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Abstract

The ways to analyze dynamic stability problem of rock slope can be classified as
pseudo-static methods and numerical simulation methods. Although the achievements
of Pseudo-static methods are abundant and theoretical systems matured, it still has
many obvious defects. Meanwhile, it became a researching obstacle that aroused
many attentions of the scholars because people using dynamic FEM to analyze
dynamic time history problems are only a few and achievements even lesser,
especially after the disastrous earthquake of WenChuang. It becomes a widely
concerned and also urgently to be solved problem in both geotechnical and geological
field to solve the dynamic response regulation of rock slope in horizontal dynamic
loads.

The researching status concerning dynamic problems of rock slope is summarized,
the factors especially from engineering geology aspects that would affect the stability
of rock slopes under seismic loads are analysed, the procedure to conduct on FEM
analysis and the ways of solving dynamic equation problems are summarized and
analyzed. It is also discussed in this arficle the dynamic response regulation of rock
slope using FEM, much more important is the discussion of the regional dispatching
rules and features of the three magnification factors such as displacement, velocity and
acceleration under horizontal dynamic loads. Some important results and conclusions
are as follows: )

(1) On the basis of previous achievements, the influence factor of slope
stability under seismic loads is classifed as geological background, combination of
the structure of rock slope and rock mass properties, conditions of terrain and
landform and hydrogeology condition. The engineering geological model and
dynamic instability mechanism have also been discussed.

(2) The procedure of conducting FEM and the methods to solve dynamic
equation problems is summarized and analyzed. Dynamic equation and computing
methods, nonlinear dynamic equation and calculation methods, element type
employed in a slope stability analysis under seismic loads and D-P elastoplastic

constitutive relations and yield criterion are also discussed.
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(3) The influence patten of viscoelasticity boundary elements and Rayleigh
damping under dynamic equation of rock slope are discussed. The following research
had been done: DThe influence of boundary setting is discussed. It turns out that
when viscoelastic boundary parameters are properly chosen and a certain distance
from the boundary kept, boundary has little effect on calculation results. @The
influence of Rayleigh damping is discussed, it turns out that Rayleigh damping has a
prominent influence on the results. @The influence of D-P elastoplastic constitutive
relations and yield criterion is discussed. When D-P has been used in material, the
magnification factors are less than linear elastic one. @When elastic modulus of
material is reduced, the magnification factors increased. &The duration time,
frequency and amplitude of loads affects the magnification factors a lot.

(4) The dynamic response of a rock slope in southwestern China under seismic
loads are analyzed, and some useful conclusions derived. Viscoelasticity boundary
elements which are used in simulation of rock slopes of dynamic response.The
magnification factors are less when D-P is used and when the displacements are few,
D-P take a little effection on magnification factors. Proportion modification in
EL-Centro earthquake waves, 0.1g, 0.12g, 0.15g and 0.2g are choosen in bedrock
peak acceleration. When 0.1g and 0.12g are choosen, the whole slope is in elastic
state and magnification factors are closed.When there are small regions in plastic
which are not important when 0.15g is choosen. So parts of parameters are modified
and the whole slope is still in elastic, magnification factors are closed in resuits.
Unloading cracks is in huge displacement and it is instability and some reinforcement

measures are advised.

Key Words: Rock slope, dynamic response, magnification factors, earthquake loads,
dynamic FEM
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BA:
(5@} = (3 +(3) ro 0 (3-8)

24f
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{x(r)} = {x} +{#} r+{x},§+&iﬁ‘l.ié (3-9)

Sr=At, B
{3 = (8, + a0 (i, + 23, G0
(<) =t} (), + 2, + 2 1)

4[C1=[MT'[C], [KI=[MT'[K]
Mt Blr, RIS i +1 BB A B 52N

{M}i,m +[é]{M}i,i+l +[K]{Ax}i,i+l = —{Mg}i+1 (3-12)
Hrp
{M}uﬂ ={i@, +Aan}-{x()} - {A’E}[,m = {a(@t, + A}~ {3(1)} (3-13)
{Ax}i,iﬂ ={x(ti +At)} "{x(’,)} (3-14)
Bk (3-10) .« (3-11) MEXRE
{Ai'}i,l+l =At{-x:}, +_A2—t_{f}u+l (3'15)
Ax} =Atx,+i2£,+lk',, (3-16)
i+l i 2 i 6 i,i+1
B (3-16) E1E:
2
(88, =), - (8}, - T-{as)) 317
RAR (3-14) B
(89, = (o), - (), -2 (3-18)

R (3173, (3-18) RAR (3-16), BHRABES i+1HEAEMRAM
PBEMEN:
{ax}, =[KT'{AF"} (3-19)

i+l

AF ,
(K] =[K], +§[1}+%{C] : [I=diag[11...1] (3-20)
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(aF)  =in{ar) | +([M]£—+3[C],){5c}i +(3[M]+92’—[C],){5e}, (3-21)
3 (3-19) M— kW ER H H AL, R e = h FE S,
SCok (K] DRIBEAERE, (AF)  WARMBEEE, R G20 B{ad,

ERi+1HBAZR N RRERHRER

; ) o

{M}x,i+l =-A7({Ax}u'+1 —At{Ax}i {Ax} ) (3-22)

6 i

3 (3-15), (3-16) HHHH (AL, (A%} JF, TBLHEEi+1 M B

K, WD A ALK . HAGERE . AR IR
{xha =1} +{ad, (3-23)
{x}hl = {x}i + {Ax}i,lﬂ (3'24)

Mi=0 T8, 4i=0,12,..,n, — B —AH B AT E &N B AR
(1, %2 BREKANALE. HIHEE. AXTMEE, RATUEHEFHAE
FEABTRE R R R L

S MEEERE AHRENNEME HENEREIRTHESK
ABIRAD, BRABD, BHERESS, ERTENAEEEM. YAa/TH
Kit (T HERBEAXFH), AERNEFE HARGASR, KEHFELT L
KigE. B2, S, S mEEEMRSEHE D A/T<0389; BES
R At/T <0.551.

