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Abstract

The seismic dynamic responses of rock sl opes
st udBiaesse.d iomt drheecti on between rock sl ope and :
model of a |l ayered rock sl ope has been estab
FLAX®The dynamic response patterns of anchored
werrealayzed to obtain the supporting effect of
activity. The results indicate that under se
the top and the joint surface devedeo,pt BEend o
appearance of shear sl i,pbo¢dhurnd athitchhe rlesué¢t
of temeiares!l ip failure. Permanent sl ope disp
acceleration exceeds the fTtoi matciadn acze!l eeani

and the performance of slope during the sei

supports, which significantly increase the
Moreover, during an eahbhgbakes bhwrcatefloroaesh
more than at any other position, and when the

are proved to exhibitAst me crmanpil mkmpaoibdle mij o ryc e
of seismic sl opeersihdugddyabgsitakeh seismic s
mechani sm of sl ope anchori.ngThaer es tpuadryt iicsul afr |
i mportance to I mprove f utgunr eammd sdeyarrami oo na ntaley

supported by anchor bolts.
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SEI SMIC | andslides are among the worst disas
one detnriintager , oewabkrdshigluya kiensd wcc e stlhoep eK ocboel leaapr st eh

which happened in Japan 1995, the Wendb’uan e

Seismic |landslides have not omlly pcraoupséd di tyh edaavr
have al so i nducednRhSiBni csallr vd wofruisn atnidomssoci a
children after earthquakes-eawhhqgbaleo eide an sgt
Seismic stability oorf esnl hoapnecsi ngnds emetmh @d sr efs i ¢
earthquake excitations are the most |importan
engineering. However, mitigation of the disa

fully prteadilctripdkt.en

During the | ast decades, the problem of sei
using various methods,® i maulmedi gl iadlchd Ipétyisé
model'%flest she practical shopéi scatnbohiumgr igmaly]
si mul atameonrsedvvant ages in accuracy and afford:
i nvestigations and Gp teft & fatubnbmendondaeply sti esfs irsemeal | t
stabomctgyguantsdofarengt h r educas odnedtdatdaimeidgeurei t a
d e mertihte oufsragne meid dilod pragpliicadltopea e©fhgi meer i n
al>carried out a general study on hea¥ilbw jCoid
2 Dimensions (PFC2D) !Qdodstowairbee d Cthhdaew ddaisfdfi e beunt
constitustilvye snonel astianbgi | ity ofet.banakegzedckt
i nfluences of sthemsaf oy dadnedcecosomin sl ope uni
Wangt '®atudied the dynamic response and axi al
explosive stress waves proeuctahabyzedntcdrt rds
response | mpatapdr amet er st ohegrespdnmesi onder
by FiPACogr anet 2Brolnmger i cal | y i nv ersetsipgodntseech et hsd oc

supported with framed athéBbmubgltadd NAiepe ogmr aa
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Donghekdhiengeta’fadfUeer i cal ly i nvefstagatetdo s hef
sl ope under earthquake based onT&KIiCAg diymtaani & c
the | mpmiacircdi,vi ¥Xd é®"lumer i cal Idyt hien vieasntdisg aitdee p
Jiweishan. The stabitheyTbfeeoGkrbesddRdseivop
Landslide (a r.Apcasensaudyeo$!| @padrshiugsidi nnggu tL a
FLACnumerical?>Bvenu.l at noeestigated the dynami
mechani sm of rock sSfPogeéesndanmubacadt-hanbdékebd
behavi odi mgngiwonal discontinuous deformati on

The finite differencemmenhgdussedamamgrikcaln
Softwar®i FLAGOit mersi onal dexpkerencef pnogeam f
mechanics whmpais adlimmady been used extensivel
34

In this papek, sdaopayensd eiPasabt hehsdutdy &h
response patterns of ubpnebhot badakaevenachownwe
Meanwhi l e, the dynamic response pattern of a
Si mul astuilotns raer e expected to provide a theor e

reinforcement design of bedding rock sl ope.

Dynamic Formul ati on

Mo d el Setup

This study analyzes a single faced homogenous rock slope studied by earlier researchers as a
generally resorted model at 104 m altitude and incline angle &f, ZfeFigure 1(a). The
selection oklement size isnainly based othe frequency extent of the incident motion and the
shearwave velocity of rock massels general, ondenth the shoest wavelengtiis designed as

the element size in the wave propagation direétidrhe simulation ofhis thickness 0.in joint



is carried out by low strength elasptastic element, with a dip angle of 40he rock mass
besides the joint is still cord#red as a homogeneous body. basicparameters of rock as

and the joint in simulations are in Table 1.

