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1. Introduction

I n the | att'&re nhrdrdyh aorfi ctahle h2zad nma dea ri ematgk abl e
brief overvi ewnmwomél Iriesgnamatchvaeinre sappl [ dAdi Bi ty
consequeséanekidven tunnel |l hagwadmetshoadsdedrye adopt
construction of urabnadn, uinnd emmagnryo ucnads etsu,n nperlosvi de
as cost edfexchi memessanpact on ground traffic
flexibility compared to tThehscpdasventubaalfpt usao
soi l c d 2dviotriemome e dsdri ven tunnel l i ni ngs ar e
assemiplryefabr foatced mceinmrete segments. A genei
bet ween | injiomigst swj psnitfaihgmtssembl y) and- |l inini
jointed [a3s]s&eandpl.leyf)tEach ring consists ofinan set
turn inter acste gvneants e gnmbeertfllasetetse m ared erred to
j oints. I n contrast, the interactéeéoshnalbleit svlee ah
ri

-hngi-ngterfaces whichntagy €e Hreingohtted as ring | oi

Straight-jointed assembly

Longitudinal joint

Stagger-jointed assembly
FigDefinition of [ Kilneifntg)s eaorodp vyan € o[h56]f ggh ) i ons

I n general, the Il ining can fail due to both,
failure of the saielvemabifrad Hrrh&eeehenghgdeSTogp r
and quality standards have to be ¢ onlsoiaddeirnegd .
condistuibosnesq u elnitnitnog tipnesotceeldblsatt iaolnso transportat
[ 6Furt her mor e, edfget dedesmd wieovidl,mathee nc,ogs ihce
which may invoke significanfttlsecdhrd latdenr Iee
bendmonngernegduci ng effect of the activated grou
order bendmagowementise | ining design as they
captaycii s [rBachbddr i nformation on damage mechal
gi viepn9 ]

Il n engineering practice, segment ails ottunonpagle , | i r
t hugnotrhjeong nt ed c o nHo weuvrean,n Dirjood énitesn sabseant i
t hset ructur al respdmauea teasflu ¢ ghd entge eransg iadgilt y of t he
strudtheryexapected to behave ani §a4a0rThd c | atatt dre
particularly applies for shield tunnel l i ni ng
[ 1;2]i gnormayeadhemo a conservative design. On
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i nfl uence cofnsjemrueedngcliggmg t henslt i $f nessuopé@l dxt @i
resudnr eadleifsotrinta twidirgdhed ad t o a mi sinterpretatio
[ 1.3 i mprove the current practice, advanced d
peculiarities ofsagegmarkteal ithndrmonalccloiumitng

The presentt qpuaapnetri f i mshe tisnfodnuemlce ot r ycotiunr al
segmental tuhmeilnJvaexntindpgBst fei riihti s ilr @ Mdakira abneael ny s

perfor med, where the |l ining is modelled as pl
This appramdchh refefroahttdndddehi oddeectt o der i
ani sotrepscpataméner sehapoife sitemea i ngnrtenle | i ning

possi bl e, a hybrid modelhimcdg z@mmimeaels al s panarl
studi es-aaodptwed | anal ykEorcatl hd op medeaxiti solthisesigdug i e
dri venwhiusmdnrevles as dr aiubhagéedaBumo ek aosiedaer ence
structure.

The paper is strucOtpuioddéshsi éebdobombBei Sechods t
tunnel SeEtcthiags3 prwes&krotlfso wthhee hbyabsriicd adceedealiil regd a
descripti ¢ri.Bilns sgdcviémoeni proposed cdepé,ovhedle fr a
t heDTserves as refereddescByuEgATr et Secticemt
construction pr ojSOctaswlibg reeeft telettsoxi ssrmabmgveg fr
crossi ngort utnmee|casedsespteediy of the numeri cal ca
whereas parti @uUlaaretdreeomdasosmati on of the tun
throughout theSeomMosomitat inentprabenet ues nroensu ldtr
of the presented anal yses.