(2) Bi/RB (Wilson) -0

BURE (Wilson) -9 RXEEMERENE BNAN—FHE. B
Bt A FEME) 0Ar, FISRYE MK XTI 6Ar 4R, REFIR & NAE
(BURRELO) ¥, BRI T A MG R. 0A BN KITUE S 5 F2 b i 5%

B & (A T
[1‘<]{Ax} ={AF} (3-25)
Ao, [K]=[K]+M142[C]

[AF]=—[M]{A5&}+([M1—f—+3[cn{sc},+(3[M]+§[C]){f}
1

() = {1, -3,

T T

i
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AR R R (%) . RO B (A} R E 1 B {AF)
285

(a5} =L (4}, {Ax}:{J‘c},At+{5c‘}iA2—t:+{A5é}%th; (3-26)
{a = {8} {285
RS RIOEE R
(el =+ (85} (5, = 8, + 189 G2m

{8, =IMT' M5} ~[C){#},, -[K){x},.) (3-28)

KABURB-0 31T 2 B i EARRMRERNNEIHPE, KBHLYE
mEEEAR. BU/RB-0EHFRRES BHEARY, RFMLEEHRIN
1ER, BIXTESIREIE A AR, M KRR T mARsIH RN, AETH
miRE KNG RRG T ETHEAEE, TURABRKORSTPK. BRHTX
AMER, EARKRERRENRN, 5 R0 K 5 R

BURH- 0 EMEHMER LN ERNET: KUEMEEEREERE + A W
REWN, BEXr+MHZHELEHTE, NTTHEH+AHIANRNE
(¢ +An}; TIBU/RB-OEBRERRTE+6Ar WREHR, TR +0A B R 2
BHFE, NTTHE ¢ +0Ar B {5 +6Ar} IME, B UUEARBEITH 1 +0Ar B
ZIMRRRN, §XLZRED. BURB-0EEI=137 HALEFEREEN, B
ROBMEKR, REEZFHK, BURBHEESENOENR 14,

33 FEMHNARRILKE

MM RET S, SRR THNIERESGER. BXEENRETNS,
REWUBERSAE A NBRA S ETRIEAT, BEARMNBE, £H8TRIE
XN, NTIRZHBHRIEHREZN, RTRIE-KEUBMRE. FLHt
FREAETENR:

o(x)=K(x)-R=0 (3-29)

XU ERBEH=ZE/AAR, WEEE. FEMFEEER. B
BEAHE—ENEEEARRE X MR LAK, BREMELRNTRE
SUTUR. FERMELSABNTNERSME A, XTFSHRN 1 8, W
¥ 5F S HR. HEINFIRRTHENZEROE DK A S IELE D) 145
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WS, ARPETLEERTHBHEE. FEHERRENTEHNBRIN
SRTMHATHVE, BREKHIHERXANTE. 8 E (Loadstep). TiF
(supstep). FH#EM (Equilibrium iterations) SEE] (7) XAWME 3-1.

FMTREARX (3-29) BRKBEHE, ERXRAKRETEHITRKE, KB
AEH=R ENE, HERAHESRBEE.

BEREESRERIEPEMESHETR, EZFPERNBANE, F2H
RIFEHMNA-NEXFR. FANERES: BEERE, F0-Rhhxk
(Newton-Rapson #), 1&1F H4- -3 #i8hi

BEERBHBENI A —RIGE, BREN—EEHE. &1 F&
HaED, REREEMEREEEENFRNGEREGESD, MEEETUAR, #5
N A-NERXRREMNN. &ANEEZSR. ME%, MEINKE.

Load 4 Loadstep2

0 o.ls 1 1.|s 1.|75 20 > Time

B 3-1 ##P. 5. TEERERREMXER

BAGRANEATHEZNENRE, WBHENSATEREE, TS
MBI EPHITERTE. RS BETEEE, EHETRETHT
WRIEKAWL, NERGEMEHRNPENT. B —HMEFBMEAT,
XNHTIERE, FE—HMETHHERETEHERDMITEEHZA. %%
RN BEERE BN L EIRPBET ZNA,

WXHRRAREERR, BAKARUT A —RIINFES (E3-2),
EBNME TP RAF@-EHE (Newton-Rapson i5) EAKME. BAEK
fRRERWMAE 3-2 Fin. EREP P RAE-HE REEAKBWE 3-3 Fir.
HhRBRER —HEER Y, KiMke®) 1% (ENIBEEMMTILER),
HS5 xR ART—&ER Y, ERAKHN:

& — k) Z((J;U‘))) £ (d¢’(x))-1¢( (k)) o) (dK((:;)rl ((k)) (3-30)
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OB T RFB 2R

R ‘[E _______ | AP_ L
/p/rhk(x)x | P=k(x)x
N | Ny
- ! I I
: : | |
S | l | :
: | I | [
| i | | |
| | l | f
1 | | l
| | | ! i
| L ox | | y
x.x X x'l el X, xx -
32 BEERBRE A 3-3 4 gRFaE R

3.4 MR A SRR ARIETT

RGO R N A RAFERETE (1) STl
EZENHD, ERNARES T, BEEAKESREXRERN LA
RAANPXERB R . RANY RESNRRTRENE (1) &,
OFHNFAESTREEREN
T b A B R S B8, AT T AL 4R B R B

u=iN,.u,.: v=iN,.v,. (3-31)
KXHFu, v, (i=1,2,3,4)0TWRAMB;: N (i=1,23,4)hRE, ERERN:
N =(1-5)1-m)/4
N, =(1+5)1-m)/4
N, =(1+&)1+n)/4 (3-32)

N, =(1-5)1+m)/4

i s

7=l
4 3
fm-l $=1
0 p -
1 r}-—-lz O

B34 FEHNUYSESET
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KB TRFM PR

AT R bR R JURT TR SR Y 8 ST 4k Al B8 A AR AR v LT FEAR 8 i B
JB, TWEHITLFTE, IHLFREXASHERBARPNERER.

x=z4:N,x,: y=iN,.y,. (3-33)
i=] =1

Kb x, y B RR A TTAE— SRR RN 5,00 (1=1,2,3,4)
o SCI 56 75 DU £ IR S AR TP 1 AR

@I 5 %% ¥ 50 1 LA S BB

BTRBEY, AKGETASSONERY B ER:

Q -1 3 4
e ox & 0 & 0 ox 0 at 0 ”z (3_34)
* v oN, ON. N, oN, v
= = —_— = 0 =1 0 2 0 3 0 274 4 2 \=[B 5
te H Y » T ' o O | |u[O

AP [BIAJLAMERE, B (3-33) FME/LAEREPER TR G
Mixx,y W, MHERERBRBLIRE nRRl, BESTBEEENx,y#1T
WA B, FEIR RS [T F R 5T B RS KR

@FENUY S%ES BTN S 5EFES)

A (3-39) G THBWUREME(D),, HTAARHMERES):
[S1=[D],[B] (3-35)

@FmE YT %S B U B oK B AR R
JURISERE B EfG, B R Th IR 3 v] 15 21 o) @ A o RIE A R — R RIE R
A
(K], =¢[[(BY (D[ Bldxdy (3-36)
B F LA SERE[BI R BB AR AR, B3 dudy B BN R ARRTR.

