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General Introduction

In this report a study into the transfer of seismic motion from the soil into fleendation and the
structure ofbuildings, i.e. the soil structure interaction, is described.

Extensive studies have been carried out by Deltares to prepare a detailed riapsbiallow subsurface
(Ref. 1 to3). Based on the descriptiasf the shallow suksurface amplification factors of the ground
motion have been derived and included in the ground motion model (GNR&A) 4).

Using representative values of the amplificatifactor, the response of a selection of buildings to
earthquake motionis analysedn this report The models prepared for the index buildings used in the
derivation of fragility functions were used in this stu(igef. 5) The foundation of the buildings
important in the transfer of the ground motion into the building$n this study dex buildings with
shallow foundationss wells abuildings with pile foundations were considered.
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S4;8.) XHRU)&475405,143>519) 74=D>,0)/,.225/5.105),2)0D.34/+, B8.3 .102)2)NM.87.+)517.k);<587519)

Cx Cry
%&'() %&*$+()
-10+ 201
,5+504 50/
4.0, ,02
5.30. +/0-
4-/0- ,+304

+,2.04 -0+
+.02 /0,
1+-0/ ,103
-+-03 1402
-+-03 1402
12,0/ 0.
/3,0, 502
1150- 0+
J-+02 [0+
43,04 2+01
J-+02 [0+



| HSHUO&H ()" (+)$ %™ H-".$) " //0" (H(% 1 282" &H"-3" 4) SHEHE'H") S&SH# @
!

"#H#'D A1%)5:1(,:%&21; E)(C10 2,

2-R4&)! I =<'K=!+<)! F'=-+-'91'>1 +<) 1 #:1 >'49B1+-'91 3)1;=1'>1 +<)| ULBK)RL9B) T! 34-.B-9R! ) 1*<!
3)1;! 3)-9RL'B)..)BI35I1L1*&"  \).);)9+J! , <)1>'49B1+-'9=1">1+<)l;1-91K1..91&)!*9=+-+4+)B!35!
STI*;1¥9+-94'4=149&)-9>'&*)B!;1="9&5! >"+-9R=]

G59<+X).04/D.7)D,<=. )n(47M.9p)d)>,=505,1),2);.43 =H+.>+.=.10519)=5198.)34/+,B8.3.10 =hl
2'&N1*<I'>S1+<)1 1% VL);)9+ F*9=-B)&)BHN3.)! : J 1=4;:1&-d)=!+<) -&-9-+-1.! =+->>9) 3
: 3 =4;;1&-d)=! +<)! >'49B1+-'9! *1F1*-+-)=1 19B13.)! : }#7!=4;;1&-d)=! +<)! &1B-1+-'9! B1;F-9R!
4-C1.)9+!B1=<F'#l) >>-*.)9+kE]

S4:8.) XHiU)$150548)=0522163)@)/+, B8.3.10 =)2)(47M.9) 517.k);<587519)

P+ $&,+-%() 0+96(%& +-(

"H#$%&' ()1 ()+-.! ($+1-213
6, 6, Bgs1
o#(: <=: <=: L<:=$(2

2@ABCD@D>BDCD E?BCEC
HG?BHCE DF>BCE? CAB?G@
EEEBEGE ??>BA@@ ???BDGC
2CCBF@@FHBFG> >>>BHH@
2CCBF@@FHBFG> >>>BHH@
2CCBF@@FHBFG> >>>BHH@
F@HB@ARCDBFGE >>>BCHD
EEEBEGE ??>BA@@ ???BDGC
E?CBGE@?>FB@AE ?@GBEF(
>@ A@CBA@@®@EBFCC>AFHBHD(
>> E@HBFFE?@EBFDC >A>BDFG
>?  ?2GDBC?C ??@BEFC ?GB?CG
>E  >FCBAHE >EEB?A? >DBDEE

OTMOX>»>ITOoOMmMm™NYV



| HSHY&H' ()" (+)$ % H-".$)" 10" (H(%1 282" &H"-3" 4) SHEHE #") 5ESH#

S4:8.) XieU)G,<17405,1)/4>4/507),QD.34/+, B8.3.10 =),2)(47M.9) 517.k);<587519)

"#$%"&'("%$)*+ 1+2)343'-+/"/0"+%"  1+2)343'-+/"'373"#$'

="+ 00)#.' 1 $%0" #.$( *+5+%)$6'+,7#.'8' *+5+%)$6'+%74#8&'9'
QQ_N_MAX QQ_HX MAX QQ_MY_MAX
"+3 1, 1, 1;3

< =>=77? =>== =>==

C =>C=< =>=BC =>=<?

B =>=EC =>=<? =>=CC

? =>=F= =>=<< =>=<B

A =>=F= =>=<< =>=<B

@ =>=F= =>=<< =>=<B

F =>CEA =>=7?D =>=C<

D =>=EC =>=<? =>=CC

E =>=F= =>=<? =>=C<
<= =>C=F =>=BB =><<@
<< =>=P< =>=<B =>=<F
<C ==F@ ==<C =>==@
<B =>=BF =>== =>==B

S4;8.) XHFQU)&475405,133>519) 74=D>,0)/,.225/5.10=),2)0D.)34/+, B8.3.10 2)2)(47M.9) 517.k);<587519)

Cy Cyy
%&'() %&"*$"()
2+0. /03
,3-203 305
+504 .0/
-+/05 302
-+/05 302
-+/05 302

+33203  10.
4504 ,.0f
.50/ -0/

22.0- -3+03
5.0+ 20.
-5/0. ,0/

,3+0- 0+



| HSHUO&H ()" (+)$ %™ H-".$) " //0" (H(% 1 282" &H"-3" 4) SHEHE'H") S&SH# =H
!

"#'#'F AL1*)5:1(,:%&21; A+=G2*6)*

2-RA&Y H7 =<K=14<)IF'=-+-'91'>1 +<)1_I>'49B1+-913)1;=1">1+<)l-(\=+&11#9B)T!34- B-ORK-+<!
)1*<I3)1;1;'B)..)BIB5I1L;1%&"  \).);)9+J! , <)I>'49B1+-'9=1">1+<)!;1-91K1..31&)1*9=+-+4+)B!35!
ST*,1¥9+-94'4=1 *'9*&)+)! >"+-9R=]

G59<+XHQ!.04/D.7)D,<=. )NI5-W=0+44@fp),=505,1),2);.43 =}+.>+.=.10519)=5198.)34/+,B8.3.10 =hi

2'&N)1*<I'S1+<) 1 1+& \J.);)9+ =*9=-B)&)BHM13.)! : H##!=4;;1&-d)=1+<) -&-9-+-1.|=+->>9)Z3)!
: }#61=4;;1&-d)=1 +<)1 >'49B1+-'91 *1F1*-+-)=1 19B13.)! : 3 1=4;;1&-d)=!+<)! &1B-1+-'9! B1;F-9R!
)A4-C1.)9+IB1=<F'#)>>-*.)9+=l]

!

S4;8.) XHFFU)$150548)=05222)62. 34/+, B8.3.10 =)2)!5-W=0+448}7.k);<587519)
P+ $&,+-%() 0+%(%o8+-(

"#$%&'()!  ()+-.\ ($+1-2!3
6, 6; Bsar
o (: <= <= h<:=$(2

?@ABCD@DEBDDD E?BF>E
GGGBGC&?>BDFF ???B@CE
A>@BA?CH@HBFH@@>??BDC
?@ABCD@DEBDDD E?BF>E
GGGBGC&E?>BDFF ???B@CE
A>@BA?CH@HBFH@@>??BDC
>EACBCDGHCGB??@?A?B@E/
>EACBCDGHCGB??@7?A?B@E/

>MOUOI@O ™V



| HSHY&H' ()" (+)$ % H-".$)" 10" (H(%1 282" &H"-3" 4) SHEHE #") 5ESH# BI"
!

S4:8.) XHFPU)G,<17405,1)/4>4/50?),2D.84/+, B8.3.10 =)2)!5-W=0+448)7.k);<587519
"#$%"&'("%$) *+ 1+2)343"-+/"/0"+%' 1+2)343'-+/"'373"#$'

OB HISU S F+5Y)$6+, THE 4 5+%) $6+ 067 AH&'D'
QQ_N_MAX QQ_HX MAX QQ_MY_MAX
'+3 1, 1, 1,3
< ==?2@ =>==@ =>==@
B ===@B =>=<A =>=BB
D =B@@ =>=A@ =>BAB
A =>=7@ =>==@ =>==@
? =>=@B =>=<A =>=BB
E =B@@ ==A@ =>BAB
C =>CAE =><BB ==2A
F =>CAE =><BB =>=?A

S4;8.) XHFXU)&475405,133>519) 74=D>,0)/,.225/5.10),2)0D.)34/+, B8.3.10 2)2)!5-W=0+448)7.k);<587519)

Cx Cy
%&'() %&*$"()
+01/2 2/-
-+1/0 13
212 ,315/2
+01/2 2/-
-+1/0 13
212 ,315/2
1.1/3 23/3
1.1/3 23/3

"#'#'H  A1*)5:1(,:%&21; A1,1)>167,

2-R4&)! J# =<'K=! +<)! F'=-+-'01 "> +<)I6_| >'49B1+-'9! 3)1;=! "> +<)! ")1 ]1C)& !-9B)T! 34-.B-9R!
K<)&)! )1*<! 3)1;! -=1 'B)..)B! 35! 11;1*&'  \.);))9+J! , <)! >'49B1+-'9=! '>! +<)! :1-91 K1..! 1&)!
$9=+-+4+)BI35!971¥9+-94'4 =U0&)-9>'&*)B!;1='9&5!>"+-9R=]

G59<+XHF).04/D.7)D,<=. NIN\A@.+p) dj>,=505,1),2);.43 =.>+.=.10519)=5198.)34/+,B88.3.10 =Hl



| HSHUO&H ()" (+)$ %™ H-".$) " //0" (H(% 1 282" &H"-3" 4) SHEHE'H") S&SH# B
!

