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Abstract

In this paper, the shaft wall of functionally gradient vertical shaft is divided into multi-layer coaxi-
al cylinders by using the idea of laminating model, and numerical simulation is carried out with
the finite element software ABAQUS to analyze the influence of the change of elastic modulus dif-
ference between layers on the mechanical properties of multi-layer functionally gradient shaft
wall. According to this, we obtain the optimal difference of elastic modulus between layers when
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the stress distribution inside the cylinder is most uniform, and explore the variation of the optim-
al difference of elastic modulus between layers when the number of layers of functionally gradient
shaft wall is different and the causes of the difference are discussed. The result shows that when
the different layers of functionally graded sidewall are corresponding to the most appropriate
elastic modulus difference between layers, the function gradient vertical shaft sidewall internal
Mises stress reaches relatively uniform, which is effective in relieving the stress concentration
phenomenon, the inside of the wall at the same time to minimize the maximum stress of the inside
of the wall and the most appropriate elastic modulus difference between layers decreases as the
number of layers increases. This study is of great significance to determine the number of dividing
layers and the selection of concrete label of each layer of functionally graded shaft wall in practical
engineering application.
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1. 5|

HRTHRE “ B TR DR BRI, HUE T ASREEI 18] YRR AT B E REIR AR A A 2 R AR
A2, BT UHERIARWITRAAL,  EAB IR ST 2 SURIRRD AR ATIAME A R T 2 R %
WA T RR P B ANTHE N, R B K AR B T 77 DA SR 2 B Z PR 06 SCAP S H IR 7R B 3R Y 1 B v ) 22
Ko MG REE L FHBEVE Jy— PR TR b B EE R S 450, AT R i FRE R AR RE U5 T VR 2222
MITE . H RIS R B AR IRAE ) AR R T V5 T B 1R R AR . M- 5 R UL s PR R 4 =
M3 X BREAORER RS- LI EE R R B RE I, W E A AR[1] 5 PR R -5 5 10
MPa, WIFFEERIR PR RIZ) 13.8%. XTI AN BE 5 SR i HBE AR IRBE U J7i%,  Zhang NLA#[2] %%
EHR I TAEMH 2 1000 m ERETREIE, ASEIEEZHIN 10 mm, AN REE LI 1% S A, T VR A
TN 0.25% K LA . AT, BRI N LA . RIS, ARG EEAE RS AN BRI N, JREE
P2 R R [ 7 1 SR IR, (B BESMINVR S L A1 AN BG BORAE, Bl EsRPIR A s B R 3 )
FIVEH AR, JFER G RIR D . RIL, B ME AR DHRERR IR SIN T S EE

THRERR A EHFGM) 2 — ML R P REAE 27 A)_E RS B R A pPRE, B i B AR (3]
L VR I (7SNt IS A R B S AR 0 P T S I VA R <i15: L = <1 T/t o
St A T D REAR BEAS R A B REAE 23 1A SR AR 0 AR VE R W FBE S My b N B rh B &, TR 31 “ etk
R BRCR, IS 73 R AR BRSNS+ KRB BE ST, S FRERORR R AR TT . BT B DI RERS L AL
FHHEERIWETT, K2 AT Tl BERR L B RT3 4275 R0 R 58 AR AT 1 48 R BB [4] [5] [6] [7], ATt
TCLNBERR BENTHHBEIN) S 25 o EAE SEBR TR rh B R} 58 AR B SC I B — 7 1A (KD B2 2R A -7 A
Ao BIE, ASDZEF R ZEBRGIN,  BERESLHHBE 5y 08 2 J2 [R5 5 (3 45 44 70 IR AN R AR, AT
AR LA B (1 1k BT A SR Ak o o rp k7 [8] [91BE T T — 7l b 22 2 ) A A ] 38 1 AR ) VR v - J2
JRMITHRERR BT HHEE, (HENBA 58 B IA R K48 bR TAE B B, VRPR[10]658) ABAQUS
AT D REHBE 2 S AT AR HEAT T BUE AN, I BB FOR T 1R I RE B B H BE 45 K ) LT
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BN TRR TR TR . A, TRESH N HUFASE S A4%, HFREA R B E s KR g, T HLEE
TR Z P I RERR I . BT UL AR [11] 5 NS — Pl BU ) Re b IR RE S5 M, (1R JFRERE T Hiiz. Pk
JE PUE. PUKEZMIIRERE . RIRX T DR RE IR T, SR AL TR SMIU T 52 1A 38 S A
AR TS O o BEXRIX — AN, R [12]55 A SO ARSI AT g 2800 /0 15 DU H T — T P ASE B VR A ) 2
I Th REAH B ST T IR RE