3.5 WEBMAMXRSEREN

#F Drucker-Prager JE RN MBHAMBERN WA TELHEMES S
b . 1983 4E Toki AEh 3 Drucker-Prager B YRHE AR A JE AR HE K % 1B &
T AFRMFELYE, ST E RGBS RN,
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AR REAYR, HFERBAEENHRBYERSNE, HEXAET
BIAHER B IRH AR, TET Drucker-Prager J& AR/ I ) 580 58 1t A by 4
HENATEEI NS, FREEFMBR, EERXPHRALEH
BRRDRERLIE 1.

Drucker-Prager J& IR # | & % Mohr-coulomb #E U EIEAL, FHRHT X H# von
Mises JERR &M, HRER N (RHUBLAIE):

f=\J, +al,-K=0 (3-37)

Rp: [—NHKER—FZE, B =0,+0,+0,=0,+0,+0,=30,.
Jz—ﬂj?fﬁi‘%:;ﬁ’ﬁia Jz =’;‘[(0-| _0,2)2_'_(0.2 _0.3)2 +(O'3 _0-])2]"

a—RBEY, a=—20 _ pepo pEANEERA,
3(3-sing)

K—Rpas, K=—202 | staichaihai%s.
\/3(3—sm¢)

EENSZ B H, Drucker-Prager JERMENZ— N E#EE, WHE 3-6 Fix.

B D-P MEHEREMT N, BREAERE, AL, FE=AS%4F, BZE
ELBERESD, NEEALANSH.

Drucker-Prage JEIREM P EIANT N AKEE —FZE I, Kb iXEARAEN %
T #KEHE%. (BT Drucker-Prage BB FEAR BB RS, JEARTE H AN
BEAEL T B B R 0, R EEAAERN, HBWAT AEEE hEE R
.

B RMAXB SN, BBEMARNSERTMAEES, RESHNEY
IR, BT ABAAMBEYE, THLEN, BIEILER A 5o, HABH
R

T

0]

&
B 3-5 B AR i 2% B 3-6 MY A4 A & iR

0.
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Eh: o-NFf, g-MA,
LPHRFE[D], " h:

oD 8
[DLE DL .
[Dl, =~ 3-38
G(DT 6g
Nt T ) [E =S
{aa}[ ]e{aa}
T3 SRR AR RE R -
[D]ep =[D]¢ +[D]p (3'39)
TEFENAZ T, F Drucker-Prager #YEI# B [D], :
- 2 oo oo
PRI I A
1-2u 1-2u s S S
——— ——-2 ——
(D], = E_u 14 {55 5 55 (3-40)
I+u)1-24 1-24 S S S
_— = =2
0o o0 |55 5SS
L 2lls s s
Hep.
5=50,+85,0,+8;7,, +a3J,(5+5,) (3-41)
- E 1_” ' ﬂ 0 2
S, = + + J. (3-42)
a2, 12 1—2;1“‘/_;)
-~ E /1 ' 1’# 0 2
S, = + + J (3-43)
A T T 1-2;4”‘/_2)
— E
S3=ET‘V (3-44)

i3 (3-40) 41: X F Drucker-Prager M H L H PGP FERUEERE .
HAtbu . BELEHES. AERAESH.
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E4E5E BEERSMRERT AN S

ANSYS BHARERITANRERMSE, WS ENATEIL. BiE. HUE
. BN, REXE. EFEL. 87, 2ATE. BT, #5. KHE—K
T RREF AR ANSYS BRI R AMAE RTERER, XRAF
SRKHIATALE. KEAELEIRE, BSELATRE ZEA. XigX
¥ KA ANSYS BRTTEFEAFERME BHMEES APDL ZIRITRELT
HHREI AT o

41 ZHMBEAT DR RSB BRET

BUYANTHRMFEEREEH, KEATUSILRATORMEBALAR
BAE, 5LRATHURML, BWATURTENSBE D, THHEEEE &
EREMLAYE, EEFEIRTEBTIEZMNA. BRATURS, FHhi
FABHIOREREERE, ELEIRP—RBTMRBELUA T, Tkt
URBRARF-WHEE, ERSHER, HZTEFLN, NAMEZ, BEETIA
— SRR ERER TR AR . B2, HELRREER S ETREE
MERME R KSR, FNMNBEERSHARKIE, TREITER
EREXR,

M ATURARRBBATLRFH—F, ERRTHEELR5]ERR
BHRE, SEBENATIRIELRAS RRBREREER, B REFHE
WAEgRREt, MHAAE. RARE5ERERTRGESEE, £ ANSYS
ZHRH4EELVSTH, FHALSLRBFEIERIE, YRS TEBENEX,
BARIFMIREXE.

HEHANTARATUERAELES M FHFEAR-HERERSL, B 4-1 FIE
42 ATHEHBEA TR RER, AR LR SYm AR ERIERER &
¥HEBAR 4-1) f (4-2) BE.