2'&1)1*<I'>1+<) 1 1%&" V).))9+ =*9=-B)&)BHN3.)! : H#$!=4;;1&-d)=!+<) -&-9-+-1.1=+->>0)Z)
- #Q=4;;1&-d)=!+<)1 >'49B1+-'91 *1F1*-+-)=I 19B13.)! : J#Sl=4;;1&-d)=!+<)! &1B-1+-'9! B1;F-9R!
)A4-C1.)9+IB1=<F'#)>>-*.)9+=l]

S4:8.) XHFKU)$150548)=05221GB)2)/+, B8.3.10 92).)\4@.+ )517.k):<587519)

*+$&,+-%( 0+%(%&+-(

"4$%&'()! )+ ($+1-2!13
6, 6; Bgs)
o#(: <=: <=: L<:=$(2

?@ABCC@@EBAFF >GHBHG
FD>BHFC DHCBFGE E>>B>CE
F?DB?E? DAGBFA@ EEGB??L
F@?B@@B®GHB@CGF?HB>GL
FEHB@D>?@DBAFF GH@BHC(
?@ABCC@@EBAFF >GHBHG
FD>BHFC DHCBFGE E>>B>CE
F?DB?E? DAGBFA@ EEGB??LC
F@?B@@B®GHB@CGF?HB>GL
>@ FEHB@D>?@DBAFF GH@BHC(
>> ?>FBFGG D?HB@H@ ?DBD@}F
>D ?AABEF? ?@@BHGF F?BE>A
>7? F>HBE?? ?DGB@GD FAB@EF
>F F>AB?FE ?DGBHH? FAB>AD
>E ?C?BFCG ?@EB@H? FFBDAC
>G ?DEBAE@DFGBHEF 7??BC>F
>H >EFHB>HA>?GFBAEG D?CBAEE
>A GH@B??FFFGBF@ADDAGBE>
>C EEEBA?G FFABH?@ H@BDG!
D@ ?A?BFD> DEFBDDH ?GHBFGI
D> >?7>HB?HG>>FCBG>D >CCBHEL
DD A>FBE?G GA?BEH@ >>7B?EF
D? A@AB?AHEF@BG?CF@DGBG
DF E>FBEE? F>>BADH G?BEEE
DE HEHBGC? E@EBCFH??>HBAH!
DG GH@B??FFFGBF@ADDAGBE>
DH FCFBH?H ?CFB>CD G@B?EE
DA FCFBH?H ?CFB>CD G@B?EE

O>» IO MM~ OV



| HSHUO&H ()" (+)$ %™ H-".$) " //0" (H(% 1 282" &H"-3" 4) SHEHE'H") S&SH#

S4:8.) XIFAU)G,<17405,1)/4>4/50?),P.34/+, B8.3.10 =),2).)\@.+ )517.k);<587519)

"#$%"&'("%$)*+ 1+2)343'-+/"/0"+%' 1+2)343'-+/"'373"#$'

-"+%)#.'/ $%" #.$( *+5+%)$6'+,7#.'8' *+5+%)$6'+%74#&'9'
QQ_N_MAX QQ_HX MAX QQ_MY_MAX
M+3 1; 1; 1;3

< =>=7@ ==<A =>=<B
@ =<@7? ==@= =>=DA
A =<A@ ==@< =>=pDB
D =<@= =>=<E =>=A?

F =><DA =>=@A =>=FD
C =>=?@ =>=<A =>=<B
B =><@? =>=@= =>=DA
? =><A@ =>=@< =>=DB
E =><@= =>=<E ==A?
<= =><DA ==@A =>=FD
<< =>=7D =>=<A =>==
<@ =><<D ==<? =>==7
<A =><@C =>=@= =>==F
<D =<@C ==@= =>==F
<F =><<C =>=<? =>==7
<C =>=7E =>=<D =>==
<B =>CAA =><=D =>=DC
<? =>@AF =>=A? =><DE
<E =><?F =>=A= =>=<A

= =><<@ =>=<? =>=

@< =>F@B =>=7C =>=A?
o@ =>@EE =>=DE ==0@
@A =>@EC =>=D? =>@AB
@D =><CB =>=@B ==<@
@F =>@BA =>=DD =>@=@
@cC =>@AF =>=A? =><DE
@B =><FE =>=@F =>=<<
@? =><FE =>=@F =>=<<



| HSHUO&H ()" (+)$ %™ H-".$) " //0" (H(% 1 282" &H"-3" 4) SHEHE'H") S&SH# BD
!

S4:8.) XHFYU)&475405,133>519) 74=D>,0),.225/5.10=),2)0D.)34/+, B8.3.10 22).)\4@.+ )517.k);<587519)

Cy Cy
%&'() %&*$+()
1/20+ 303
42.0/ 130-
4+405 .0,
54404 1+04
4--01 550-
1/20+ 303
42.0/ 130-
4+405 .0,
54404 1+04
4--01 550-
430/ 0+
4.03 ,04
-502 0/
-0+ 0/
45403 ,04

5.0+ 0+

4-/,0. JO+
,,+302 5,40,
,1+40+ +04
5+-0, +401
541-03 ,50,
+5340/ /05
,.+30+ ,2.-02
1,402 +0.
,1,/0. [++02
,,+302 5,40,
,25-03 +0+
,25-03 +0+

D<><69(%&8)(-&$#"$."-3"'S; &A (%' H-" $$-&H5 (WS H- "

<));FB)BIS"+-9REL* \).);)9+!:'B).=l+<)I="-.149B)&!1!1=-9R.)!>"+-9RI'&!>'49B1+-'9!3)1;J!
'K)C)&H! R-C)91+<1+1-91+<)IB)C).'F;)9+!">I>& 1 R-.-+5!>49*418=F .->-)BI0"N2!=5=+):11FF&'1*<!
-=14=)B! +'1 &)F&)=)9+! +<)! =+&4*+4&1.1 =5292&'K.)5! )+! 1.JH! 67#BP-<)! B)&-C1+-'9! '>! 19!
X)M-C1.)9+Z1;1%&\).);)9+!>'&1191)9+-&)134-.B-ORIK1=19))B)BJ

I"#'3"%  9166)51(,+'(1J,K&+0,

EQI'&B)&!+'1B)&-C)119!1)4-C1.)9+!:1%8).):)9+H 1+<)I>-&=+I=+)FIK1=1+"134- BI1!:4 NB)R&)) V!

>&))B';l OW"N2P!;'B).I>'&! +<)!*9=-B)&)B-9B)T!34-.B-OR2-R4&)! FERHY-(.C)=HL! +K'\=+'&)5!
49&)-9>'&*)B! ;1='9&5! Oy@WP! +)&&1*)B! -9B)T! 34-.B-OR! K-+<! >'4&! 49-+=J! W1="9&5! F-)&=! 19B!
=F19B&).=!1&)!-9+&'B4*)B11=I*'.4;9=119B13)1;=H!&)=F)*+-C).5H!+'1;'B).1+<)1+&19=C)&=)!K1/.=!O
B-&)*+-'9P! 19B! 1FF&'T-;1+).51;'B).1 +<) =)A)9%)1'>1'F)9-9R=! -9 +<)1 +K'I >1+1B)=! 1.'9R! +<)IV



| HSHUO&H ()" (+)$ %™ H-".$) " //0" (H(% 1 282" &H"-3" 4) SHEHE'H") S&SH# B=
!

B-&)*+-'9J! 04*<! >1+1B)=! 1&)! 9'+! -B)9+-*1.H!IByEA!! ;'B)..)B! K-+<! +<)! =1;)! R);})+&5! >'&!
=F.-*45H! -9l +<) 1==4;F+-'01 +<1+! =1.] *<19R)=! -9! +<)!I R);)+&5! B'l 9+ Ioeb)+<)!
*<1&1%4)&-=1+-'91 "> +<)1 )M4-C1.)9+! ;1%8).):)9+J! ,<)! &-R-B! &)-9>'&*)B! *9*&)+)! =.13=! 1&)!
"'B)..)BIK-+<1+K'I&-R-BIB-1F<&1R;=!.-9\-ORI+<)1*" 4;919'B)=I1+!+<)1+K'I>."&!1.)C).=J!

Al++1.I'>168>"+-9R;1*&' \).);)9+=11&)1-9+&'B4*)BI1+1+<)131=)!'>1+<)1;'B).JOK<)&)!R&)5!3."\=!
1&)! ."*1+)B! -912-R4&)! F6PH! -9! *&&)=F'9B)9*}'l +<)! )9+&'-B! '>! ;1='9&5! F-)&=JB)-9>'&*)B!
$9*8)+)1>'49B1+-'913)1;=1*99)*+1+<) I 4FF)&I9'B)=!"> 1+<)1:1*&' \).);)9+=J1U'+<!;1='0&5!19B!
&)-9>'&*)BI*'9*&)+)1K)&)! ¥9=-B)&)B! 1=!.-9)1&!).1=+-*I:1+)&-1.=H!-91 +<)I W"N2! ;' B).=H! K-+<! +<)!
1*+41.1C1.4)=!>'&! +<)1).1=+-*1 ;'B4.4=! 19B! B)9=-+5J! ,<)1 +'+1.1;1==1">1 +<)1'B).=H! R-C)9! 35! +<)!
=4F)&=+&4*+4&)!;1==1F.4=1+4PB1+-'9!;1==HD1+4&1..5)" 41 +)=l+<) 1 1*+41 1 +'+1.1;1=t€1.4)=]
4=)B1>'&1+<))"4-C1.)9=L9R.):1#&' \).);)9+IF&'F)&+-)=J!

G59<+XHFPU)SD.)6!mG)3,7.8)<=.7)2,+)0D.)0.++4/.7)517.K);<587519=H

<)NM-CL)9+11+& \J.);)9+1*1.-3&1+-'91 &)M-&)=1+<)1*:F4+1+-'91'>1 +<)1 O). 1=+-*P! =+->>0)==)=H!
3)1&-9RI*1F1*-+5119BIB1;F-ORI*)>>-*)9+=I1'9RI+<)1=-TIB-&)*+-'9=JIW'=+!'>1+<)IF1&1;)+)&=!K)&)!
*F4+)B! 191.5+-*1..5! =+1&+-9R! >&';! +<)! >'49B1+-'9! R)";)+&5! 19B&'F)&+-)=! '>! +<)! =-9R.)!