Al | resul ts di s ccuosnspeudt eidmewittihsi tpa p®lf e @PeL@tX |1 Sa d €
numeri cal calcul ations were condutéied RLAXI $ h
3D 200 87D1

2. Methods to modeltunnel linings

garding the design of segment al tunnel l i n
alytical sol uti oh&;8hand mwerreviijelvd ljn shaerit yh omiest h o
e joint configuration subst atnatkibad sl ey egfofveecrtnss
counthe el atemtd behaviour o f segment al tunnel
diHroeaott -poi Wt r modjedi.ntl ndodelcs consider i nir
ings with aduyted hceosht mu gtisdom njessihet contrary, cCo
e explicitl y omode]|]ndddélusnt hdeirrneocrtea s at odibsd i ma
t ween two | oading modes i mposed-l bgditimg madae
d the passive | oading mode. Fom the &cthiwng
| cul ated by empirical or analytical formul a
e |lining is calcul altiedi n@ki migern adtoi arc clmw nme
mpatf[iol]l ity

OO0 oTOD T~ g
O >0 53D~ 7SS O oS5 0
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Il n case -jodi nitn dmmdr ceeclhisreqe ttichees ef f eca n b B § iddmnrt esd
the amabysminagndirect proportional rel ationshi
Jjoints and the circagnfwenre ketqiuaglt2iZdendilnog ri gi di

O - 30 O ©O (2)

where N is the number of coomscmaiteents egfmeinn esr tpie
concrete segments per unitii $engehmomamt sdfg me
l ongitudinal joints perDwmiing |ltemegtlbhehdts dheocs aydns
wasmodi biyedseveanad wéreessed di t i onalf aicrndalradg noa snnt g

di stri bswthiggogomader smwed el utsa ke n i n[t2o] nc atnhsiisd etr ad ti eox
effective transyve hwaslintrobdueed (EquatignP)2i:3g]i di ty rati o

h

s —L— (2)
wher ecjof Hnagr k s t he effective flexural rigidit
( Eckgntihwsoud he flexural rigidity ofinthed requifwales

diredmiadtmgou hiley concept oufd i tnhad efefnedd trigaser i lgd ndg
est ab(l Egheetpizoil 3)
i

v ————— P 3)

h

wher e o(sRdd ks the effective flexural rebngindbdsy ¢
the fl exural rigidity of t hen efahnuyadcatditonneclo n
Di fferent to the eff excatldresses aterdafrtleaeu rsall mii gii dlii
l ongitudinal directi on .Blyuet akidatghuat prhees ernecsep omfs

t he l i ning i n | ontga K ewd i ndaelf o d immaepcpor nooxnm onct @éoe | y
consi dernaatmedny the bending deformation mode al
sefi BA compr dhensiovfe c alccounl caettrimenn lgmadge ltsudi nal r

shield dgiuwenl5§ i s

(a) bending deformation mode (b) deformation mode of dislocation

FiaLongitudinal def5dr mati on modes

So far, t he transverse and | ongi tudi nal beh
approachedadvmemsi opnr obl e ms, t -d o meg h shiocumadla r ya v alr
prohl ePmarticul arl vy, because the | ongitudinal e

to eaclh4dJoitsheef fect wg26hl shbhi sphbeowvamdytwer est udi
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performeddwiciacle t hat the | ongsietgundei nntaall bleinndeirng
with the transverse bendgiectdliehé)f f nesal eb sBhe
l ongi tudi nal di fferenti al settl emensdsuel etaod t
flattening; unl ess this ilke turkdfaufrat heo acovesht
presentégrienperformed addressing the | ongitud
l inings by means of a cylindrseal ceaheaetiowsthe
conclusiganmnmihatabet @f circumferenti al and r acf
bending momesmtectmobhhefcrarag®annetriucnumagl Heas
taken to strengthen the shear stiffness bet we

moment i nduced Dbyslghir2QR2Dn ¢ fdfieeglsavaeméngisiul gist ad
whiarhe only insuffici enAsl ya ccagpntsieeeule micleqg2 B3 ama
thab FEA are highly recommended to assess th
[ i n.iTrhgesr etfhmruéb s equ e mptr ecs@amede | | ngusfirmgnmne2vd r &n d
FEAwhi ch aklvVaeWwelhd ®@effects (iolirdgeaemne nklseohveaM i Olue 0
segment al t unHoewmakenniemgshasi s I S put on the
parameterder to capture the structur al behavi