THMBUAT RGN B RN ERR K, AR REC, 27 A:

Pimia ik,

Kpr =ar%’csr=pc: (4-1D

ERAR,
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R TRFF AR

KBN=aN%,CBN=pcp (4-2)

Ke
AWV

Cs

B 41 ATHEBEED 55T

Ker

Car
Ksn CBN

Ba2 ATHRESHHE-HERRS
Ky~ Ky A9 ABERRSUIRNIE; RABBEZEATLRSMERS: c
Me, 55K S BH PEBE: GHNFNBIIEER: p WNFREER: o 5
a, FHAYRSEAEEEEAT AR SH. BETERY, HREATLR
EERGFHEEYE, \TiHFS¥a e, £—ERBENREYTUAL R
MitHER, HEFAR 1 FHEE.
R4l BRUEATIRSE o, 5o, MBETEE T

¥ BV AH {5 R
a 0.35~0.65 0.5
415 L
R a, 0.8~1.2 1
a 0.5~1.0 2/3
=4 m s
=HHe @, 1.0~2.0 43
WIES 5 P B ER W T AR:
pel =G
2___E_(1;Vl__ (4-3)
P = Lrvyi-2v)
N IFHIBI VIR &
G=—L (4-4)
2(1+v)

K v AN T REEIALL, EANRBEHESE
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KB TARFREFAIR

T (4-3) 1 (4-4) AN (4-1) F (4-2) 7]15.

E pPE
——Cy =
2(1+v)R 2(1+v)

E PE(—7)
K. = —_—, = [———— (4-6)
W= TR Y Qi) 6

42 shhAEPHER

Ky =a; (4-55

BH B RIRE RSN FRMBAE RSB EFMNIER. RaHENEREER
F. —WHERSHAKERENEEZRHEXH, FRARERRE, KEEHE
FRIEEEERRIEL, S5 EETRHER. HEEBRERN:

C, j NNV 41

FHHIUER RECNE S, E%ﬁﬁﬁﬂ.ﬂim@ﬂﬁ%ﬁ%?imﬁ%
M. B—FEESNERERBIEL, FrSN AR AR, &7 RNER
51 2 i 45 M BELJE T fRj 4L A A 1L

C, = | B’ p,NBaV (4-8)

HRTHEERBOEH, WA TE e M FH T $ o RIBE 5 R .
HIBIERAN LARPFPLE, MBS
C*=C,+C,= j ;t,NTNdV+jBTp2NBdV (4-9)

Big bz EXBTBTHERRE, REERBGEEER. EFL LA
TEB RS p 0, RRAEFEN, H—BEATRBTHE. AXKAHE
(Rayleigh) P JE 4T BB FERE 55 . B i BEJE R 45K R A BELJE 4B M MR 0 O R

B M ARIEERE K BLEAE:
C=aM+ K (4-10)

Ao, pAGHEHERY, TR TAHE:
= 200,0,-5 o)

4-11)
o} -}

2(¢,0,-£0)

2 2
W, —,

RF oMo, FHAGHE NS j RENEEHE, &ML HRNEHEE

B= (4-12)
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RNETRKFRHFAIEX

tb, ArEti=1, j=23k3, —RFLBILAESKMBE, FXEEUHES ST
B, ESEMETABBEEST, REHUHMEFERE, REAEHSBRIEL
%, LA AEEWMEBIE 0~0.20 TEEATL.

4.3 NF DR = S R K R

ATETFRE, FINEERUBBORRE . 8 BEHOC R $CL R K
RE, HARAGTS e & nRFR. MBBRKRL. FHERKRECRMEE
MKFEE, 7RI X AR SN A s B I B 535
HEIOI RS . BN A ER HE . BERBREE— K ENZ) R
BL%8 Dy, M C REVEN I R B E D D, Wiz s MBI RS - 3
A LR A
DE
D

EEBARBAMEELRR AT LLE L, XECBRRRE. EER
KRBURIMEERAREO T GREETURRCE ., EE. EEH S
AR

= (4-13)

4.4 BEIRE ST S E A

4.4.1 RBIME LR SEARE

A L E RGBTSR B, KBMAEEA, ATEILEN
WP AR, BRRINYAERERTRS, WNEEBEE 595m,
1355m. WHE 4-3 FirR.

A 4-3 SILL FRERIERR
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FRAEMENSHEEGNBENREE, Bk, FEp, HEHEEN
BHBE ¢ , MBHATURTIATILFZHa, Ma, , URMBAPOLELTF
EEFFHEBR, RIMEN AB, WHE 43, ERSHIETNE:

E=5x10*MPa, v=02, p=2500kg/m’, a,=1, a,=0.5, £=0 (4-14)

BT, BRA2336 m, & (4-14) THERE R a. SURIHY
MRBEK, s Cupn Ky s CopfR:
a=0, f=0, K,, =1.9x10*; C, =3.1x10°, K, =3.8x10*, C,,=5.0x10° (4-15)

8 ?Hﬂ%
/Ty |

T

4
44

A
B 4-4 RIELECHINE A REDF EEFHEE

442 HWREAHBBA

B RES AR BN ABERE, IERARBENELAERTA
Tih 5 ERIERAT BT ER L IRB BN
NS ] R BE R -
a=A-gcos(2?”t) (4-16)

Re: ANBAMEEFRNOEE: ¢ VENMERE, BNy 98mis’; T
WARTRIRN: HRROE, HERY S B,
SR B0 T URF AR AR RS RLBRRAINLA () M
BaMHR, KBTS RR AR )20 AR A
3, ==2(pC, v,
{a, ==2(pC,),

RP: 0, WENT: o, ABNT: p HERE: C, WM REI P EKEE: C,
ANRESEERE: o, WEEHTRERRERE; o, AKFTRRRAERE. X

(4-17)
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FmEENEBEYEEIRSEMAERERE, BRAER (417 . 4-18) #ib
BRI B TN
SR (4-16) BITR>ENHREE A F), WAL HEERE:

v, = 4-8L sin* ) (4-18)
2 T
¥ LERRN @17 TTBNAREN:
0. =-4-(oC,)-EL .sin(2Z 1) (4-19)
v 4 T

B 4-3), -4 AR 419 B, LEIETENHREBNT:

o, =-4-EL. | EP_ 20 (4-20)
z 2w T
BERNAHNERE, BESESHREENTEIER TS LR HE.
AT R EBEAN LB 4 3 1w S A R AR A, R AN ERAL R E
T—ERW s, fRRBAMEREPAE. EE. EE 3 AEARE, £F
TR SIRMNETINEE B K RE EEB KRB URMBRARSTIHEE,
W FRN 234NN A, FANSANEK 4-2 FiR:

K42 M s &

BNAS AE (m) &F [AbU)=gs) o #E
1 0.000 BRI 13 350 Faik
2 31.875 14 370 e
3 63.750 15 390 &4k
4 85.000 16 410 F& kb
5 118.75 17 426.57
6 152.5 18 449,54
7 163.75 19 472.51
8 210 P&k 20 503.13
9 240 F& 4k 21 533.75
10 270 &4 22 564.38
11 300 T &4 23 595 B TR
12 330 Tk

4.5 YA RN EXNITE S ROFMW

UG R—ANELRETIE, MERTERELEERR . E3H IR
BERAT, URANFERFHEEANTERRETIRERLTRE. BT H
MERIRE, FEEUR LREANTAR.