1%& \J.);)9+=H! K<-.)l +<)! &);1-9-9R! '9)=! &)"4-&)B! +<)1 '4+F4+! >&';1 +<)1 ;'B).J! ,<)! ;'B).!
'4+FA+F1&81;)+)&=19))B)B!>'&! +<)1*1.-3&1+-'91 1&)! +<)! C)&+-*1.1&) 1*+-'9=1">] +<) YL JRO+=!
19B!+<)131=)1=<) 1&!*1F 1*-+-)=1-91+<) 1 +K' 1 <'&-d'GBL&)*+-'9=1119BY /13'+<'4+F4+18)=4.+=1K) &)!
'3+1-9)B! >&';1 +K'l F4=<'C)&! 191.5=)=H! 1.'9R119BY J! ,<)! .1++)& K)&)! *1&&-)B! '4+! F4=<-9R! +<)!
=+&4*+48&)1-91 '1BI*9+&" | K-+<I F'-0+]>'&*)=1 "*14)Bl 1+! +<)!> "&! )C).=H! 1**&B-9R! +'1 11 +&-19R4.18&!
B-=+&-34+-DJ

<)l C)&+-*1.1=+->>0PsEHI=IK). 1 1=14+<)1<'&-0'9+1.1=+->>0)==1-91+<) 1+K'|B-&) %1988V HIK)&)!
'3+1-9)B! 35! =-;F.51 =4::-9R! 4F! +<)! =+->>0)==1 C1.4)=! ">! +<) =-9R.)! : 1%R):)9+=H! 1==4:-9R! 1!
&-R-B13)<1C-'4&!'>1+<)!>'49B1+-'9l F.19¥)! +'&=-'91.1 =+->>0)=HlsH! B)=! 9'+! F.151 11&' )1 -9 +<)!
>&1R-.-+5!*4&C)!B)&-C1+-'9!=-9%)1+<)1'B).=1&)F&)=)9+1+<)!&)=F'9=)!-911=-9R.)| C) &+-*I&!19)J!
+<)1&'+1+-'91.1=+->>0)==1-91+<)1 +K'| B-&)*+0FEDB g H!+<)!.'K)&! 3'49B!K'4.B!3)!=-;F.51+<)!
=4;I'C)&I+<)1=-9R.);1*&" \).);))9+=H!1=IB'0)1>'&!+<)I'"+<)&! =+->>0)==1*:F'9)9+=HIK<-.)| 1B'F+-9R!
+<)I4FF)&!3'49BIK'4.B1;) 191 1¥+'49+-OR!I>'&13'+<1+<)1&'+1+-'91.I=+->>0)==1">1)1*<1: 14§);) 9 +!
19B!+<)-&IC)&+-*1.1=+->3=&L34+-'91>'&1 11&-R-BI&+1+-'91'>1+<)1>'49B1+-'91F.19)J1 2'&!+<)1*1=)!
1+ <19BH! -+ K1=! B)*-B)B! +'1);F.'5! +<)! &'+1+-'91.! =+->>0)==1 4FF)&! 3UIBMR<! =)9=-+-C-+5!
=+4B-)=! B):'9=+&1+)B! +<)! =:1..1 -9>.4)9%)1 '>1 +<-=1 =+->>9)==! -91 +<)! 'C)&1..!| &)=F'9=)! *>1 +<)=)



| HSHUO&H ()" (+)$ %™ H-".$) " //0" (H(% 1 282" &H"-3" 4) SHEHE'H") S&SH# BB

34-.B-9RH! 1=!B-=*4==)B13).)K<)! &'+1+-'91.1 =+->>0)==11&'49B! +<)! R)9)&-* <'&-d'9+1.! B-&)*+-'OH!
0p HIK1=1+<4=18)+&-)SYRILI49-+1&+1+-'DEI>'. 'K=/!

PRI AP TENED AN PR ! ! ! ! ! numo B7n

K<)&)!+<)!1-9B) TU=F19=11..1+<§06" =-9R.)!;1*&" \J.);)9+=1-91+<)1:'B).10-J)JH!68!-9!+<)1 +)&&1*)B!
34-.B-9R!;'B).PHIK<-)74-2+<)IB-=+191p1+<)IAA 4, 1*&" V).))9+!>&";14+<)1>'49B1+-'91%)9+&'-BJ |

0-9%)14+<)IB591;-*13)<1C-'4&!">1+<)=)B4-.B-9R=I"01=<1..'KI>'49B1+-'9=1-=1B&-C)9!:'&)!35!=.-B-9R!
+<191351&*\-ORHI+<-=1*<'-*)1=<'4.BI9'+1.)1B!+'1-;F'&+19+C1&-1+-'9=1-014+<)1&)=4.+=]! 'IC)&->5! +<-=H!
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NONLINEAR PILE -HEAD MACRO -ELEMENT FOR THE SEISMIC
ANALYSIS OF STRUCTURES ON FLEXIBLE PILES

Ant—nio A. Correia and Alain Pecker

ABSTRACT

Performancébased design (PBD) procedures require accurate estimates of both maximum and
residual displacements in structural systems. Matement models are already proven tools for
designing structures on shallow foundations according to PBD, singerdpeesent a very cost
effective solution in terms of balance between physical behaviour, simulation accuracy and
computational cost. This work extends the maaament approach to ttemalysis of laterally loaded
pile-shaftsand soil-pile-structure inteaction. The lateral response of the entire-pidd system to
seismic actions is thus condensed at thelpiled, being represented byerclengthelement located

at the base of the columns and subjettetthe foundation input motion.

The macreelemem model is presented, based on the three fundamental features of the response of
laterally loaded piles: initial elastic behaviour, gapening/closure effectand failure conditions.
These three characteristic behaviours are all made compatible by wsinglastic model which
accounts for the evolution from initial nonlinear elastic behaviour to full plastic flow at failure. Such
inelastic model is based anbounding surface plasticity theofgrmulationthat ensures a smooth
transition from the initiaklastic pilehead response up tonlinear behaviour ancbllapse

In order to validate the maceiementits response is compared witimerical results from advanced
simulations of pile lateral behaviour and with load tests on real piles.

Keywords: macro-element;soil-pile-structure interaction; pitbead; lateral responsgapg bounding
surface plasticity.

1.INTRODUCTION

Recent tendencies in seismic design procedures call for an accurate determination of maximum and
residual displacements afructural systems, thus requiring efficient design tools for analysing the
nonlinear seismic performance of structures. While matement approaches have proven to be
adequate for performandmsed design of shallow foundatiomsg( Figini et al [2012]), there are no
equivalent simplified tools for the analysis of deep foundations. This work aims at broadening the
scope of such method to the seismic design of extendedtgfesupported bridgeszigurel depicts
alternative models for analysing the lateral response of piles, either by using the concept of
experimentally determinegty curves or by using a pHeead condensation of the response as adopted

in themodelproposed herein

The pile-head macreelement may be regarded as a lumped model located at the base of the
superstructure which intends to represent the behaviour of tine soiHfoundation system. With the

aim of realistically simulating the seismic response of a structure, nonlinear cyclic behaviour has to be
considered not only for the superstructure but also for both the foundation and the supporting soil. The
main sairces of nonlinearity for laterally loaded piles have been shown to be related to soil and pile
inelastic response, including gap opening and closure. Only when these effects are fully captured, one
can carry out a performant@sed assessment of the sture[Correia, 2011]



Figure 1. Alternative analysis models for laterally loaded extended pilshaft
supports in bridges Hutchinson et al. [2002])

The basic idea of thpile-headmacreelement is to replace the fudescription of the soil and pile
kinematic, static and constitutive behaviour, in the continuum mechanics sense, by the corresponding
generalised force and displacement quantities. In fact, while constitutive formulations are usually
conceived using stresnd strain tensors, in this work we are concerned instead with generalised
forces and displacements. These kinematic and static quantities are related through the inelastic
constitutive relationships that compose the core of the redernent. They may bbased on any
viscoelastieplastic model, after reformulating it in terms of those generalised entities.

The shallow foundation macielement developed bgremeret al [2001, 2002]Jadopted a muki

surface plasticity model. However, it was verified tha kinematic and/or isotropic evolution of the

inner yield surfaces may become numerically intensive and time consuming, especially for complex
geometries of the yield surfaces. On the other hand, bounding surface plasticity models have already
been succefdly adopted in shallow foundation maeetement formulations [Chatzigogos, 2007,
Chatzigogo<t al, 2009, 2010; Figini, 2010; Figirgt al, 2012]. One such model is adopted herein

and presented in the following section, together with the fundameatalés of the response related

to initial elastic behaviour, gappening/closure effectnd failure conditions

2. MACRO-ELEMENT MODEL

A pile-head macreelement model is proposed to represent the lateral behaviour of single vertical
piles, subjected to aohizontal load and a moment, from the initial stages of loading upreathing

failure. The effects of vertical loawy are not directly considered in this model except for its influence

on the plastic moment of the pile cresection. Otherwise, it isonsidered that the upper zone of the

soil profile, until the depth at which the plastic hinge will form, only contributes to the lateral load
resistance. The vertical load is assumed to be transferred to the surrounding soil below that depth,
where therés no influence of gap opening.

A saturated soil deposit is considered and, upon seismic motion, is assumed to be impéreisas.

is thusconsidered to have undrained behaviour since the aim of the 1elacnent is to simulate the
pile response undeseismic actiog, or shortterm cyclic loads and theTresca failure criterion is
assumed to be validtigure 2a represents two simplified geotechnicalrer#os considered in this
study, in terms of undrained shear strendfl) @listribution along the depth of the soil deposit:
constant or linearrigure2b illustrates the characteristic soil response for a laterally loaded long pile,
namely: a soil passive wedge failure at shallow depths andditound failure at larger depths, with a
possible gap formatioatthe back of the pile.



Gapping on t( \ Soil wedge failui

back of the pil in front of the pile

Soil flow around
thepile

1%% I"#
Figure 2. Simplified (a) geotechnical scenarios and (b) soil response for pitead lateral loading

It seems natural to consider,time contextof a bounding surface plasticity model, the failure surface
presentedn Correiaet al.[2019] as the limit yield surface for laterally loaded piles in the space of
generalised forces. It should be pointed out that, for dimensional consistennyfavhmlating a
plasticity model in the loading space instead of the usual stress space, the generalised forces should
either have the same dimensions or be dimensionless. The same applies to the corresponding
generalised displacements. Throughout Wusk, the variables employed in the plasticity formulation

are dimensionless, unless explicitly stated otherwide normalisation adopted for the macro
element isbased on usinghe pile diameterD, and the pile yield momenk,, as the normalising
variables.

The proposed mactelement is based on the three major features of the behaviour of laterally loaded
piles, namely:

i) Initial elastic response,
i) Gap opening and closure,
iii) Failure loading conditions.

The bounding surface plasticity model is useddpresent a continuous transition between the initial
elastic response and the plastic flow at failure, for monotonic as well as cyclicepiteloading
conditions. The gapping behaviour is represented by a nonlinear elastic model which, however, takes
into account and is influenced by the plastic deformation state in the surrounding soil.

An additive decompositiowf the displacement rate in itdastic gap and plastic components is
considered:

4= 47+ 4P+ 4" =470+ @

where ¢° is the dasticgapplastic displacementate and ¢®9=¢* +¢% is the elastigap

displacementate. The following paragraphs describe the m@atement model characteristics and
how each of these displacement compdsmé&computed.

2.1 INITIAL ELASTIC RESPONSE

The initial elastic lateral response of single piles has been extensively studied through several
sophisticated numerical methods, as reviewedorreia [2011] For the purpose of this maero
element model, the pibead impedances available in literature are deemed to represent such
behaviour with sufficient accuracy.