A 2D diagrammatic sketdior the layout of the anchor bolts is showrFigurel(b). Sixteen
rows of anchor bolts are arranged sequencenamedT01-T16 along the slope. Théasic

parameters of anchor bolgloptedn the simulations are Table 2.

As figure 1(c) showsalongthe slope surface, the displacement monitoring sites numbered
K01-K10 are set at intervals of 4.4 m from summit of theslto the foot. Meanwhile, the
displacement monitoring sites numbered ##0D are set with intervals of 2 m from the outside
to inside of the slope, and the length of each monitoring line is,5farallel to the direction of

natural slope

Boundaryog€endntd Damping

Compared to static analysi s, the reflected
boundaries in dynamic analyses, resulting in lower accuracy simulation r@hétsrtificial
boundary idrought inso as taeducetheimpactof wave reflectionsn dynamic analyse$ree

field boundary’ is applied during simulation proce¢Bigure 2). Boundariesabsorbed and

attenuatedhe wavegransmitting from inside outvith no obviousreflection back tdoundary

By reason of internal friction widely exists in materials, energy loss takes place when relative
sliding occursthe reason for this kind of phenomensmamed dampingin easy yet functional

method for a dynamic analysssso called local dampingnd ts coefficientll is defined as:

g 'D

whereD is thecritical dampingfraction. A local damping of 0.0628 (i.e., the fraction of

critical damping is 2%) iappliedin the model following the suggestion of other research on these



kinds of problems.
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rthquake Loading

ring the Wenchuan earthquake in 2008 in C
celerations were obtained. This is the | arcg
China so far and pdgrovitdhes staldyalblf edyaiasnnicc
rt h%u alkhees hori zont al seismic acceleration w
e Wenchuan earthquake | ocated in Shifang, a
preiskingedédlreak| ue i s ?&6t3 3a 0t9i manh/odf h 8 7r. edclo rsd e d
celerBd i ®morten the computation ti méOard pr
rizontal seismic acceleratti sreitsimme Hioxatdesr. y
However, seismic records contain not only ¢
t also complex noise. The | ow frequency no
i ft, whi ch of t en resul tesl i na somuéation i
i smoSignal soft ware was adopted to execut e
e resul i gdr selhtownani nobe found t haftoetthtehealnpu
r aitd old5 OAS ismet gthep)sei smic | oad is transmit
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Figure4 shows the contour of slope horizontal displacement at the end of the earthquéke o m

Fighra@ , an obvious slip betweasfidwndieslei dempea
horizont al di spl acement of 3.03 m at the int
that the sl ope has been destabilized under s

top and the joint sur f acfea cdee voefl olpa cskh esmldigge ,d ra

def or manteioare sato gtthoep;e k oteh r esul t i nshlear f st mj
failure.

No obvious sign of slip can be fouldghetewe:
5 b) , and t mame hios i @a omaal di spl acement of 0.

and the joint sthkeaoat'sCabpal d¢p ewiz o bveall udki s p

decreases by 94. 5%, indicating that -ahictdiongg
and -daenftoir mati on ability of a slope under seis
The di splacement on record in horizontal d

wi the accel er at idumng thef earthquakes and shownHmwesH. From the
resul tant f iolgpervect thathe pointsnameda KOL Whych is one of the arranged
displacement monitoring site horizontaldirectionincreases slightly in the first 7 s. However,
the value of KOXluddenly increases sharply when thiereé action time is 7 s. Until the end of
the earthquake action time, the final horizontal displacement of KO1 is 2.238 m. This phenomenon
indicates that a tension failure has occurred at the top of slope when the earthquake acts for 7 s,
and a slip failee has appeared from 7 s to 15 s.