¥ F ANSYS F ] Combinel4 HERALRBRMEHIEL T, AT B FE
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RXBTRFHAPAR

BRRDAFAELEROEWE, 2HEER 1 5% 1355m. & 1100m LT,
TR, BUER 2 HF 4065m. ¥ 2200m CHAXHER 1 Fh 3, whH2ME, B
4-23), BUER! 3 K 6775m. ¥ 3300m CHEXTHER! 1 54 5%, WA 3 %),
BUEERS 4 5% 13550m. ¥ 4400m CHHXTHEERY 1 5820 1065, HEHA 46, UL
R AR R RARREL R

RIS o4 T80T B SR v B R, R 3 FEER 4 g
BE, AEEMESHURER KD, LR RICHEHEED RN 5 hE
AFFHERER 5 MR 6. AW A XAMBSHMARNERFRERRE
BHJE .

EEARABMAR (4200, HSHEXRK (4-14) KEUE, 1&E 4502,
AT 0.2,

G MER MM S E X B, BE. mEEgEDE 4-3.

ANSYS TER 7 805 IR AR o - B F Lot AT S5 A HE I o o B 22 - B
HERERMTARTANNTEYE, RESHENTHNE, USRS ERK
. ANSYS HIGLB SR EE T 77 iy e Sy, LA b Bt 4R it T WS 2 vy
#axtE, o AL Bl AW IR S AR X BB . AR IR TR A MR,
WA VFE KA ANSYS BKA 17 0.005.

£ 4-3 JERG M SN, FEE MEEZEE

BT {18 (mm) EE(ems) | IREEE(m/s?)
B (EA SRS EELR) 0.7 1.8 0.54
MR 2 (A SRR ELT) 43 7.4 2.25
B3 (EASRESRHEDR) 45 8.5 2.18
MM 4 (4 SRR EaT) 52 1.7 2.28
KA S (EALAXHOBENR) 38 6.6 2.03
B 6 (ZELXKMOBEWmUuR) 49 75 2.19

Ve MR 2 BHIRY 5 A AN R (A4 2.0 m/s’ A
R 4-4 BAERRET 6 BYAE (JAL H2)

1% | 2R | 3BHE | 4BMEE | SEREIE | e Ml
il 0.462 0.521 0.741 1.469 1.505 1.531
iRl 2 0.225 0.233 0.317 0529 0.638 0.679
X3 0.144 0.149 0.199 0.311 0.387 0.427
KR4 0.088 0.096 0.122 0.168 0.220 0.246
;i 0.132 0.173 0.343 0.342 0.527 0.569
Kt 6 0.088 0.102 0.179 0.194 0.285 0.369

M 4-5 3|E 4-10 2 FIHEGRHI R 4-3 B D A CPXRABESCE) #Hin
HEREE. B 4-5 38 4-10 2 H) 0 AR 1 B 6. MNEFTTLLER, &
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B T RFR 24083

B PR 6 R D sEENERLERE—H, HHLSAZEIREGR
BB, HPBEARENEE (s), DLEDFANHE (m). BE (m/s). W
HEE (m/s?).

“ - -
1.2 N .4 4. 34 3.3 -
s 111 , 24
L bl L4
: 1 1L .
nio e
B -2
-+ -1 ¢
7.4
5

2.3
e

B 4-5 R RDOAMEENER E4-6 B 2 3R PO SmE N E

« X
2.2 o .
14 0.2
14 2.4} e .
HAREHN I
. - 18] |
woo o, s,
- of
A4 - .
a4 . 1.9 .
i y
3.2 et
'

£ 13 2.5
2.6 " X}
roe e

B 4-7 BRI BRPLRMERENZE B4-8 B ABRPO A MEZNER

i

2.4 - 2.

1.4 2.4

“ 1y

we o ———1 o .
.8 ¢

“1.81 =

3.4 1.0

2
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H (") B4 EBREEK, UPRENhE, FIRLEIRBNER
BEE>3%, HRRALKRE AAGEKERS (') TEND. MHLEH,
PAARRTE 59 MR ESAKEEARE, BEBRMA. MREH, FIALRESN
%, RALHES: WAEERREEWERHA, RAUNER. o, EEMF
ERAHERE, KARKTYRTEEESR LN, E=td, RGUXML
WENRRA BA, WME—SRETAEERNRE.

W DG BRI R, BEASTAR, HEHCEEdRR AL
DR ERALHE . BRANTE . BRUE . M —FEER &, HP5sRbH# a3
—SRIA AT LR, FHUTR. WEHTER, AXEEXALEKFE. E
EAWHHE, AR SHEREREMEHRSBONE, B2MhK. &4
EHEgmAe—ERENAY—HEA. ©O1200m BEUE, 2RMAHK
IR FE— M 20m~40m; 38 RAL KB E— & 40m~60m; 55 K4k b BEK I
BE>90m, KRBT HXRUTEEEKREE. @1200m~1080m FE, £TER
Ak, BRAKTFEIEE —& 10m~20m, BRiFIL 43.6m; 55 K46 EBRKFEE
—f% 40m~80m, B 104.2m; F5MAL T BAKFEE—M 60m~90m, &K
i% 135m.

Mat K ABEY), BHBER, MR E, BYCE &R IE 2 ) EH R
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RINETRFBMLEARY

gHEZ. EHEPRESE, SAEEEREERCHESWmET. R\
XEHRFEE, ToHE. HEAF. ERAsEREREESE L, 877
FER S AMEESRENMRRTE B NES, UK. SURUESEW
A—ERERNAY—H5E . ©1200m FELL L, BEIGAFEEE—HK 40m~
100m; $5EHF K FEFEE KT 150m. @1200m~1080m FHFE/E, BEHAFEE
—#f% 8m~40m, HIKIX 70m; FTFEFHAKFFEE R 50m~90m.