Within the scope of this work, the expressions of thelpdladstatic stiffnesses presentedd® 8B
Part 5 [2003], for the simplified soil profile®nsisting of either constashear wave velocitys, a



linearly increasing one with deptlor a parabolically increasing one with demtte usedOther
authorsalso proposed approximate expressions the pilehead stiffness coefficients in different
simplified soil profiles [Randolph, 1981; Davies and Budhu, 1986; Budhu and Davies, 1987, 1988
Gazetas, 1991 Several numerical methods have also been proposed for the determination of the
elastic respnse of laterally loaded piles in more complex soil profiles, which may be used in order to
obtain the corresponding pileead stiffnessedNote that, in the macrelement framework, these
stiffness coefficients, and hent®e soil YoungOs modulus at the depth of one dianf&tgrandthe

pile YoungOs modulug,, are deemed to represent the initial elastic response and not an equivalent
linear or effective stiffness state.

The evolution of the piknead loading is assumed obey the rate form of thelastic constitutive
relationships

Q:Kelqu:Kel(qeg! qgap):KeI(qegp! qgap! qpl) (2)

In this equation, the dimensionless components of thehpi&l load and displacement vectors and of
the initial elastic symmetristiffness matrix are given by:
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The subscriph in these variables stands for normalised or dimensionless.

2.2 GAPPING BEHAVIOUR

Gap opening and closure in laterally loaded piles is a very complex behaviour and it has considerable
influence on the response of a singie, as discussed i@orreiaet al.[2019], particularly for the soil

profile with constant,. For that case, durgj a monotonic loading application a gap will develop on

the back of the pile. The failure mechanism udedén predicts that it will reach a depth
corresponding to the active soil wedge depth at failure conditions, wgatso the depth at which the
plastic hingewill form on the pile.

For the soil profile with linea§,, instead, no gap opening was predicted for the failure mechamism
Correiaet al.[2019] andnumerical simulations clearly show that the gap influence for this particular
soil profileis of much less sigrifance. Nevertheless, a gap will certainly develop for cyclic loading
conditions, which are not considered in yield design theory, due to the increasing plastic deformations
in the surrounding soil and the progressive soil heavioirt bf the pile.

Based on results from other authors and on numerical simulatiorenfeeédatera gap evolution
model is proposetere A first important note is that the initial horizontal stress state around the pile
was found to have only a very skniafluence on the gap behaviour and is thus disregarded in this
model.



Despiteexpressior(2) being similar in form to the one used in plasticity theories, this model assumes
that the elastigap displacement components;’, have a nonlinear elastic anbn-dissipative
behaviour. Heoe, no irreversible components of displacement exist when plasticity is not considered.
This is successfully simulated by considering that the same tangent stiffness is valid for both loading
and unloading. However, when plasticity is present, it will @fflhe gapping behaviour and this
interaction must, therefore, be taken into account. The following expression formalises the rate form
of thenonlinear elastic constitutive relationship

Q=K @

Theelasticgap stiffness matrj *®, varies during loading application. It is computed, in a simplified
manner, as the inverse of a weighted average of the initial elastic flexibility matrix and a flexibility
matrix considering an open gap on both the fiaomd the back of the pile. The latter is obtained as
described in the following paragraph.

(a) Flexibility matrix with full gap around the pile. This corresponds to the limit case where a full
gap has developed, on both the front and back of the pilty aplepthzy,, It remains permanently

open due to irreversible deformations of the soil surrounding theRpjjere3 describes the variables

of interest for this situation. It is assumed that the pile is long enough below zjgh that the
Oflexible pileO stiffnesses, definedd)) may be used as if the pile head was at such depth. Moreover,
it is assumed that the soil and pile moduli of deformation correspond to the initial ones below that
depth, while areffective stiffness to yield is considered for the pile length above it. This portion of
the pile behaves as a cantilever on a deformable foundatistatically equivalent loading at depth
Zyapto the pilehead loading is given by:

(H' =H , G E &1 OmH#
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The conjugate relationship for the phead displacements derives directly fréfigure 4 and is
expressed by:
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In this expressiory, is the pile cantilever contribution for the total deformation above dggitirhe
pile displacements at deptf, are only due to soil flexibility and are expressed as:
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Figure 3. Permanent full gap up to depthzg,,



Figure 4. Transmission of displacements from deptizy., to the pile-head
whereF® is the static pilehead flexibility matrix for a long pile, given by:
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On the other handhe pile cantilever effective flexibility contribution to the total displacement is:
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By replacing(9) and (7) into expression(6), one finally obtains théormula for the total pilehead
displacements with full gap around the pile:
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The rate form of this relationship assumed to produce the same tangent stiffness, which corresponds

to ignoring a possible variation of the gap depth during the application of a load increment.

(b) Gap behaviour during virgin loading phaseFollowing the reasoning presented thus far, rmuri
virgin loading phase the elasijap stiffness matrix will decrease progressively as the gap depth
increases. For a given gap depth, the elagtje stiffness matrix, relating the piead loading rate to
the rate of displacements accordind4) is assumed to be computed by the following expression:

(k) = (kz) "= S5 (k") 45 (K ) ] ay

According to(11), the elastiegap flexibility matrix with a gap opening on the back of the pile equals
the average fothe initial elastic flexibility matrix and the elastic flexibility matrix corresponding to
the case of a full gap opening around the pile down to the current gap depth.

On the other hand, the current gap depth value indirectly relates the gapping tiotekeiours. In
fact, in this model, it is considered that the maximum gap depth equals the soil wedgezgepth,
obtained for the failure mechanism througéld design theoryCorreiaet al, 2019] Furthermore, it

is assumed that the current gap Hejst inversely proportional to the loading parameterwhich
varies between +! and 1 and is inversely proportional to the distance from the curminglpaintto

the failure surfaceThe gap depth evolution is thus governed by the following relation:



z

z gap: ,,\;V (12)

In this expression,” > 0 is a calibration parameténat affects the gap depth rate of growth with
loading evolution. Note that the asymptotic behaviouzggfrespects the limiting conditions of being
zero for the initial state, where= +! , and being equal ta, at failure, wherd = 1.

(c) Gap behaviour during unloading/reloading phasedt is assumed that the elastap tangent
stiffness varies according {&1) and(12), similarly to the virgin loading case. Therefore, detachment
and reattachmenbn opposite sides of themil/pile interface is considered in the gapping model.

Moreover, since irreversible gdtic displacements occur in the surrounding soil mass and the soil
presents an increased stiffness upon unloading, an accumulated cyclic gap opening is considered. This

corresponds to an increasing minimum gap de;ztg);;, which is not closed during subsequent

loading cycles. It is assumed that this value depends on the cumulative plastic dimensionless

displacementucpdm, according to the following law:

_Z min _ max( $/ ucpulnn)
Z gap= ?W WL gop = Z g \ L5 € (13

In this expression# > 0 is the second calibration parameter of the matgment model, whilez 7

is the maximum gap depth attained in previous loadicysespondingo the loading parametér,,:

max — ZW

Zgap ) (”min)! (14)

On the other hand13) may be used to determine the value of the loading parameter corresponding to
the unloading point at which the minimum gap depth is attained:

" _&@345/ (15)
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Inside the loading surface corresponding to this loading parameter valder / > ! s there is a
gap

swift evolution between the elastiap stiffness related to a gap open on one side of the pile, defined
in (11), and the stiffness related to an open gap on both sides, obtair&@)byhis evolution is
expressed by the following relation:

& min * _min #
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These expressions are valid for both unloading and reloading.

2.3 FAILURE SURFACE FOR LATERALLY LOADED PILES

The bounding surface in the maatement model proposed hereafter corresponds to the failure
surface for laterally loaded piles. Since there is no evidence showing thassaciative behaviour
should be considered, associative plasticity will b&du and the bounding surface will act
simultaneously aghe plastic potential surface. Hence, it is important to define this surface as
accurately as possible and preferably by using a simple and smooth function to reprédeat it.



failure surface adopted in this work is the alezived in Correiat al.[2019], which satisfies those
requirements.

No axial load effects are considered in this madement formulation and, consequently, the failure
surface is defined in the loading ag@ of the pilehead horizontal force and momently.
Furthermoreas already mentioned, a planar loading is assumed.

A OroundedO approximate failure surfaa® proposed ifCorreiaet al.[2019], which is based on the
so-called superellipse. This corprnds to a generalisation of the common ellifSepposing a
superellipse centred at the poit;(Mc), with a horizontal axis lengtiH , ., and a vertical axis

length My, which is also superimposed to a distortion of its sh&pe 0, this approximate failure
surfacecan be expressed:as

Ny Ny
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+

=1 (17)
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The positive exponents; andny control the curvature of the sides of the superellipse and should be
" 2 so that no corners aridé both exponents equal two, the common ellipse is retrieved

Figure5 represents such distorted superellipse configuratiemtredat the origin H. = M. = 0), with

its parameters calibrated in order to fit the failure surface for the IResoil profile obtained in
Correiaet al.[2019]. It provides a good approximation tihe failure surface resulting from the failure
mechanism optimisatiorA distored superellipse will be used hereafter as the failure surface for the
macraelement.
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Figure 5. Distorted superellipse configuration for linearS,

2.4 BOUNDING SURFACE PLASTICITY MODEL

The first important concept in bounding surface plasticity is that the generalised forces are limited by
thebounding surface

F(Q.s)=0 (18)



where Q is theimage point athe bounding surfacand it is related to theurrentloading point Q,

by a mapping ruleQ :Map(Q,S), satisfying certairconditions [Dafalias, 1986]. Thienage point

must always lay on the bounding surface and the generalised forces vector, by definition, always lies
on theloading surface

f(Q,s)=0 (19)

Theinternal variables S, present in botii18) and(19), describethe evolution of both surfaces.