H A2 T J2 A Y 1) Dy R FE 15 6 00 2L AR 70 J2 5028 B DA R 4% 43 J22 wh i s P R A i 1 A 8 R/ i
B SR s H B I 7T, S EUCIEN D Rerh B BE AR SEPR AR THE 1B . ASCEET LR ES
B, K DReih L SLHHBE RISy 2 2 Rl R 15, R4 ABAQUS EATA FRITHT B, RFT 1 AESLIF IR
SRR RGO, BUZ A3 MR R 22 AE 1 Gpa £ 10 Gpa 2 [A] 51K 2 J2 B B 1 (1 B A28 4k, IF
XTEE T 64 103 15 JEHC R L IEE % 2 ] (1) f i PR AR B PO 25 ) SO 0, 0 TR T R FE
BEFESCbR TAEH M0 B0t T B A B
2. BIRTIRBEN

AN 22 )2 R B Th RSB FE 7 I BE B TRBE TSR & E BN — MR R R B, A
Fabl u RNHE 8IS ABAQUS 73l 3 N EE n 8 6. 10, 15 212 2 ThRERAE LI BE 4545 PR
JURAL, R B R RS A AR ], 2 R SR R AR, R GER R B S AR T ) b
BN R IR 4T

THREE M SN E 1 iR,

Table 1. Calculation model parameters

=1L OTEERSY

SH Ro (mm) Ry (mm) p (MPa) E(Ro) (MPa) Iz
B 900 1500 15 30000 02

ffi ] ABAQUS #HTHUEAR TR, KA “4eFiisiAl, TN RS, B 14 S5/, JF
BEARTH NS ARIA S, KA E S RE, FEFFREAMIE N, 250 n = 10 B AURZ - 1 fos. Br
Hit BT PRSI XA, EEn=6 XI5~ 2700 NHI6, n=10 B4 2406 NEIG, n=15

Figure 1. Schematic diagram of calculation model when n = 10
B 1. n=10 Rt ERRREE
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B RI4 A 2400 AT, BTk CPE4AR, n =10 BT MR B 2 Frs.

Figure 2. Grid division diagram when n = 10

[& 2. n = 10 BA& X 4 B

3. hEE RS
3.1. n = 6 B Mises =B S

BT e A RIS SR S, G IP. CPU. FDA, BT BB SCHR 5 78 S 55— Ik Y I 8 R %45
HILAAR o S0 A o R 3 8 FH 2B R DS AR SS

SEHFEEESN A 6 EI, SR E PR 25 HL 1 Gpa ] 10 Gpa Z [al1E WL T, HHEAF R 8 7 2 B 5]
3R, AN Z R A A T AR BN B KR ) /NN 2 Fis

IR RN A KNS, FRATRT LA H f R N ) f Bl J2 (R S v A5 e 22 e 0 GPa il
10 GPa 43511 5.25 GPa 4byik/)s, Mises ¥ 714345 H1 0 GPa [ PN F3 K AMII S 77 /N i A8 4k 1] 5.25 GPa
(RIAF XS 351 51 (RO ARG AR T S BE S I R 2R L SR),  F531 10 GPa 1 AR F7 /NaMIN . 73K

S, Mises S, Mises

(F3: 75%) (F3: 75%)
+3.933e401 +§.igi:+gi
+3.792e+401 +3. +
+3.650e+01 +3.316e+01
+3.50% 401 +3.197e+401
+3.368e+01 +3.0782+01
+3.226e401 +2.960e+01
+3.085e401 +2.841e+01
+%ggge+gi +2.723e+01
+2. a+ +2.604e+401
+2.661e+01 +2.485e+01
+2.520e+401 +2.367e+01
+2.378e401 +2.248e+01
+2.237e+01 +2.130e+01

(a) EFEMARR 72N 1 GPa (b) JE A ML E ZE{H N 10 GPa
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S, Mises

(*F¥3: 75%)
+3.109e+01
+3.074e+01
+3.03%+01
+3.003e+01
+2.968e+01
+2.933e+01
+2.897e+01
+2.862e+01
+2.827e+01
+2.791e+01
+2.756e+01
+2.721e+01
+2.685e+01