5.3.5 IR B &4

WL X 3 F K R BV S A1 20 BB R BK A S U RAA O EFLER
BK-HRE, BERBUKIGHEBAGTH Do AEERBEK, EER
BRA& K.

X EEARRIE NS, BAEFERTRHEBRETER. BFURR
HERFENEW. NUFHRELEKRRERRYE, #EHE AL, SEEK
BTGP VRIE KTk 55 A% ZA T LT 70m~ 110m B REF A B KR
1% 10~100Lu, HHEBEK; BEKE q=3~10Lu KI5BRTEEKEHETEEF
A 70m~110m BAF; #BKZE q=1~3Lu MFHREEKEREFTEFRA 130m~
190m LAF.

5.3.6 E{RHER N4

DG K F)IE b mAE#HILR, AmitmS5ikin, txnELd
HIERTICE S RAL. KAbHIE BB AL R 37 & Hu P8 58 — i 3 B T RE VR M 4k
TEE, MXAETFHBETRTR . KR W RN € ST R BT ) 3] A 35 L MR )
W% . MX AR FY2Q TN A, HHHWEEF) B AFRI A LR
BUE\Ia A N E, KEMENNGERTAERAN NWW~SEE [A#HfE. 2
FIRARREY, DG NXNAHRWEN A EENHE MBS, T8
&R A RS X K5 R B2 RN 135 K E B AR .
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KB T RF LR

5.4 {RBIRGET

LA R0 5 B IR A B A, ST T Y, SR 595 K, T 4065m.
% 2200m, EEERPHV,. V,. IV. L UEEM, W s-1fR, BRX
NEEFE 4 EARAER 2, PR RAKBELR.

B 5-2 14 Hh R A B
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RNETRFREPAR

B 5-3 ANSYS 21 H
ARG HERXAFEARICES, RECFRNRIHE R, HEEER AR
BT EEREARREER, URHSENELR. HEREEE AN
FEWHEER. W 5 E AR UK TR AL b 5 35 %53 T #E L,
FTEAEFSEIKAS . f43. 62+ B85 B4, yLS. yL6. B5, BIFiHEE XL915.
XL316-1.

5.5 MRS HER

WERRR . . R SR EERYR R REXTR VS R4,
HEP MM RANSHENER S-3, KPEEIHHE T A RRIRE LR
., VEEEK e, o EFERRE, SHIRHERE, HERBEEEEAMHAR

(5-1) BHBEH:

E =C p+v)(1-2v)
=0

i (5-1)

R C, WA p HER: v B,
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HE TRFW AR

® 53 AHYBNESHBER

ik BTN 6.3 s | p N | A
MEE BE | HEE
% Ky | (kg/m® 4
¢ (MPa) f (GPa) (kg/m) C, (GPa)
a2k V, 0.4 0.6(¢=30.96") 0.2 0.36 2200 2200 7.06

E#HEY, 0.5 0.7(@=34.99") 0.3 0.355 2430 2543 9.77

B2V 0.7 0.8(@=38.66") 2 0.35 2580 3032 14.78

S m 1.5 1.2(¢=50.197) 8 0.3 2620 4609 34.72

E=E o || 2 1.3(¢=52.43") 20 0.25 2650 5600 69.25

X 5-4 GHEPBENFSHEBUER
o

LB R A W | B p | BIHBKEE,
HRH kv | (kgm®) (GPa)
¢ (MPa) f

PATE L F 0.35 0.75(9=36.6") | 0.8 2620 31.25
patE s 0.35 0.75(9=36.6") | 0.26 2650 62.33
yLSEV,H 0.25 0.6(¢=309") | 038 2480 8.59
yLSEIVH 0.25 0.6(¢=309°) | 0.36 2580 13.30
yLS# 11 0.25 0.6(¢=309") | 0.8 2620 31.25
yLSZENH 0.25 0.6(9=309") | 0.26 2650 62.33
yL6 ¢V, 0.3 0.7(¢=355") | 0.39 2480 8.59
yL6#E IV 0.3 0.7(¢=355") | 0.36 2580 13.30
yL6# 11 0.3 0.7(9=355") | 0.8 2620 31.25
yL6ZE I F 0.3 0.7(¢=355") | 0.26 2650 62.33
BSEV, F 0.35 0.75(9=36.6") | 0.39 2200 3.37
BSEV,F 0.35 0.75(¢=36.6") | 0.38 2480 8.59
BSEIVH 0.35 0.75(9=36.6") | 0.36 2580 13.30
pSEMF 0.35 0.75(9=36.6") | 0.28 2620 31.25
PSENH 0.35 0.75(9=36.6") | 0.26 2650 62.33
*XL915 0.35 0.75(9=36.6") | 0.36 2620 13.30
*XL316-1 &V, 'F 0.35 0.75(¢=36.6") | 0.38 2200 6.35
*XL316-1 £ IV 0.35 0.75(9=36.6") | 0.38 2480 8.59

E: CHIFRRMPIBTRE AR A X N T IEER S0%E KN E.
AT EATHE, BRETHEX A MEEGRERS o WEEM o LRIER
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20%MIARERE T, B EERRE 20%. BRED 20%. HASHER

%, HRERAXN IV REU LA AEMEER. X yLs5. yLe BRI EBE

HiE X A, XL915 M XL316-1 £ EAEHMBEX A, X LEHA K525 ISR E 20%.
x55 MEAXERNESHEER

B & 16 c (MPa) | ¢ (°) | Wty ARIEREE,
(GPa)

V, Bimm#2 0.48 37.15 0.29 8.47

V, 4 0.6 41.99 0.28 11.72
IV #hn Al 43 0.84 46.39 0.28 17.74

y L5 £V, T AR5 0.3 37.08 0.30 103

y LS IV P InEr#$5 0.3 37.08 0.29 15.96
yL6 4 V, P K &84 0.36 42.60 0.31 10.3
yL6 % IV f ImiE i #5 0.36 42.60 0.29 15.96
XLO15 % infd 7 &8 5 0.42 43.92 0.29 15.96
XL316-1 7 V, P8 S #4 0.42 43.92 0.30 7.62
XL316-1 & IV A 85 0.42 43.92 0.30 1031