The choice of one loading surfaceeo the infinite number of surfaces that pass through the loading
point is related to the particular mapping rule chosen. In fact, the loading surface, and its evolution in
size and/or position with the loading point variation, is simply a practical wdgffing the mapping

rule with some kind of physical reasoning. Note that the loading surface may never cross the
boundng surfacej.e. it is always enclosed by it. This is usually guaranteed by defining the image
point as the one having the same unitrmal vector to the bounding surface as the unit normal vector

to the loading surface at the current loading point. Such a constraint is not absolutely necessary except
when the loading point reaches the bounding surface, tinsiding with the image potn

For simplicity reasons, the loading surface is also usually assumed to have a similar shape to the
bounding surface. It shares a lot of properties with the yield surface of classical plasticity. The main
difference between the two is that the loadingction is always equal to zero, while a yield function

can be less or equal to zero. The loading surface moves with the loading point, even upon unloading,
while a yield surface represents the maximum extent of previous yieknge 6 exemplifies these
concepts for a radial mapping rwad circular surfaces

Figure 6. Radial mapping rule in bounding surface plasticity

Probably the most successful mapping rule for the image point is the radial projection on the
boundingsurface [Dafalias, 1986; Borjat al, 2001]. The concept of such mappirig shown in

Figure6, where the bounding surface is schematically shown as a circle of cgz@ﬁrand described
by:

F(Q! @®,s)=0 (20)

A projection centreQp, is usedo radially project the current loading point on the bounding surface.
The radial mapping rule thus takes the following form:

Q=Q+u(Q! Qp)=Qp+(1+)(Q! Q;) (1)



The mapping variabley, varies between zero, whe@ =Q, and infinity, whenQ =Q, (in which

case the image point is indeterminate). By imposing that the unit normal vector to the loading surface
at the loading point and the unit normal vector to the bounding surface at the image point must
coincide, together with the mapping ru2l), one is indirectly defining an appropriate loading
surface. Such loading surface is centred at the mp!ﬁ'[ and is defined by the following equation:

(Q1 Q,8)=F(Q+u(Q! Q) Q%,s)=0 22

This loading surface is homologous to the bounding surface and the projectiongeot®ipies the
same relative position inside both surfaces. It is consequently also calleahtbéogy centreln fact,

the loading surface represents theusof all loading pointsQ with the same value qf for a given

position of the homology centre.

It can be easily shown that, for a loading surface defined as above, all the governing equations of the
plasticity problem can be applied indifferently to the bounding surface or to this loading surface
instead (see, for instance, Boghal.[2001]). Itis noted thaj, in such case, is to be treated similarly

to an isotropic hardening parameter for the loading surface.

From (21), the similarity ratiobetween the bounding and the loading surfaces is given by the
following expression:

|6"Qp|:1 _

Q" Qp|

where %s the normalised distance between the loading point and the homology centre with respect to
the distance between the latter and the image point. It varies between zero and one.

1
7 (23

In the following, our attention will be focused on the simplest of the ratdglping rules, which will
prove to be most helpful for the rest of therk. Firstly, a monotonic loading is considered.
Afterwards, cyclic behaviour is analysed.

2.4.1 Radial mapping from the origin

If one considers that both the bounding and loading surfaeesentred at the origin of the loading
space, the homology centre will consequently also be positioned at that point:

5> =Q5° =Qp =0 (24)

Hence, the simplest of the mapping rules results:

0=(1+x)Q=2Q=/Q (25

Theloading parameter , equal to 14, decreases from infinity to one as the loading vector increases
from zero until it reaches the bounding surface. It will be used to represent the similarity ratio for this
particular mapping rule. Moreover, the bounding surface will be assumed to maintain its shape and
size all the time. Hence, one can represent thessalfar bounding and loading surfaces by the
following expressions:

F(
f

(

Q)=0
Q. (26)

)=F(/Q)=0



It is clear from the above, that the loading parameter represents the scale factor of the bounding
surface relative to the loading surface. More importantly, it represents the isotropic hardening
parameter of th current yield/loaithg surface.

The plastic displacementsO evolution is described tplabtc flow rule

4" =4ng (27)

where theunit normal vector to the plastic potential surfacg, defines the direction of the plastic
displacementsO increments. Phastic multiplier or consistency parametet, is greater than zero

only when plastic deformation occurs, and is identical to atdrerwise.

The evolution of the internal variables or hardening parameters is defined imarthening rule
which in this case can be expressed asalar hardening rule of the following type

F=17(qQ,r) (28)

The hardening function/ needs to be completely defined in classical plasticity theory context.
However, one of the differences towards bounding surface plasticity is that the latter uses a direct
definition of theplastic modulusnstead.Hence, a full explicit description of is not required, as
seenbelow.

The secalledconsistency conditiom bounding surface plasticignforces thatthe image point must
always le on the bounding surfacellowing the omputation of the plastimultiplier value [Correia,
2011]. It impliesthat

#(Q)=#,F(Q)1G =
=#F Q1A + $#,F1#,Q =

(29)
="FIgI1d+$" FIQ=
=$"F1O+98" F!Q=0
The notation can be simplified using the following definitions
'F="5F
I
n, = F (30)
s
whereng is theunit normal vector to thboundingsurface
Theplastic modulus at the current loading pgiRf', for this mapping ruleis now defined as:
$ $
H(Q,$)=" #F1IQ="—(n_!

And, usingexpression{29) andthe mapping rule for the image point, the plastic multiplier becomes:

=1 [, 8)=L (n,10) (32



In bounding surface theory, th@astic modulus at the current loading peiHf', is obtained by a
function depending only on the distance between the loading and image points. This function must
respect some limiting behaviours, namely:

i)  When the distancbecomes zero and the loading point coincides with the image point, the plastic
modulus must be equal td "',

i) During elastic behaviour the plastic modulus function must be infinite,

iii) In between the above limits, the plastic modulus mashbnotonically decreasing.

According to thea priori definition of the plastic modulus, the evolution of the hardening parameters
is now constrained by the scalakpres®on (31). Therefore, in bounding surface plasticity, the
hardening rule does not have to be completely defined @8)in

The bounding surface adopted in the maglmment modepresents no hardeningseit represents a
failure surfaceHence, the plastic modulus when the yield/loading surface reaches it is equal to zero.
An example of a simple plastic modulus i tmacreelement contexis the one used by Chatzigogos
[2007] and Chatzigogast al.[2009, 2010] for monotonic loading of allow foundations:

HP (7 )=HE In/ (33)

This expression, wher¢q Op' is a constant coefficient for calibration, correctly starts at infinity for

zero loading and tends to zero as the loading point reaches the bounding surface. It will also be used
in the pilehead macralement.

The distorted superellipse, as defined byuBtion (17), is used to represent the bounditmading
and plastic potentiadurfaces. Moreover, the parametgpgcified in Correi@t al.[2019] are adopted
for the constan§, and the lineaf, soil profiles.

This macreelementmodelthusassumes a radial mapping from the origin for virgin iogdnh order
to define the image point on the bounding surface. For the planar loading considered and using
dimensionless variables, the bounding surface correspond{a@)tis defined by:
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The corresponding se#fimilar yield/loading surface is described by:
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In the context of return mapping procedures for solving plasticity problems, the evolution of the
loading parametet is determined by invertingxpression(31).

In order to determine the plastic displacement components, the gradient of the bounding surface at the
image point must be derived:

H*
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These gradient components are given by:
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In the following sections, particular aspects of the cyclic response in this model are analysed, and the
return mapping algorithms for solving the plasticity problem are exposed.

2.4.2 Cyclic Response

As presented so far, the radial mapping model predicts inelastic behaviour while loading but an elastic
response for unloading. This produces an unrealistic behaviour upon partial unloading/reloading
cycles, since the corresponding stregin loops ar@ot closed [Dafalias, 1986Chatzigogost al.

[2009, 2010], for instance, used such model for their shaltamdation macraelement. It has a
reloading behaviour slightly different from the initial loading one, which is representexipbgssion

(33). They assume a less plastic response during reloading relative to the initial loading response:

HP(- - )=Hp'ln§§ - )nR-;!# (39)
L ° %"min( b

where! nin < ! is the minimum value of the loading parameter attained during virgin loading and the
constant exponentir controls the difference between the loadiagd reloading stiffnesses.
Nevertheless, this will produce a similar behaviour to the one pointed out by Dafalias [1986]. While
such model may represent sufficiently well the response of a shallow foundation for cyclic vertical
loading, for moment and/orohizontal loading it would be desirable that the response would also be
inelastic while unloading. For cyclic soil behaviour and cyclic pile lateral response the same applies.

A more realistic behaviour is obtained, as shown later, by assuming that, nipading, there is a
discrete relocation of the projection centre to the point of load reversal.wHsisdealised and

implemented by the authadout ithad been already proposed by several authoesarsas Mr—z and
Zienkiewicz [1984] or Borjaet al.[2001].

Figure 7 represents the concept of this cyclic model. Assuming radial mapping from the origin for
virgin loading, the initial loading surface grows, centred at the origin, until the load reversal point is
reached. The plastic modulus may be assumed to evolvedatgrdo an expression likgd3). Upon
unloading, the homology centre is relocated to the load reversal point and a second loading surface
originates wihin the first one, both surfaces remaining in contact at such point.

In order to avoid oveshooting phenomena, it is suggested that the plastic modulus now varies
between infinity and the plastic modulus at the moment of load reversal, which is atthieedhe

second loading surface expands to the point it becomes identical to the initial one. When this happens,
the homology centre has reached the origin and the second loading surface vanishes. The first one
becomes active again, with radial mappingrfrihe origin once more.



Figure 7. Evolution of loading surface and homology centre for cyclic behaviour

It is noted that the suggested plastic modulus variation with the evolution of the second loading
surface correspond® making a double projection of the loading point. The load reversal point is
used to project the current loading point on the initial loading surface and the first projection centre,
the origin, is used to project this first image point into the bounslimnface. The plastic modulus may
then be computed according to:

& 1 1)V
HP(-,,-,)=H$In=+In}—=" ! (39)
p C1 42 (b

In(39), ", =1/ /., is the similarity ratio betweethe first loading and the bounding surfaces, while

% is the similarity ratio between the second and the first loading surfacesyatisl a calibration
constant.

If more than two loading surfaces are created by successive load reversals of decreasing amplitude,
the same process is repeated internally to each loading surface. An increasingly higher number of
projection centres and loadirsyrfaces are then successively created, and multiple radial mapping
operations are performed in order to obtain the image point and the plastic modulus. Ex(88ssion

may be easily generalised for surdse Dafalias [1986] mentions that the concept of generating new
loading surfaces at each load reversal and the correspamndénir their hierarchical elimination can

be traced back to the wobly Phillips [1972].

The cyclic features adopted for the maetement follow theeconcepts of discrete relocation of the
homology centre upon load reversals, with the subsequent generation of new loading surfaces. The
behaviour was described heing similar to a multiyield surface kinematic plasticity formulation,

with the sequential creation of loading surfaces and the continuous evolution of the plastic modulus.

There are, however, three main changes to the aforementioned description. The first isythat onl
limited number of loading surfaces is accepted teexist in a cyclic loading with decreasing
amplitude, so as to limit computational effort and memory requirements. This limit was chosen to be
two, for the analyses presented in thisrk. Hence, in a@jiven moment, the formulation considers: the
bounding surface; the outer loading surface corresponding to virgin loading and to the minimum value
attained by the loading parameték,,; and a possible loading surface corresponding to unloading or
reloadng inside the latter one.



It should be noted that, by setting this limit, overshooting is only formally prevented at the virgin
loading surface and not in an inner unloading/reloading cycle. However, this was deemed to represent
a good compromise betweeccaracy and complexity in the formulation. Numerical tests have shown
that no significant overshooting problem occurs.