As can be seen from Figure 6 (B)staged distribution curve can be obtained which is the
record of the horizontal displacement by time located at the summit of the. nhotte first 6 s
of seismic action time, it can be seen that the value increases slightly which is the recorded
monitoring displacement in horizontal directipmnd the monitoring point value increases by
0.022 m. Howevethe value oKO01 risessubstantidy from 6 s to 9 s of the seismic, with a value

of 0.104 m. From 9 s tend KOI' s wtendstodhe stable, with a final value of 0.118 m. The
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results showthdagt h e anchor ed sl op e issotgeeemmediyethe maxanuns pl ac
acceleration butather the critical acceleration, which means th#hef acceleration caused by
earthquake loadsan’ t sur pass t he.g.cdrsi6ts), thadisplacemerd bnyr at i
fluctuates slightly, but the total displacement does not incréases e d e wma rNKk met ho
0.9cm/€ is supposed to be the critical acceleration, and the beyond acceleration can be obtained
which is called relative acceleration Ris g Gi(rce) a n d hé pgrmansnh displacentent of

slope will appear onlywhen the acceleratioreaches relative acceleratjowhich proves the
correctness of the Newmark method to some exMat.anwhi | e, vheukm® i mum
occurshafaecel eration caused bypdeeatdujagtaiklieietr e
of silnocpreease a,fatsers ea&nmrd.lgaurr &g &

Typi cal variations hy thierdl A jormtaaridn dtihsep b & € e m
sl operepresented iPin@dBhghees@&ehb,eltohvF ingoumiretd gr idrag)
hori zontnaentdsi saprlea cagl motshe i dliernd d tciadAl bohdgn olad U r a
direcoi ohe i nsitdei 0| amodlred n tzdo nrteaolt i a h | moni t
points are reduced to 0 after pdadsqitng hteh mrowk
bel ow the joint islnnaddwtetipgpme t d b & pghloa o0 ezbentt iad
di r ewhtiicoon i sbheobwataedt he sl ide mass and the ro
which means thatbeat wldent itnltd sleipdheg amao®s and t
reason why the displacement curve of PO1 i s

i's close to-stthe 4dli spd atcemseindn

As can be seen in Figure of (d)gogpewi tthhet hma
di spl acement i n horizontabdudesettomnsummr eas
mod€&€he relative displacement béenwéeéenitzihbhaetalli d

i's aboutd3 m, suggesttatnys tdfe tshe@abdnchored sl op:
Stress and Strain Response of the Sl ope

The contour of horizontal stresspardrenBiegcoecoats
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8and resphstweedayn see, time hmaxizmouot adtthrea snsast du
s | ope aachated sldpebotha ke pl ace at the interseation
Fi g8 r ewaliet of 0.356 MPa and 0.346 MBaparately

In Figure9, shear stress mainly occurgdla toe oslope.Theshear streggeak value is 0.46

MPaof the natural slope, whileasin anchored slope, the shear stress peak valli®%sMPa,

which means that the crest of slope is easily damaged by tension stress and the foot of slope is
easily damaged by shear stress under seismic Idadskind of phenomenois in accordance
with theobservation result of Y.

As can DbFi gtorgehnei mont our of sihear epri eTaeent 4
maxi mum shear strain increments of botthhe | ope
sl opleut oddecr ease alTohneg otbhsee rjvoe dntp esaukr fivaad eueme ot
are. 1357 of the natur al sl ope and O0.4575 of
reinforcement of anchor bolts is beneficial f
| oads.

Dynamic Response of Anchor Bol ts

INFi gurhee 1dli,agr ams of axial force distribution
the complete dynami c v il aatr ec arh olwent. b Atcaoir eld
force distribution of abnuwthogmabloll.taAnnidso aghr eeat d ¢
surface, the value of mo nijatnadr it hge a»xil aile fodr de
reaches the maxi mum Ritgutewhw@mnitl, suur iang. di sp
t he s opencshuorrf abcoel tosf ian otblsee.rsvhenddke o mabel tani be
remain stable, and no obvious displacement ca
the anchorage mechanism under sei snownwaoradd s
sliding trend when seismic | oads act, anchor
tension is gradually transmitted to the stabl

anchor bolts give“sthelalri pbay esost aBtcae olaierdiots | ti
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d

eformation of sl ope.

According to the previous analysis, tensil

Therefore, the axial force of anchorn sbaelptecT®

a

a

a

Kk

nd 32 monitoring points were set along the

i me at these monitoring pofFingr e@lutr i magn the fec
Xi alobsoearcveed fromrf reonmdt odn da narhddra edso Into t n acnheac
ignificantly with eart'bgaakealtaedbijoemabmuy fHd
ncreases with eartthimeaakealdugradwtom , atfe siplencis eard |
9 monitoring point, which is the closest mor