5.6 WREHMEMSHA

A K+ E L EL-Centro 3%, B} /a][a]B& % 0.02 ¥, B Kikg HILAE 2.44 B,
(4 2.9099m/s?; BANBHA I 2.04 #b, #E{H 4-3.1882m/s?, HHITF:
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RRETRFRLZEM

EL Centrol

TNE B im/s2

.4 1 L
0 5 10 15

& B)/s
& 5-4 EL-Centro 3 &

EEFAERN, NEMEEBHEI=ZER, FREFAMLIAL. #HE
FERE (RIB) GFEMEEEE. EEEERCBER, N—REHEANE
BERAMERNFRZOMEREHE. ERES TP MESED NEESE X
 GEBED) BIRMERTRHE. Wik B H R 2 R hnig FF e 15 R 1% 0E 4 i EL B i
RKERGE /), A5 e A 1ok P58 4R 25 T ¥ B 70 B A L 1 2 388 3 7R 5 2 DAL 34 7 F (9 2
g Ji: 8

WEARWT:

a’(t):ﬂ*ﬂ*-a(r) (5-2)
anm
KP: d(), a,  HBBEHMEMERE S REME, REE W INEEEE,
BIEMBER ALV EE: a(t) ) G, AFE TP 0T I dE B dh 4 R .
F 5-6 Hb7E BN R EAE ()

WHER 7K 8 & 9 Rf
ZiBEHE 0.035 0.070 0.140
WELZUE 0.107 0.215 0.429
FilhE 0.220 0.400 0.620

EL Centro i 8 KB INE £ 4 0.3188g, IRHE AR (5-2), AT LA EL Centro
FHREFEMANTE. BALEFRGFFRNNREGE B NEE LRI

66



R T RF W 2R

Yt EHLE, BEWTE S M EL SEAET 15 BIE D R EF H RN .
FEABERN AN SR T BB AL, BEW¥. BERBI%S,
SeRsm k30 MR S B ARSI TF X 5-4 .
F5-7 BRI ERE—RR

wlEg Hi/m B FifE/m B RS & F2/m
1G5H) 0 11 286.70 21 400.29
2 42.50 12 300.00 22 410.00

3 85.00 13 316.70 23 417.09

4 124.69 14 330.00 24 426.57

5 184.22 15 341.14 25 446.18

6 210.00 16 350.00 26 462.53

7 226.97 17 361.22 27 496.91

8 240.00 18 370.00 28 527.88

9 256.70 19 380.03 29 553.70
10 270.00 20 390.00 30 595.00

57 BEEBNERSH

IITHGEER 0.1g # EL #%, RAMBEELR, AEEHEE, HEME
HIEHMEAXR, ATUBEE 5-5 BB 5-7. PR NEE (s), AR
AHAME (m). EE (m/s). MEE (m/s’).
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(a) frBBHEM

(b) EEHEH
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08
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(c) MEEREE

5-5 WM B, HRE. MEENER

(a) BEHREHE (b) HEHEHE

.
e

]

(c) Mk 12

Bl 5-6 IR, EE. tndErEE
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RIETRERHFMRX

(1 [ 25 3

»)‘@ngﬂfcﬂz;
B 5.7 Gt HAE. BB RSE
WS 0.1g M EL B, %18 D-P RMXRSEMRAEN, RA M

HiaR, AEEMEE, "TLEEIE 5-8 A 5-10.

(a) BB AR (b) EEHER

(c) iR
B 5-8 WA, HE. MEENER
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(a) PHHEE (b) HEEMER
() InEERTEE
B 5-9 WA A, AR
g o £ w
. *

1 I; 1. 25 3 1 41‘5 2 2‘5 3
AEMRBUARE AFMRRDAED

(a) BB FHE (b) EEHMKRHE

) —

I SUE
() MEEBKREE
B 5-10 prk. EE, MEEBRKAK
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KR TARFEF X

BiLA 5-5 FIE 5-7 ATLAEH: FLBEERET, HHSNABEELS
1.5mm, #EEIEE 2.6cm/s, BEMEFELSN 098nys’, MEEEHBNAE P
A, SRR A B W (A L IR B ) A N AR e B R R (R AH
VIEH. MBRRRKEKRBKRAN 3.6, EEMNRRKBKRERLAHN 3.3, E
BHBRRBARELA A 2.7. B, EE. MEEBKRBESE A 280m LT
RAELRK, BAEEKAT 280m B AEMEM., FHE. MEEHBEXBARK
HILFE B 500m A4, B KH)E RIS EEE S 508 8em/s. 2.69m/s” . T
BB RKBEKREBEIERT, HABLAKN 5.4mm.

HEITE 5-8 FIE 5-10 ATLAEH: EEHBENY D-P A LG TABRE, &
BHBEAMEENESLBEEFH THERABECHELUE, EBRKRFBMEE
B, X584 ERER—BH.

ERITHEEEER 0.12g B EL ¥%, RAMBHAR, AEEHEE, £E
D-P &)X R 5HEREN, 7TLAEEIE 5-9 2IE 5-11,

wwen b e

2.9 X B 1. . 7.3 s
™e ™8

(a) frBBi 2l (b) EENER

7.8
o8

(¢) HniE fEmt 2 A
B 59 WHaME. EE. MEENER
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DU TR B 224118 3T

(a) PR HEA (b) R 2

(¢) &R 72

Bl 5-10 I AGL . . InEENEE

600 —————

SO

%6 1 15 __ 1 25 3 35 4 L T N BN
AEAEBRARN AFRBRBARR

(a) BBBRRHHE (b) HEEHCK R M
!

1 15 i 3
AFAmIERAAY

(c) MIEEBKREE
B 511 frds. E. mMEERKAEK
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KB LRFT LRI

ME 59 B 5-11 ATAEH: 7E 0.12g FEEMEEAT, BHANE.
. IR F08 1.8mm. 3.1c/ss 1.15m/s?, ARES01gERTH
RARIL, REREERLFIRERK, SMRAKREES 0.1 FR THILE—#,
WA AR E MBI NEM, &ROA®. EE. N ERE LI
B, BANGEBEAMNERNIES), REHIBHE.