A second change is concerned with the evolution of the homology centre when unloading or
reloading. This point, together with the centfethe current loading surface and the current loading
point are deemed to always being aligned in the same line centred at the origin, as represented in
Figure 8. This feature leads to a gradual evolution of the homology centre location if the load
eccentricity changes. Nevertheless, it always corresponds to a common point between the current
loading surface and the previous one, although not nedgdsaripoint of load reversal anymore. It is

noted that, if the load eccentricity is constant, the two approaches coincide.

Figure 8. Evolution of homology centre during unloading

The third change is that, although formally there is a relocation of the homology centre and the
generation of a new loading surface upon a load reversal, in practical terms the approach used in this
formulation is different. In fact, it is easier to keeqck of the current loading point, and of the size of

the active loading surface, by using a concentric loading suifaceentred at the origin, than to use

a nonconcentric loading surface. This concentric current loading surface is dafitgd,and its
evolution is computed similarly to the evolution of the virgin loading surface. However, the plastic
modulus now is computed througipressin (39), consideringhe current unloading/reloading state.
Figure9 represents the conceptual differences in the approaches.

Figure 9. Concentric vs. norconcentric current loading surface

Hence, the current loading surface is always definedxpresmon (35) and it presents isotropic
hardening/softening. It evolves with the current loading paimtays centred at the origifrom being



a vanishing elastic nucleus at the origin when the loadengssup to the outermost loading surface
corresponding to the virgin loading state. Upon unloading, this current loading surface softens
isotropically and the image point at the bounding surface is located at the opposite side. It is pointed
out that, forthe loading surface to be able to soften, the plastic multigliemay now assume

negative values.

The following paragraphs clarify and summarise the plastic modulus computation for the three
possible loading states.

(a) Virgin loading state. For this loading state, the simplest of the mapping rules is applied in order
to define the image point at the bounding surface. It is representéidure 10 and it is defined in
expres®n (25). As already mentioned before, the loading paramételecreases gradually from
infinity to one.The plastic modulus value tkereforeassumed to be given by:

1
HPY =HIn==HJ'In/ (40)

Figure 10. Image point and plastic modulus computation for the virgin loading case

(b) Unloading state.In the most general case of unloading state, which is unloading from a previous
reloading state, onmustconsider the bounding surface, the current loading surface, the outermost
loading surface attained during virgin loading and the loading surface passing through the load
reversal point for unloading. These are depictefigurell. The image point at the bounding surface

is now defined as:

Qes="’/Q (42)

where! is the current loading parametdihe image point at the outermost loading surface attained
during virgin loading is computed as:

_ 1 — /

Q, = QBS:"_Q (42
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On the other hand, the homology centre is defined as:

1~ !
Qp ="/_QBS:/_Q (43
U U

where!  is the loading parameter associated to the load reversal point for unloading.



Figure 11. Image point and plastic modulus computation for the unloading case

For this case, the distances from the homology cei@rg, to the image point at the outermost
loading surface attained during virgin Ioadir@,mm, and to the loading poin@, are given by:
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Hence, the normalised distangééetween the loading point and the homology centre with respect to
the distance between the latter and the image @jm corresponds to the ratio:

(44)
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It should be pointed out that this expression, for the similarity ratio between theonoantric

current loading surface and the concentric loading surface correspondifg te only valid until the

loading point unloads to zero. If the load point continues to move on the same direction, it becomes a
reloading state. The plastic modulus during unloading is computed through an expression equivalent
to the one presented éxpresson (39):

pl — pl & 1)%#_
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Immediately after the load reversal= !y, %= 0 and the plastic modulus is infinite, as expected. At
the point of zero loading, is infinite, " =/ /(!U +!m‘n) and the plastic modulus will be equal to

min i
|
HOp [In!min + nUR In(('lmin + 'IU )/ '/min)]'
(c) Reloading state.The macreelement behaviour during reloading after unloading is very similar to
the one exposed above for the unloading state. Hence, one still needs to consider the bounding
surface, the current loading surface, the outermost loading surface attaimepwihgin loading and,



now, the loading surface passing through the load reversal point for reloading. There are, however,
two possible reloading states that must be analysed, as represefrigdranl2. A parameter that
allows distinguishing between both situations is:

r =sigfQ, !Q) (47)

This parameter is either 1 €t. If it is positive, the reloading is thhe same direction of the loading at

the previous load reversal point for unloading. Otherwise, the unloading reached the point of zero
loading and continued reloading fromara in the same directiomg. opposite to the previous load
reversal point for mloading.

The image points at the bounding surface and at the outermost loading surface attained during virgin
loading are now computed as:

Qes=/Q (48)
_ 1 — /
Q. = " Qps = " (49

Qp=——Qps=— (50)

where!R is the loading parameter associated to the load reversal point for reloading. It is pointed out
that.’R= Iy if r=-1.

Figure 12. Image point and plastic modulus computation for the two reloading cases

For the reloading case, the distanégs.and& and the normalised distanééare computed as:

)max:‘a(mm' QP‘:E/%I (LRf|QBS|

min

L f (51)
r —
)=le" Qdl=§
| P| /0/ (R"| BS|
1.
i$7
— " — / 'IR _'Imin '/R$r'/
= "max_i$L_ / '/R$r'/min (52)
/ /



The corresponding plastic moduldsring reloading is given by:

"urR
*1) :#:

Hp'zHOP'g‘In.mmHn !
+/ (b

0

(53)
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Forr = 1, %will vary between zero, wheh= /g, and one, wheth = / ,». The plastic modulus will be
respectively equal to infinite and tl&)lopI In/. On the other hand, far=-1, %will vary between

! in! (/U +/min), when! is infinite, and one, wheh = / ,. The plastic modulus will be respectively
equal to the one obtained for unloading, at the transition point from unloading to reloading, and to
HIns.

When the outermost loading surface attained during virgin loading is reached, thdozdijiry state
is activated again. The plastic modulus is continuous at that point, although the rate of its evolution is
discontinuous.

2.4.3 Return Mapping Algorithm

The previous paragraphs have thoroughly presented the constitutive relationships for the macro
element in terms of generalised forces and displacements. The problem now arises of determining, for
a given generalised displacements history, the corresponding evolution of the generalised forces. This
is accomplished by integrating the rate form ofdbastitutive equations.

Exact analytical solutions for the classical plasticity evolution problem are only available for the
simplest elastiplastic problems [PrZvost, 1987The first exacsolution was obtained by Krieg and
Krieg [1977] for the case oisotropic elastigperfectly plastic Von Mises model. Despite exact
solutions have been developed over the years for other phastiodels, the more complex ones have

no analytical solution. Moreover, the exact solutions, although-&eey are computenally too

slow to be used in practice. Hence, all elaptastic problems are numerically implemented with
some error. Explicit onetep forward Euler schemes should not be considered due to their inherent
error accumulation characteristics. Iteratsehemes using some form of predictor or trial elastic step
followed by a plastic corrector step should be used instead. The plastic consistency is restored in the
plastic corrector step throughreturn mapping algorithmt involves anintegrationwhich is usually
performed using a backward Euler scheme, an implicit one negitierations. The global solution is
strongly affected byhe accuracy, stability and computational efficiency of such algorithms [PrZvost,
1987].

A general framework for developingpnsistent, accurate and stable return mapping algorithms was
formulated by Simo and eworkers [Simo and Ortiz, 1985; Simo and Taylor, 1985; Ortiz and Simo,
1986; Simo and Hughes, 1998; Ortiz and Martin, 1989]. The most successful of the return mapping
algorithms in classical plasticity are the closest point projectind the cutting plane algorithms.
They both apply to the case of a general yield condition, flow rule and hardening law.

The closest point projection algorithm relies on an implicit baclweuler integration scheme, the
normality to the yield and plastic potential surfaces is enforced at thédfmal unknowrbstate, and

the consistency condition is solved using NewtonOs method. The algorithm is consistent with the
constitutive relationso be integrated (i.e., firsirder accurate), unconditionally stable and achieves a
quadratic convergence rate. It can be exactly lizedriin closed form, leading to a consistent
algorithmic tangent moduli matrix. It requires, however, the computatiorthe seconarder
derivatives of both the yield and plastic potential surfaces, which may prove to be exceedingly



laborious or even impossible for complex plastigitpdels [Ortiz and Simo, 1986; PrZvost, 1987;
Simo and Hughes, 1998].

On the other handhe cutting plane algorithm is an efficient and simpler procedure, which bypasses
the need for computing such seceamder derivatives. In this algorithm the return mapping is defined
iteratively. At each iteration, the plastic corrector problem is intedrabout the current values of the
state variables by an explicit procedure in order to satisfy the lmeeaviersion of the consistency
condition. As such, the normality to the yield and plastic potential surfaces is enforced at thB initial
and knownb state. This algorithm is consistent but only conditionally stable and it cannot be exactly
linearized in closed form. Hence, a consistalgorithmic tangent moduli matrix cannot be obtained
for this case. Nevertheless, it also achieves a quadratic rgemee rate for the update [Ortiz and
Simo, 1986; PrZvost, 1987; Simo and Hughes, 1998].

In view of the fact that the macelement comprises two nonlinear mechanidngapping and
inelasticityD, a modified version of the usual return mapping algoritlergquired. A cutting plane
algorithm is preferred, instead of a closest point projection one, since there is no sufficient
information on the yield and plastic potential surfaces so as to consider correctly their second
derivatives.

Moreover, given thathie elastiegap constitutive relationships, expressed throegpresion (4),
relate directly the elastigap displacements and forces without sepagdimth components, a simpler
version of the cutting plane algorithm is devised. This is based on a N&afdrson iterative
scheme, which is described in the following paragraphs.

(a) Predictor or trial elastiegap step. An initial trial elasticgap step is computed by freezing the
plastic flow. Considering all state variables known at load Bltethe input for the next step is the
increment of total displacements:

e —_ e e
anm =an+/ain (54
The trial values of the relevant state variables are:
0/yegtrial — ~eg " egp
% =aN + N K eaial — e Jtial _ 5
N+1 — '“N “N+1 ~ - N (5)

$ pl.trial _ ~ pl
N+ —On

The trial vector of generalised forces is coherently given by:

trial _— egtrial e
NA = Qn KR /o (56)

If the loading point corresponds to a load reversal point, this trial etgebicstate is correct. Hence

this is a nonlinear elastic unloading or reloading step. The analysis parameters are updated, namely,
the loading parameter througtolving equation(35) and the elastigap stiffness matrix through
expresion (11) or (16).