3. Hybrid modeling approach - Workflow

Thseeciinomoduces aabpboambmpdatalbgtihcal for mul
numerriecsalllhtes ef o he SelxTiisrii mgy, smovchea Iclhed as pl ate e
ani sotrofgiicndmateatti mbdel/gs as refeprender stobuat
t he sofff exeagment al joints bandiheg | A i fhfyreesaso ani
stiffneasss weel | as thhea vsehatdon pEsed®i.f f ne heaBasi c i o
of t hiedhuyjcoeidntst i ffness reducti on.

increased flexure in the increased contraction in the dislocation of adjoining
ring joint area ring joint area segments in the ring joint area

M m NP 1 N
oy )

M M ‘
{ ) BN EE B N
Wi T ‘
equivalent bending stiffness equivalent normal stiffness equivalent shear stiffness
(El)eq < (El)conunuous (EA)eq < (EA)conllnuous (GA)eq < (GA)ccntinuous
FigBasic ideanduceldesjfofhnhess reduction in |

For aplgatvent hi ckness d, steltdairefafse cftoirv eb omaht, e rsihae
nor mal forces,, relpeesamée appbktast §or the mome
Thus, the geometric propertieh, K A BandkdtoG bmo dmd di
the effect Betoof emboddienldjsod ncded sti fanneadg use dneatti a



6 A. Granitzer/lCompuTsadhwnhdi cgqhgi neeni(@roaib8@ Physical

ani sodtriofpfices sy, p&r®&h8t and FEH243 s( sreedqui otelder wor
geometric ani sotropy i s approached as mat e
recommendati ons ar e wridforrteesd eicri tiThseh alpietdenmrbadteubr
profil-pel eswakts apdoréfidbeij pgewalnlt s study ext

of t hiendwd eed wtcitfifomeds rmeod el segmental tunnel
foll owing questions:

T How do | ongi tudi nealecjtdiomtad afefheacvti otuhre? cr os s
f How can ring joints be taken -jatotcmodeder at
T To whichhexmanrstecsiotral bendi ng momerdtu cierdf | u

shear stiffness reduction?

To investigate the problemsar¢dp Pooasdwee 1t ke
which also allows to deterei®weot ha segmenhtapi
(i .1e2Eil 516286, I n the following, a brief descri

descriptigrnbiidogeven, inhe key results are rep
SDT serves as reference structure for al/l stu

7 1 = tunnel axis
2 = circumferential direction
3 = radial direction
Vs
Fi4Orientation of shear forces, shear mo d u |

Step 1: Si 9plgiefoimedtriyon of

Theonsidreaiedage tunnel-j oiepredemitsg aassamglygley f c
concrete segments withFono phanéodt bwwvemge s gpndp
tunnel lyaeo ndeierapyl iiflil euds thais@glt. efdt i n

) 1

‘ ’ | Crown Parameter [unit] Value
l . : R Thickness [m] t 0.28
- ! /e Segment height [m] h | 080
| - A Mean radius [m] Rn 2.0

| . _ : IAssembly type honeycombed
i Y Young's modulus [GPa]| Egyr | 34

simplified joints Ih\;ertr Shear modulus [GPa] | Ggoy | 14.2

FigSimplified S0Ofpraetamet lresf t();i ght)
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Il n the FtEhAe Ilboontcghi t udi nal and the ringhiohnts
extend parall el and perpendilauloarhetro wiolmel st un
stagoemted | i ndonmgs iadsessreagbydayngiibesd | 1 Wi nly rmesgendt
the | ongitudinal def-bomdt segmbehadi bunnef ki h
this simplification[2app26bhch is strengthened