|l ip deformation aashbeepoi hguakesulotaidieg ciarc s

ncrease O6f aaxnicahld rm opatlétitt ican al so be obtained
he monitoring points increase in periodicit
nd then fluctuate around certainswalgtelsd unt
efmati on of the anchored sl ope becomes stabl
To study 'samxcihadr fboolcte bwi mat dam i hgatamr esar t |
sl ope crest), 8 (middle of slope) iamtd dbr f( & C
re selected as typical monitoring points. THh
I me i sFishiBwe b stehnmvted t he i ncrease in,the |
he value of momisreddmenngi avwr ahgf armtdalt ofpor(cre 11)
oot (T15) of slope increase from 113.12 kN
s, respectively. After that, from 7 s to t|
@il forces of TO0O1 and T15 tend to be gentl e,
nd 498. 72 kN, respectively. In other words,
nd twice, respectiAvael gnmdnemennesaelosent ocf | nmaandist
xi al f oatc et Heo cmaitdeddicea no fb es lodopt edf iMde®d8 ) 3vDh i4c Kk Ni &

N in the fitrlse @a&-cse .nookhd W@® & rn,gslf ows,e ama rtehme r
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valiwe 8218y Hekd&nd offhes haoxcikdd & xoirechec foda dfds8 appr o
6.3 times under seismic | oads.

As can be seen in Fsgaxikealldfoevetyvypanathioseot
bef ore and afdada&me tohbeA pepaaretghntb ek axi al f orce of
has been significantly increatshgadl eat €est eahth:
of axi al f or caet itnheanmihddiTeb2¢furwli d he t(heO0O5axi m
has beasned ncy eapproxi mately 6.74 times. The a
(TaG4) of the sl ope has a much smaller incre
1.72,tismeso the axishbcabedeabdlt &meThlcd)ild o fctotuhl e
be achieaenwehos$atx a a |l ofcoartceed at mi ddl e i s enhance
at the top odufoog eBhme hgesklotp emesn tci connseids taebnot

the designstooogpwaio$§'tfeand ufrirxeend fsoea-&0nli &) .cod

Concl usi on

The failure of the seismic sl oplehei sdepgroagradas s
caused by sheafrorfcoer,c eamd de vieemntsudlel y | eads to
The failure zone f oramne da bsyf sthiemad & @tr cep, wampad n
meanwhil e the tension failure zone deyaed ops ¢
final ldy rect coninse ctt apebhre swrd msibemr failure z
permanent displacementi 9fdestl ®eprai nendl elby steh & ma 1
Onlryel ative acceleration which iws btlihabgpuatr tt heex
accumul atisompeafmasilempdéJddepl| aeesa@mtt fi cads, r edu
sl ope deformatiamd ctame bas eibsmilt co pme rifso remahnacnec e
after anchoring. Anchoring caAnichosebasétatl hé od

|l ocated at mi ddl e is enhanced beyond that 0



eart hutedare t hguibdld cecat ed at the middle of sl o
i ndicates that the current design method of
di stribution of axial force per row is unrel
mid-s| ope anchor bolts shoul dAsnoav daempsleirciaotuesd
s abilitoybanamhmiys pslrapecul arly sl ope failure un

of anchoring deserves further study.
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TablRarlameters of the rock mass and joint wus

Internal Tensile
Densi it El astic Poisanh Cohesi v
Mat er i angl e G, ((MP R
1 ( Kng) E(GPR € C(k Pa
G(-°)
Rock m 2500 3.0 0.2 500 35 1.00
Joint 1700 0.01 0.3 120 20 0.05
TablRhysnmeccohani cal parameters of the anchor
Separ at Cr ossesc t i Expose
Anchor Dip an. El astic Poi son
di stan area peri me
L (m) a( °) E(GPRr €
s(m) A(mn) p(mm
32 15 2.5 200 0.25 314 189. 6
Grout cohes Grout fric Grout sti Normal ¢€ohe Nor mal st
cg(N/)m Gg( °) kg (N/ 3n Co(N/)m ko (N/ 3m
1.75x10 30 1.0%10 1.7%x10 1.0%10




Figure | egends

Fiugk(a) Numeri cal simul ati on modlell6; r(ep)r elsemna
rows of anchor bolts arranged from top t
monitoringKkpbiane ,diKOAdl acement monitoring
fam the summit of the slope -PbOthrefadiospha
monitoring points set at intervals of 2 m
to the natural sl ope direction.

Figa@Beundary condittei alnd fefr etnltee fmom el for dyn

FigwBr@riginal acceleration time history of [

Wenchuan earthquake

Fi gdAmp!| e &rdt hqu ad& fc ched aeddriantg on ti me hi story

Figefa) Contour of permanent horizontal displ
of permanent horizontal displacement of t|
Fig6¢ta) Horizontal permanent displacement of
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