MBI ERESR 0.15g )5, EyL5. yL6 LK B5 T HHBRR m 4t
EHRUNENINER, SBOHELEKS. XTEER B TRARMRIG RN ES
M T B, EXEXEFEIRITIEELEBOHTT, LA
NP H RGBS R MEE S, BTN R S-4 P HSK, BEyL5. yL6
PAK BSHIRER T] 0 HMMSEREFAZ, UFEEHRBRASHAEYLS yL6
BAK B5 T #BX . 3 EFritEie(E 0.15g 9 EL 3%, TT78 3 & 5-12 F|& 5-14,
R, BRI H. BE. mEERREURRAKREE.

------

»
.5 Yy B . s 28
o o

(a) MBI R (b) B R TR

H

ERE
Ce) 35 By ek L et 722 P
5-12 WAL HAE. MERNEE
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(c) MERBKZRHE
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RNE TRFHEFMIEX

MPE 5-12 Bl 5-14 AT ULE H: 0.15g B THM S, EE. mEFE
54> 3% 2.3mm. 3.8cm/s. 1.43m/s?, BHEERS 0.1g BT HBAREL, 28
BTRYERSEE, HEBURN. BMIBERLTHRIERET, #EH
BARRELE 0.1g B THRILEREEL.

AT AR EE 028, 7 XL316-1 M EHXBBIENE, FBAMY,
REFHEANREF ARG, BERFIERS, o HBaRE aeRE.
TEADA SMABEEREREH, XL316-1 Lisa (RIS D, BERN
415m, PEESSE A MK FEE R A 71m. BRES A& 1 MM S R RO A (R A 2),
XL316-1 FIFE A (RlA 3), B\l A Be 2 LA 5-15.

ey L ey

(a) Rl s 1 WAL RTAE (b) K 2 AL BT HR

soven

(¢) Kl 3 M B
B 5-15 &SR BT

BIASEHETE 3.1s EAEREAKRER, EHRXILAAETHRKIREE
FEERER, HEZDWTREKIE. TRRBIKEMS T XL316-1 BIFH
B LA S B 3 T 4

BRGNS = EKBRRERES T A TR e s
iRt — RPN EENEREE, HEUBRNELEREES TR KT
AR, M TR HBEEMT SN EFTEER X,
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REBE LA+ FAR X

FoF HitGRE

6.1 TELHR

RGBT W BB AR, FENTEBF T EMT T HREE
RATasaettfgmRE, XHRTAEINDRRI N ARRKBE LT
TR&MGH, KRN DHERITI B E3h T w N REEATHR, AR
B T 5 5 o S B K S Bl R st R 1o B M A T 30y we R B R
LB ZBBKREN A E RN . EEFRT LT IE:

(D EREWARABRRNEM L, FHUREATAREERPEREE
RGBT R IR E R WIRAEBENETNREAEAS. BIHb
T30 5 1 LU RS K SCHR &S 0T, FFi 8 T 3% i TR2 st SRAR 7Y LA
B AL

(2) #AT T3 H AR E M BRKE) 7 K ME T W BSR4y
b, WRTEAARREESE. FEMB N TERE T, W HHr
FRKARIEIT. D-P BB AHRREERENE. RAHERTEF ANSYS
*FH#1 APDL K, EEd%E, BRI ELABRELTEMUS)EHBRFM THIERLK
B, WANEREE T EEE, RE‘TEEE.

) W THEWURAT. HHHRPHRELR . EEMEBRHERS
NAEFHHERTHEEROERAE. AT OLANRENHHLERY
W, BHTHENSEMBELT SR, URAMHTERELH - RHE,
HiaFxtHEROERRD. OREEEN HHERMNELE, B THEM
X HEREWEE. OMARRE IEX, SRS S MBI,
HE MEREESTRESR, BEARGEBL TURNEARBEERR,
BEJBELE/DN, B KREEB K. @D-P BBEMAM X R 5 ERAEN &
ZRNZW, BUTIMEEEDP RPUINXRALERAENN, BB
ks HAE. MEERKRBSULLBM R TR @B EFE R E
BN, BRELHE. EE. MEERKRLEX, BAMEENIHEBK R
BN HHAREENEW. ORNBME ., BEU KRR LR K ALY
H—EHEW. FINTEMFHLARTE-REE DY LR ERES
LR B /T ] o B A R AIE E R K R BN, B LR %8 D-P &Y,
HEAREEHA . hBANAYR T 5030 K EREE IR, WXL

76



KRBT AT L#MIRX

WAL s, HE. MEEHIAUA=ERKEW.

(4) &EH8THEEEF, KA EL-Centro HIERKARKICE, MAABEEERARY
W IWMAEHET T S5itie, SHETHIBRLFETAHEANSR. OX
RO R B 7T, G BEAIAN S8R LU R RIS T3 K 3 W 5L
B, HAURAHENE, RESTERE. QAMEZE D-P ERE, HiK
KEHOTRSWEREAD, AUBARKN, ZEME D-P BN BRKRE S
HRA MR/, @Xf EL-Centro HFEHMEATBILLEIITI, 4 BIEUES ik
FEWE{E % 0.1g. 0.12g. 0.15g 0 02g. 3HY 0.1g 1 0.12g B, B3 BARLL T3
HERE, A8, EE. EENESHEOEMLGAER, BRRXREBEEL.
HE 0.15g B, W3 ER S IKIRCOR A4 A R SRR Am)EN BiE, EIX IS
XEBARAKRMNER, ABZXEMESEEMFEHER, WB.
HE. MEENREREHURNRLETHEERE, RAREBHRZTRAD. B
0.2g 5, ERFEARERLHENBHERE, BUCKIERRHIME .

62K 2

& R RSN F R o A MR — SRR TAER

(1) BREABA SRR — PR TEYRGFFEM=ZED
B, XA BRGSO AT A R — R E R T %, SERR BRI ER R
ZHEFRE R, NS0T SRS R

(2) EFHHFAERAER T KE TR LS EERERERE—PTR. AE
BEIER B A At B S HIMERUA T R S i3 1 R 75— PR AL

(3) WFAIRA B AERI N F AKX R KRS e RUER AR BB 1 ¥ P RS
EETHRATA .

(4) AXARBHEBTK, FARILBANERFGLHFER. F—2H
WA, FTIEMTKEEWEEER.
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