Step 2: Eoxcarnmessesat 1 on a |l structur al behaviour

Based on the-sxichpbinds e @&Bddlocsusl at i onswvlearree ac on ¢
di fferentiation is made besWken3Doaanded aghesnaenrda t ue
by exteBdDi ggiodnget hree metres Whiltdheshdapd df wWn an
fourth orfder tahe msjeadri ty of the 2D calcul ati
for somerreFaEsdons of compar3iXomfbesweaehy2Bhapd
second. | or dtehri)st swapygs eivlal datt mebasedseomet ri cal l
equi val ent modelFs §shol@dtthhed mdDel di mensi ons
dicrseti zation of t he.W duwn draergya rowdar tobenoltpoenogbi htgum t h
rotati onkelh rmwhgicdi tiys definedpeuanithd ebghtdi megqql
devel op a wunit rotation angle allomrg tslheneywbel

bet weenxttriearieues f or iiddeeaalllyy rhiign gdd damjdo e nted .e me
anakayrceonducted in which the rotation degrees
joints) are modell ed as rigid and fu8SDVshinge
model | ed aswiutnhiofuotrsnj weilhntgs However, sdfhef nnaadcdesmh .
remain fixed |Inh Baslfoathbhatahbobed.that the mod
for | oadi ng and Wintlho atdh &% e dceowni diagtltisoonnss .r esul t i n

l ongi tudi nal jointi moastlii e eacbeprriovaecd efsi rmdiengs
determine the transdef sS&hle bending rigidity ra

W =40.0 S

>
% > Vo W
, 2D I

—————————————————

_i__ rn.. @! -
\\1:/ - | N )R=2, T
i 263 1 i

\\\ \\\\\ o~ e
. ~20.000 - "N0deq g ¢
4+ 15-noded elements >\ - Ments v
N - o f
B BN S, Tl

Fi@gUni form r2Dgftimo deelle me n3td mashe( EeEEMmgnt mesh (

St @8gxamination of the | ongitudinal structu

I n thisdsaiepageashemodel |l ed as continuous <circ
anisotropi ¢ hmakibygahnt ot haceoliercgi toufdibnoatlh,j oi n
joimnt st he | iniCogsbdéevngnufrl.oegiceudifnal j oints,
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transversal bedqdiwhg crhi gisdidt@d uicaetdou of r@mabdm f syt ebpot h
nor mal si)f famalsd hEE beAJi hg st it Eliméads eftEli lad wsl i

0J0 O o3 o> 4
[O)€)) O 3 2Dpa (5)
whepies 't he moment of inertia agaibnsttihendf hegc
materi al area for axi al f orZies time tedfefseccitri cvuel

modul us in the circSf er & heéi sboudnliyl r&ecE oi nocnr eat ned
segmentts §r sgbRegarding the presbdeceaoomalki sgi
(BEA1) and the beBdi hg bonfgf hedsnabcdor ¢iachh g ono a

Ther eafromreel,yt i cal solution is used to 3agantify
000 0O Q3 ¢O—— (6)
OD® 0O 3 gQDOypa @)
I n t he B@uatdi oorhse (moment of inertia against Dbe
Aiis the effective materi al area ficr tdwi alf ffe@
Youg modul us in the | osmgist udién atoaudhiglr e8DtTo 6 n  a

concrete segment s

Step 4: Model transformati on

The ©previous st eipnsdufcoecdu sr eodnu ctth e nj wifntt he nornm
bendi ng Ist iafdfdigsigome nt al j oi nt s &R0 Hofwfeevetr , t h
i ndHroda ontt model s have shortcomings regarding
characteri sti asdascledda rass ttihfef njecsisntr educti on. T
antdo investigate thi,tbef dgntdi o€t umedati&p son G
transfor med otiantt hmo deeil r Eacsgl.letFbu st hjed iedtr,eimed e |

foll owadsegum@atrieomade:

=

itudinal joints have a mi,ndr téfef encuumben
ents iIs |l[eg9lden ¢healsegonemnt al l i ning is
orm i shbhstegn@Pii MR rseagar dt edlL; b . r@iBwhej eants
latdesumed to be equal to the lining thi
joints are model llend tahs st levholcopntlgantt du dsaen @
ng sAiofafnrde sad undoddma |  si#i)fofarfe stshe( B i ng | o
re@di aicegadter opi ¢ rings is accoufjtoedtfor
i n twhfifcnhe slsotchomponents are wuniformly
-j tohien t d inroedcetl restri ct-soditmteu ciendf | suteinfcfe
on to tCoensrigugtinngp® dtt t hjecciiamtchugc ed s hea
duction can be studied in more detail

=
W —Tgooxm~—Tcour
- ®D®O0OO0®— I3 ®d®O
"o 3a3sSSo-aQs>

o — -

de consistency between WwWetchnuoadeéles, id
e vertical def owemadt 0 ey DT CcCmMafrciprer@atp
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mod el diameehswBbhngrni ght. Consequently, the |l ongi
of the rix®@ipnoei nts ®skdectbod seoabi adl thef aomrmavin
good agreement amongst both model s.

Indirect-joint model Direct-joint model
w A
-~
— T3
1
|
L e 19
w o
W &
Continuous model Ring jointarea  Concrete segments :'l'?‘ é‘@ A
E+=Esor€cont E+=Espr-Eyoint Isotropic “ @Q b?} Y
Ex=Esprn E>=Esprn E=Ex=Espr v 73p @Q' °b° ,,“/'
Ljgint=0.28 m Lsegment = 0.52 m % ¢ '99 v/
s
229 -

Fi aModel tr anisnfdoijroeachidiorjeccitnt ( Imefdte) ; 3D finite el em

Stepnélysiesndticpdi shear stiffness reductio

Based the cal-i dirratt echodlelrecstep 5 aims to get
conseqofheeigmdumnmaded shear .ehi bfdesstobecdaechbiuon
induced offsets at t hemorviermg ni s ixmtmat athlpa st s
def ormation of the thin pl aFes. réprreassemanccigr
(A1 hoiandiiBointt hat determine the sheamnirmg bel
reduced by empl oyshgara ptairfafmedass i cadd etdi on r at

~— ®

wher A)Jfiics the effective shear stiffness of t
respecti@bana BN uoiandAEGi s the shearSDETtiffne
concrete segments.

concrete segments (G-A)oint = Toine *(G-A)sor
] —_— °]
l Q l Q
¥ J
offset at the ring joint offset at the ring joint T
(G-A)spr

Fi@Model i ngtapprcoaahdy ofi anrd utcheed rsihregar . st i ffness

The effective mat eri aglhec rsohsesas s sficdtrigmn Werl d a afso rf
the she®ass joidhngi@present constants for a given
at the rsngakennisby cedscidegat hencorrespmxndi
ands Gasntf ol | ows:

O 0 & (9)
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O 0 & (10)

To analyse thej cifnittiecdedfsheiaer rsthnigfbDTesnsr et duc
segment s, si x et 0lf Ds6e®fbH.cO0 ane s atdloipst.edt u dhy
T hsee elstus al l ow to asséeqngdutclead sfhfeaat st btithee sjso il
SDHeformati ont bneehxa.v iscercatsisomd b e n gdxwmhgi anto mesn,t  iMn
signiffoadreaeandeshcegmcioét e segments.

4. Hybrid modeling approach - Numerical parameter study

This saptiuoms key obser vatwhoincsh owe rteh ec onnudmuecrti ec
of2DandD FEA; in this context, |l oading as well
Since the preseiret ppamxeri ccadncaeprpns cati on of the
than maoee¢elaithige r eade[rl bipsg arfedfiretrdr eeadf dpohrafi d sme d

anal ysi s.

