
g jz 7 N R I 5 950 ..0509 -.0400° .1511 -5349 T .3477 . v.ss18 - 2757 65
B A RIS ' I .Y RS- X N , - o : : T
/ 3 B T P X 643 | 2889 .4735 .2089 . .8508., .5530 . .AB49 . 2428 - Bi5
' '_4,5‘,, P U P -"2.57_2 .2501 - .0765 .1170 "".5665/ .3682 5432 .2.716 6.0
EEEUEE R I T ‘2,515 | 0200 -.0386 f.oén. .2912"7 893 6523 1 2.283- 9.0
10,15 - el gy (1217 | .01507.0739 | - .4085 - .2655

.,.
-

5088 - 2.081 - - " 6.89 . .

Wmm.v-ﬁﬁ
(7
[ -]
ﬂl*
—
[=
(=]
N
o
-
o
\
&y
.
o

118 »»:'.s“ S o L e, 2218 oS0z L1749 1,1857 7707 - .4373- | 1.530 . 6.8
12,130 [ T 1 7| ¥ .1.783 | .1355 '-.0056 .0s88 . .. .5154 . -.3350 ° . 6567 . 1.948 = .-8.25.

{
l
) -I" ¢ e——
i
{
i

o2 |00 D FD L0 L 2,400 .0296 L0084 - .0286 1282 - .0833.. 785D 1.963 - B.30 |

RN T 7 - N N SRR -1.788 |..0414 | o029 .o282 . .1911 ' .1242 - *  .7240 - 1.810 . =.75 -

T T 80 v 0.80 0 2.5 o T e ST T e T T
I R B oy~ ¢ 1081|2098 .2012.1757 - 1.626.° - 1.057- 13933 - 0983 0 7 9.0
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;7 " Iteration Cycle No. 3 | '

Mat.

. Density Poisson .. °Max

-6

" PUsed

(ks1)

- u-.

Sey -
(PSI)

.+ . Ma™Shear -Eff. Shear
© Strain .-
(ot

o, .-

. 3 y R
(PSI)- (BSH). .

C Strain

(107h)

" Reduction - Cyew

Factor

Difference - -

T_;:Pe :

)

"

Ratio - (KSL) -

RRE
'_f,'g.757‘
2.4

2.716

".0301
'.051;
*,2758

.0834

-.,0088

-.0020%
<4403 ..

L2658

.1518°
2012

1159,

31220 -
Ls7ez -
8965

N
.1245 -

.5683

-aag

".3698

:;;745 N
5827

6106
T
4774
5827’

(ks1).
' 3.05
2,708
2.7
v’:.2.714-f

315
R Lot L
188

REA

005

0.45 35

2.263

2.081
1.530
. hgas

0194

-1157
068
-008S5. "’

0371 .00

©.0107. 0775 -

-:1469°

.07113 -~ -

1338
'.i4§q‘

(208 1689 . -1.2091 -
P 5412‘_'

a6
o
T8

-.3518

1.6286
5784
';4345j”

.5497

12,20

1.52%

2,028

1.24

© 3.6
ERE

-4 -

1.2

s

71,963
: :‘ 1;3%0

1.293

.0302
1-.0028

.2074

_.0711

00530281
-.0345 '.0302
11908

. .2196

.0549°

LT

.2443

a2

. -.0958
oas3 | s
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6822

7667 - .

3880 IR
. 5009
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