Otherwise, a return mapping or corrector phase is required. As predictor step, the initial state is
computed with the current tangent stiffness and no plastic fldwamlening:

HqRE) =gy

0 _— d 0) _
Q. =Qy $QE4+1’—q?f
1(0) — |
!qp() qs

N+1 —

D KP4, =0

" (57)
KR =KR 1R =%

The vector of generalised forces for the first iteration thus corresponds to:



Q(r\})ﬂ :Q(I\(J))Jrl + "Q(l\(l))+1 :Q(l\(l))+1 + Kilggl)) (Qilgfl! Qilggl))) (59)
In order to iteratively update theemaining state variables associated to this generalised forcesO

vector, a corrector phase is implemented which depends on whether the loading point is inside or
outside the bounding surface.

(b) Corrector step inside the bounding surfac&he vector of generalised displacements at iteration
k can be obtained as the sum of its components:

k _ | k I(k) Y
QY =K®(qest 1 qgasa 1 gp)

n Eﬁ( j— el!l k apk p|k n

q\lg+l) (K ) Q(N)+l +qg\l+IQl) +q\l+(l) (59)
n egfk) — ~el(k agpk I(k) — ~edk I(k

qu 1) —qp(]?"'q,% pl) +ql\pl(l) _ql‘q]?-'-ql'\)l(l)

The corresponding elastgap displacements are obtained through the elgafic constitutive
relationships, while the plastic displacements are updated using the flow rule. Using an explicit
integration scheme for these variables, one obtains:

k) — ~edk!l) |, m~edk!l) _ - egk! 1 KiD YL (kL

qilqﬂ) _qugﬂ )+ qilqﬂ )_qilqﬂ )+(KeNgl+1 )) Q(N+l) (60)
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The discrete version of the hardening law, using also an explicit update, leads to:

k) — k!l k!1) _ k!l k1) Ak!'1) _
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Up to this point, all variables used were already known from the presteps In order to compute
the new value of the plastic multiplier, NewtonOs method is now applied to both the displacement
residue and the yield condition. The current displacement residue is defined as:

k _ — k I(k
R =0 L o) =g ! gl ! gf (63

It is now imposed that the lineaeid prediction for the updated displacement residue should be zero:

k+1) 0 (kK K\l K k Kk _
RED RO, 1 (ket) 50t 1 8490, =0 (64

Solving this equation for the increment of generalised forces, one finds:

k _ k k n(k k
#QW, =K (REL, 1 #70,n®,) (65

The linearzation of the discrete consistency condition gives:
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Finally, the plastic multiplier increment corresponds to:
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At this point, the vector of generalised forces may be updated with the increment gxaprdsson
(65) and the iterative process may be repeated Empressiong59) to (67), until the displacement
residue and the bounding surface function are snthker a given tolerance.

(c) Corrector step outside the bounding surfac&Vhen the loading point is outside the bounding
surface this problem reduces to a classical plasticity one, where the bounding surface behaves as the
yield surface Expressons (59)-(61) and(63)-(65), of the corrector step inside the bounding surface,
remain unaltered. The loading parameterjs now constant and equal to one and the elgsfic
stiffness matrix is given by:

KR = KisadZ gap=2) (68)

The linearzation of the discrete consistency condition now results in:

P # R+ F 180, =0 (69

Replacingexpresmon (65) in thisoneand solving for the incremental plastic multiplier leads to:

k k k
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N+ ™ R gcea (k) -
- PN+ N+1''gN+1
k k "
_ R+t R s (o at?)

k k
EPLES

(70)

Similarly to the previous case, the iterative procesepgated until the displacement residue and the
bounding surface function are smaller than a given tolerance.

(d) Tangent stiffness matrix. If one wished to update the global tangent stiffness matrix, the
consistent algorithmic tangent moduli matwwuld be computed through:

"Qnu = Kel( "o ! “ana! g IEJII+1) (71

However, there is no explicit algorithmic formula for the incrementg®® and /qf,,.

Consequently, as already mentioned, such consistent matrix candetdsminedand it has to be
replaced by the continuum tangent moduli matrix corresponding to the last converged state.

Hence, considering . and n

N to be defined at the last converged stakgpresin (71) may be

g N+1
developed as:

Q=K (A5 1 8t 2l )=
= Kilg+1( el ﬁlﬂ): (72
= KeNg+1(#qugfl ! #"N+lng,N+l)

Theincremental consistency condition is given by:
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Replacing(72) in (73), the plastic multiplier is computed as:
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Finally, replacing the plastic multiplier expression (if2) defines the continuum tangent moduli
matrix:
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the values corresponding to the last converged state, one can also compute

?)qegp =
i| N +1 (75)

Instead of using fon , .,

secant values based on the iterative procedure of the previous increment. In fact, one can assume that,
afterr iterations, the increment of plastic displacements is given by:

r
| | I —_n k k -
$q£+l_qlel+1! qs - $#§\H)-ln(g,?\l+l_$#N+lng,N+l (76)
k=1

which defines an equivalent increment for the plastic multiplier and an equivalent normal unit vector
to the plastic potential surface.

3.VALIDATION TESTS FOR PILE-HEAD MACRO -ELEMENT

The macreelement model presentgueviouslywas implemented in thstructuralanalysis software
SeismoStrucfSeismosoft, 209]. It requires the definition of the following 15 input paramet&s:

Kt K, K Hu, =00 My, 0w, 0w, § 20, (E p)eﬁ, ", # HP andnyr Only the last four of these

parametersnustbe calibrated, since all the remaining ones are computed directly thempgdssions
developed in théterature p.g.Gazetas, 199X orreiaet al, 2019]

Amongst the four calibration parameters, two of them are related to monotonic reBp’mméHop',
and the other two are related to cyclic behavidgrandnyr. Alternatively, two of the parameters are
related to the gapping behavidit' and#, and the other two are related to the plasticity m@dalop'
andnyr. The parameters, HOpI andnygr are always positive, whilg can also be equal to zero if no
residual gap opening is considered.

In the following, the influence of those four calibration parameters is analysed and several validation
tests for the macrelement are performed by comparing its response both to numerical results
obtained withOpenSees [McKennet al, 2000] ando reallateral load tests on piles.



3.1 INFLUENCE OF MACRO-ELEMENT CALIBRATION PARAMETERS

In order to test the influence of the four maetement calibration parameters, a soil profile with
constantS, = 80 kPa is considered. The shear wave velocity is assumed ¥ ©200m/s and the
PoissonOs ratio is taken equal to 0.5. It is further assumed that the pile has a Bianeterand
aboveground height equal te=5m, corresponding tahe load ecentricity. Table 1 and Table 2
summarise albssumednput parametersO values. The effective flexural stiffness of the pile cross
section is the one corresponding to yieldsaggested by Priestleyt al.[2007].

Table 1. Pre-determined geometric and elastic macre&lement parameters

D Khn Kmm Khm Zy (Epl et
[m] [MN/m] [MNm/rad] [MN/rad] [m] [MNm 2
1.00 647 1343 -544 1.24 580

Table 2. Pre-determined failure surface parameters

Hu,e:O My
[kN]  [kNm]

1834 3200 8.435 2.000 -0.597

Ny Ny $

The most important of the maestement calibration parameters is the reference plastic modulus
value, Hop', which determines the relative amount of irreversible displacements occurring during
monotonic loading. For convenience, it is defined relatively to the dimensionless component of the
initial elastic stiffness matrix for horizontal displacemer#, the normalised valueH Op'/ Kunn 1S

used. The effect of this variable is shownFigure 13, where the pilehead response is plotted in
terms of displacement, with= 1.
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Figure 13. Influence of the normalised reference plastic modulusHg"/Kyun) on the pilehead displacement

This normalised reference plastic moduhas a very significant effect on the amount of irreversible
displacements. As its value increases, the response will tend to become more similar to an elastic



perfectly plastic one. As it decreases, more nonlinear behaviour and irreversible displacgments
expected to occur for lower values of the loading parameter.

On the other hand, the gap evolution parametethas a much less significant influence on the
response of the maceiement. It mainly affects the quasdastic stiffness evolution at lowe\els of
displacement. Such effect is clearFigure 14, where the pilehead response is again plotted in terms

of displacement, now with4 P'/ K,,,,. = 1.
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Figure 14. Influence of gap evolution parameter” on the pile-head displacement

Regarding cyclic behaviour, the significant influence of the unloading/reloading expopgnis
shownin Figure 15, with # = 0. It can be seen that this parameter controls the amount of plastic
response upon unloading/reloading. When it equals one, the cyclic response to a given load follows
MasingOs rujei.e. it is symmetric. For other values it may increase or reduce the irreversible
displacemers depending on if its value is smaller or higher than one, respectively. It should be noted
that upon completing a full cycle to a given load level, the saisi@adement of the monotonic
response is always attained, for 0.
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Figure 15. Influence of unloading/reloading exponennyg on the pile-head displacement

This parameter can alternatively be interpreted as controllingrtioaint of hysteretic damping of the
macroeelement response.



The residual gap parameter, if different than zero, always increases the amount of displacement upon
unloading/reloading to the same load with opposite sign. This can be cleariy §égure 16, where
nur=1.
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Figure 16. Influence of residual gap parameter# on the pile-head displacement

The residual gap parameter has a smaller influence on the overall responsg,thad its value can

be conjugated with the latter onenifzr > 1, in order to produce a quasimmetric cyclic response
with different amounts of hysteretic dampingn{k < 1, on the other hand, the response can never be
symmetric.

A comparison of the responses for a symmetric loading cycle and for asymmetric loading cycle with
the same limits but containing several unload/reload inner cycles was also performed. The
correponding response, purely for illustrative purposes, is presenteéidunel7.
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Figure 17. Asymmetric loading history displacement response

3.2 COMPARISON WITH FINITE ELEMENT RESULTS

The response of the maeetement will now be calibrated and compared to numerical simulations
performedwith OpenSeesPL [Lwet al, 2011], which is a graphical user interface for OpenSees
[McKennaet al, 2000] dedicated to solid finite elemeartalysis 6 piles. Static, cyclic and dynamic
analyses of a laterally loaded pile with=1m were performed. The p#eolumn had an above



ground height ok =5 m. Two different soil profiles were considered: (i) a soil profile with constant
S, = 80kPa, shear wavvelocityVs=200m/s and a depths= 15m; (ii) a soil profile with a linearly
increasingS, with depth. The latter had an undrained shear strength constant of proportionality
0.25, a depthLs=30m and assumed that the maximum soil shear modwhs related to the
undrained strength b@nya.x= 1100S..