4 .Bf fect of | ongi-saedtnaha) obehavboucross

Concemsmhiepg 2 of t he hybihied devdede Ibigmg n & g ® fooamem,1
around the circumserenestofat.deernafndrheg £6F ko
rotati orKadi sr ieqiddniuioyrddeedru cteo mor e gandrfelr enttatl eom
i Nt enasriet icecsnsi derTehde irre staivdrg®PBBApPr esent upper a
boundary values wi tbhe nrdd snpge crdd meaet pbthivedepx th g enle | e
Kroval uesi gfid,e.fudly hinged,resomitsesrmleang)y. der
rotati ormaleaorti gaifdfietcyt thheen ddii nsgg amndonuenndtosh hef ci r c ut
of the nt ubnontehnl i nvest.i glaitlkawil soea,d i tnlgedcZa3yearseeesnuel ntts
with those obtaine8Df mothel eprcovrdegdohtdahgqua
are u8elkidgO0The r el othtast the jointed cross sect
uni f or eno rrri ensgpg @nddaiadl qufé. 0 whiich d@cscordance with

presep2d in

I T ]
| ®g b+
200 | B H
£ |
i @& | —7— Loading 1 - rigid
= —<&— Loading 1 - fully hinged
b —>— Loading 1 - uniform ring
E --0O--- Loading 2 - rigid
o --3--- Loading 2 - fully hinged
c
? --{z+-- Loading 2 - uniform ring
@
-200 | " o
B el
| & B
| Crown By S Invert
300 . I . . . L | J
0 20 40 60 80 100 120 140 160 180

Angle measured from the vertical direction around the tunnel 6 (°)
Fgg9.Bendi ng cnoonnseindtesr i ng di ffearechtl gqadinntg comnrfdigtuira
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80 T T T T T T T

60 -

40 +

—&— Unloading 1 - rigid - 2D
—— Unloading 1 - fully hinged - 2D
== -- Unloading 1 - rigid - 3D
--{+-- Unloading 1 - fully hinged - 3D

20

20 F

Bending moment M (kNm)

40 -

1 i 1 L 1 1 1
0 20 40 60 80 100 120 140 160 180
Angle measured from the vertical direction around the tunnel 8 (°)

Fi goBendi ng cnoonmnseindtesr i ng di ff efrwemlto g dii Mg aoaomdiitgiua

1

-60

Based on tBOTBFEAcatiiner ékcoonesi dered as a seri
segments separ allewe voeyr ,r itnhge jfoo Inleosmed dfgo ra stshuemp t
performed studies

T Symmetri cal (un)l oading conditions

T Straiogihntt ed | i ning assembly

T Ring geomedsegd cof four segments

T No slipping of adjat ntimg Icomgirteu cei rselg memitrst s

42Model ing of Il ongitudinal structur al beha

As descri bedhy mhmosdelpi i3g todieptrhoead tyt i cal [L2®BlJut i o
i's ugeant afiyngii mé uscteidf f nesea Htedgctudnnal direc
of the |l ongitudi n&bnbehlldaa mgar i Pe-He It htee ctii mp ut
required 3contdetermine

Tabl e
SDT el ahpdt data redguddired to deter mine
Parameter [unit] Value
Segmental length [m] Ls 0.8
'Young's modulus [GPa] Es 34
Number of longitudinal bolts [-] n 8
Translational bolt stiffness [MN/m] Kp 105
Cross section area [m?] As 35
Influence length of ring joint [m] L¢ varied
Due to the fact that there i &ofotihef @rmateinonr

a sensi twafmiitrys ts tcuudnd/ ecstt 8 sy ad et efchte odnongi t udi nal
rigidity ratimcrdeassadmngeess,f3Cwmer. eaxemai ns al most
Lival ues gremt eBieilha$hi mMc.eO5t he fl exur al rigididt
| ower compared toreqgugi salrect ucenti hh@usxobser ve
accor ddofrelayxc,hes i ts maxi mum (L#0m)he ring joints
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§ 03 —o— ECom (Analytical solution acc. to Murakanu and Koizumi, 1978)
= .
‘u-: b - ECUN. (Upper limit value acc. to Bao et al., 2015)
§ 0.2 — ECom. (Lower limit value acc. to Liao et al., 2008)
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Influence length of ring joint L (m)