The soil model used a mulfield surface plasticity formulatioaccording to Elgamadt al. [2003],
assuming that the Von Mises failure surface was attained for an octahedral shear strain of 10%. The
soil was modelled as being fully saturated and with a very low permeability, thus having an undrained
behaviour for all practical purposes. Morenva tensioncut-off was considered for both the soil
domain and the sejile interface layefCorreia, 2011]

(a) Sail profile with constant Su. The horizontal loadlisplacement response obtained with solid
finite elements for a pushover analysis irdwained conditions is shown #Rigure 18, for various

types of soil and pile behaviour. One can observe that gapping effects are limited in the linear elastic
range of response but become significant with increasing load level.

Figure 19 presents the thredimensional soil mesh in its deformed configuration for a monotonic
pushover with full nonlinear response with gapping. As tbiad level, close to failure, it is interesting
to note the very limited dimension of the soil region contributing to the response.
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Figure 18. Pushover curves for the constan§, soil profile with: elastic behaviour with gapping (EG), and without
gapping (EnoG), full nonlinear response with gapping (NG) and without gapping (NnoG)

Figure 19. Deformed mesh and stress ratio contour



Figure 20 illustrates the similar responses obtained in a fully coupled dynamic analysis, with
simulation of the pore pressure variations in rapid loading conditions, and the results obtained in static
analyses with equivalent dry soil conditions.
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Figure 20. Load-displacement response for the constarg, soil profile for monotonic,
cyclic and dynamic loading conditions and undrained behaviour

The macreelement parameters are now calibrated in order to reproduce the results obtained with solid
finite elements. For the simulations performed with this soil profile, the rederent properties are

the ones indicated iffable 1 and Table 2. In order to calibrate the remaining four maetement
parameters, theflowing approach is employed:

i) The gap evolution parameter, is calibrated using the simulation results with elastic soil and pile
response buincluding gapping behaviour. Moreover, the pile initial elastic flexural stiffness is
consideredEgl,, instead of the effective one, and a very large value is consideredopl*oso that
no plastic displacements occur before the bounding surface is attained,

ii) Afterwards, the full nonlinear monotonic results are considered for calibréiegeference
plastic modulusH ?',

iii) Finally, cyclic nonlinear results are used to calibrate simultanedteshdnyr with the purpose of
replicating both the symmetric response obtained for cyclic loading and the amount of hysteretic
damping evidenced by solid finite element simulations.

This methodology was applied using the solid finite element results fehgedld dsplacementTable

3 presents the values obtained for the mamement calibration parameters. The comparison of
macraelement response with the oabtained by solid finite elements is presenteéigure21 and
Figure22, in terms of pilehead displacement both for monotonic and cyclic loading.

Table 3. Calibration results for macro-element parameters

H

n # 0 nUR
Ktn

4 45 0.30 1.30

Before everdiscussing the calibration results, attention must be pointed out to the fact that the initial
elastic stiffnesses computed by the approximate expredsmnditeraturegive very good results for
this case.



More important, however, for the objectives of thisrk, is the fact that the failure conditions
predicted by the results obtained with the yield design theory parametricfetndyCorreia [2019]

are correct. In fact, it can be clearly seerrigure 21 that the maximum horizontal load obtained in

the numerical simulation with solid finite elements is very similar to the one predicted by the
superellipe failure surface based orogle parametric study results. Furthermore, the slight under
prediction of the failure load by the maeeement may be attributed to the fatat OpenSeesPL [Lu

et al, 2011] uses Von Mises failure criterionhile the macreslement is using the values obtained
with Tresca failure criterion. As previously mentioned, the difference in both criteria may reach about
15% for a plane strain mechanism.
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Figure 21. Comparison of Macro-Element (ME) vs.OpenSeesPL (OS) pilhead monotonic loaddisplacement
response, for constang, soil profile and for both elastic and nonlinear behaviour
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Figure 22. Comparison of Macro-Element (ME) vs. OpenSeesPL (OS) pibaead cyclic
load-displacementresponse, for constang, soil profile

By applying the abovementioned calibration methodology to the displacement response, one can
validate the behaviour of the maestement by verifying that it adequately reproduces the overall
respons obtained with solid finite elements. Furthermore, and probably more important as a
validation result, the response in terms of{biémd rotation is also adequately reproduced. In fact, for
monotonic loading, with either elastic or nonlinear responsetdbults are at least as accurate as the
ones used for calibrating the maaiement. For cyclic loading, albeit a slightly higher hysteretic
damping obtained in the cyclic response of the matement, the results are also very satisfactory.



(b) Soil profile with linear Su. Starting with the resultsbtained with OpenSeesPL [lat al, 2011],

they follow closely what was obtained for the previous soil profile. However, two important
differences arise: (i) gapping hasraichreducedinfluence; (ii) the overall flexibility is extremely
larger. These observations can be verified in the pushover reshkitpuoé23.

400
<
< 300
-c —
<_OU ESOG
< 200
g NG
,8 —-NnoG
S
T

0 100 200 300 400
Horizontal displacement (m

Figure 23. Pushover curves for the linearS, soil profile with: elastic behaviour with gapping (EG), and without
gapping (EnoG), full nonlinear response with gapping (NG) and without gapping (NnoG)

It is interesting to note that alibeéhe virtual failure mechanism for this soil profile considered no
contribution fromgappingCorreia [2019] it influences slightly the resslboth in terms of strength
and stiffness. Hence, in the ma@iement analysais gapping influence will beonsidered also for
this soil profile. The macrelement properties are now the ones indicatélchlie4 andTableb.

The calibration of the macrelement parameters was performed as proposed for the other soil profile
and the results are presentedlmble 6. Both parameters associated with cyclic response were found
to give good results having the same values than before.

Table 4. Pre-determined geometric and elastic macre&lement parameters

D Khn Kmm Khm Zy (Epl et
[m] [MN/m] [MNm/rad] [MN/rad] [m] [MNm 2
1.00 72.9 744.2 -168.5 3.86 580

Table 5. Pre-determined failure surface parameters

Hu,e:O My
[kN]  [kNm]

642.2 3200 7.040 2.000 -0.667

Ny Ny $

Table 6. Calibration results for macro-element parameters

H
n # O

Nur
KHHn

12 45 0.12 1.30




The comparisonn terms of pilehead displacement for both monotonic and cyclic loading of the
macreelement response with the one obtained by solid finite elements is shdvguie 24 and
Figure25.
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Figure 24. Comparison of Macro-Element (ME) vs. OpenSeesPL (OS) pidaead monotonic loaddisplacement
response, for linearS, soil profile and for both elastic and nonlinear behaviour
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Figure 25. Comparison of Macro-Element (ME) vs. OpenSeesPL (OS) pildhead cyclic
load-displacementresponse, for linearS, soil profile

The same conclusions drawn for the other soil profile apply in this case. One may verify once more
that the initial stiffnesses and the failure load are adequatetlicted by the approximate expressions
presented in this thesili.is also clear that the response in terms of displacement, used for calibration
purposes, is well replicated by the maetement analyses. On the other hand, the response in terms
of pile-head rotation, used for validation effects, is again properly reproduced.

3.3 COMPARISON WITH UCLA PILE TESTS

In a reportby Stewartet al. [2007] a series of full scale cyclic large deflection lateral load tests of
drilled shaft foundations were describddhey performed three tests with reinforced concrete circular
piles of the same diametdd,=0.61m (2ft), in both a flagpole and a fixetead configurationas
well as in anine-pile group arrangement. The first two tests will be considered heredessisg the



macreelement capabilities. The last two tests are further described and analysadnitzeret al.
[2010].

The site conditions at the depth range of interest correspond roughly @Casilty clay with
undrained shear strength of ab&ut 187kPa (390Qosf). Despite the water table was at large depths,
due to the high saturation levels of the surficial layers and the high loading rate during the test,
undrained soil behaviour was assumed. The initial undrained soil modulus of deformatitekera

asEs = 335 MPa (700@sf) and, with a PoissonOs ratio of 0.5, the maximum soil shear modulus was
assumed to b& = 112 MPa. A soil unit weight of 18N/m* wasmeasured

(a) Flagpole test. This freehead pile was subjected to a lateral force patya height oé =4.06m
(130400). It had a bajosund length ofLp = 7.62m (25ft). A cyclic displacement history was
imposed at the top of the column. Three cycles were performed at each displacement level. The
displacement levels corresponded toltiplying a predicted yield displacement of 56081 (2in) by

the following factors’g, ", #, $,1,1", 1 #, 2, 3, 4, 6, 8.

Figure 26 represents the experimental ledefflection response. These results clearly show a strength
degradation effect for repeated cycles at the same displacement level. Nevertheless, therebgeems to
some influence of creep deformations on these plots, evidenced by the decrease of strength at
maximum load conditions for each cycle and displacement level.

Given the crossectional properties indicated in the aforementioned reports, the nominglebde
moment corresponds ttly=510kNm. The horizontal failure load obtained lilge predictive
expression in Correia [2019% equal to 12kN, which agrees well with the experimental results.
Once more, preletermined macrelement parameters are comgaitthrough the expressions
presentedn Correia [2019]andare summarised ifiable7 andTable8.
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Figure 26. Experimental load vs. topdisplacement response for the flagpole tesafter Stewart et al.[2007])

Table 7. Pre-determined geometric and elastic macre&lement parameters

D Khn Kmm Khm Zy (Epl et
[m] [MN/m] [MNm/rad] [MN/rad] [m] [MNm 2

0.61 573 362 -264 0.25 54.7




Table 8. Pre-determined failure surface parameters

Hu,e:O My
[kN]  [kNm]

792 510 8.435 2.000 -0.597

Ny Ny &

Regarding the macrelement calibration parameters, it was found that the gapping behaviour had
little influence on the results due to the shallow wedge geom@ébtgysequentlythe default values
were adopted fof and#. The remaining macrelement parameters, related to inelastic monotonic,
Ho”, and cyclichygr, response, were calibrated to the values showmlie9.

Table 9. Calibration results for macro-element parameters

H

n # O nUR
Ktn

1 0 0.3 0.25

Figure 27 illustrates the monotonic response of the magement in comparison to the cyclic lead
displacement results. The monotonic curve correctly envelopes the cyclic results and the maximum
horizontal load is correctly predicted.

Figure 28 represents the macelement response for three load cycles at the maximum displacement
level of the expemental test. The strength degradation with subsequent cycles appears to be correctly
captured. Experimental hysteretic loops are somewhat thinner than the-etfeanemt ones at low
loading levels, but the overall loop area seems to be similar. It sheuldentioned that the plastic
hinge in the experimental test formed deeper than expected by the failure mechanism theoretical
results (wherez, = z,). If the passive wedge depth is increased accordingly, the rebmrent
hysteretic loops tend to get thiem although the gap influence was not large in this test as already
mentioned.
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Figure 27. Comparison of Macro-Element (ME) monotonic vs. flagpole cyclic (Exp.) loadlisplacement results
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