Fi §1Rel at ibern swreiepm i nf |l uende nlde n gtnhg i afu driinmdscjheeinmdti ng

| ®i Dl 28 h[d2F¢rve as guidel i ne3tbhe arhaireks a otnyp idea
segmental tunneh@.l4h)i.nglsn (tithes.pmMeklelehce akengt |
j oi nt I s t=Benfmi wéach a0 r kb e sSpDoFnidnsg tjoo itnhte t h
anal yti calt hsi csdcagli vbenfe. &4 i fcdhl | s wi t hin th
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431 nfluence of shear st-sétheesaledentding m

I n order to study tfimaducensesdqeanc esd idff-jnaisito ir 1t
mod el is trans-formedmbidieb Tas@geoectde consi sten
model s, the vertical crown displacements dev
cal i brat iPrnelpiumiproasreys .st hei ¢goiraoimpdgdbdtsagr een
wi the str ucitouurralo fb-pthhaen ti sggerdredX &f fiins sOe.ti Otro

both, |l oading and alndm5]di ng conditions; see

The total shear SD&freomata@desnsetdef summeof t he st
concr et eplstetgeamemmhidsaced of f sBhlsatattert hies jhoeirnetisn. a
by introducing the shear stif fyne(siefeirggdacti on
expected, skhdaci rsyditbhmress| t(s in an increase
di spl acements for | oadi ngeregawm&l h3 ad reerdlemadi n
towar ds i ncreased di fferenti al di spl acement s

movements at triengiimtg .J loii paisn goyef. €rumre ddhefrr om t h
that the crown displ aceYmewdlsues egrad antoeért .3tAlba n ac

On the <contrary, crown displacements are sig
s i ffness smalldl. dddtilcaat i ng a much softer |l ongit
Since bending i 9 edcetvgmpnel eo fedd ¢ her matsiton wi t h r

[ 49 he def Vypiinsi @ar 6f cul ar IYyorwoafl uiemp csritadm@eg, tahsa
overestimate t hesicgrnoiwni cdainstpllyacement s
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Fi g2Ef f ect of sheavwosat itfhfen elsosn grietduudcitniaoln di st ri bu
diapements (3D, |l oading)

Fi §3Effect of sheaYwosat itfhfen elsosn grietduudcitniaoln di st ri bu
di spl acements (3D, wunloading)

arding t-$recanbaexnd icnrgo spesgamesnitmiM ar tendency i ¢
seqguence of reducing the shear stiffness i
ding apbpndnecfrbassghear stiffness | eads to de
the crebeoswBelisqai Dmi ssshear stiffrdeogs dddgenmd
stitutive model s representing itelse HSHE®i | b
stitutd3@e waldledcasst i dietey thos wneb deolivhtereeas it
to ke haddneesd atter predicts | owelrhevari a
ained méwbt hst hgr ebs gr2via wewndsr masiet @ nbe me
t the opposite tendency is observed when u
Il ncrease in shear sti ffnetss. |Tehnidss agaihni gah
ffeoesti tust i Mdemmdéddbitacl|l uded t hat the recomm
ructur al measures for sephamntalrestmnnelkt edi m
nditions (i .e. t he shear rienscirsetassnecded earbitlo try
e additional internal ff oNewsr ti malueanseddabyt gr w|
en observedi $§prFrat¢tdmerctro,wnt he max. benfli ng n
Yijotvnal ues are set 0giehet 2 t han or equal
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