(c) JZIaI5APERLER 2 {E 4 5 GPa

Figure 3. Mises stress cloud at n = 6
& 3. n=60f Mises R =E

S, Mises

(*F3: 75%)
+3.162e+01
+3.111e+401
+3.060e+01
+3.0092+01
+2.958e4+01
+2.908e+01
+2.857e+01
+2.806e+01
+2.755e4+01
+2.704e+01
+2.654e+01
+2.603e+01
+2.552e+401

(d) JEIEI#EAR R 2 {E ) 6 GPa

Table 2. Maximum stress and minimum stress calculated with the change of elastic modulus difference between layers whenn =6

F2.n=6MHEREEMHREEZET T

HSEIM &R A SN S

J2 () S PEAS B 22 /IGPa 2 3 4 5.25 5.5
&% K 71/MPa 36.88 34.73 32.81 31.09 30.71 31.02
/MR F1/MPa 24.09 25.62 26.88 26.85 26.51 26.17
Mises & 7R Zs PR 3 R AR R 37N XI5

J (] s A B 22 /GPa 7 8 9 10
KR F1IMPa 32.73 33.75 34.68 35.53
/MR 71/MPa 24.31 23.22 22.22 21.30
Mises B 7R Zs PR 73 /N A R g K

3.2.n =10 Bt Mises E h =E S

SLHEFEBESY N 10 2R, E AR 2 EE 1 Gpa # 10 Gpa ZIEIEML N, HHES RN Sz Blin
Kl 4 Bz, ASTE] 2 E) g A 22 (B T SEAS B A B R N T /N e 3 it

BN KR KN, FRATRT DAE s KR ) A B 2 (R SRS B 72 {f 0 GPa Al
10 GPa 43 3l [A] 3.25 GPa 4b¥sk/IN, Mises N 343 4f B 0 GPa [ P9l 52 77 KAMISE F3 /), 12874846 5] 3.25 GPa
(AR 38 5] (BRI 202 A T FHFBE N I R )8R B A, F531 10 GPa (19 A 2 3 /NMINSE 77K

S, Mises

(F139: 75%)
+3.731e+01
+3.618e+01
+3.505e+01
+3.392e+01
+3.27%9e+01
+3.166e+01
+3.053e+01
+2.940e+01
+2.827e+01
+2.714e+01
+2.601e+01
+2.488e+01
+2.375e+01

(@) EFEMR R 2N 1 GPa

S, Mises

(F19: 75%)
+3.862e+01
+3.682e+01
+3.503e+01
+3.323e+01
+3.144e+01
+2.965e+01
+2.785e+01
+2.606e+01
+2.427e+01
+2.247e+01
+2.068e+01
+1.88%e+01
+1.709e+01

(b) JZE (A4 & 72 {H N 10 GPa
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5, Mises 5, Mises

(‘P13 75%) (F13: 75%)
+3.038e+01 +3.160e+01
+3.017e+01 +3.111e401
+2.995e+01 +3.063e+01
+2.974e+01 +3.014e401
+2.953e+01 +2.966e+01
+2.932e+01 +2.917e+01
+2.911e+01 +2.869e+01
+2.890e+01 +2.820e+01
+2.86%9e+01 +2.772e+01
+2.847e+01 +2.723e+01
+2.826e+01 +2.674e+01
+2.805e+01 +2.626e+01
+2.784e+01 +2.577e+01

(c) JZIaI5APERIE 2 {E N 3 GPa

Figure 4. Mises stress cloud at n = 10
[& 4. n = 10 B Mises M2 =&

(d) JRIRIF AR EZ{E Y 4 GPa

Table 3. Maximum stress and minimum stress calculated with the change of elastic modulus difference between layers when n =6

F 3.n=10 RFEREEMREZETESINSERN hM&/NE A

J2 () 5 PEAS B 22 IGPa 1 2 3 3.25 3.5
KN 73/MPa 37.31 33.40 30.38 30.19 30.68
/MR 73/MPa 23.75 26.76 27.84 27.52 26.91
Mises B 7RZs SIS ITFARN X5

J2 () AR B 22 IGPa 4 5 6 7 8 9 10
KR J7/MPa 31.60 33.22 34.97 36.17 37.22 38.14 38.62
5 /INY. S5 IMPa 25.77 23.76 21.93 20.45 19.15 18.01 17.09
Mises B 7R Zs SESPARN S INVIPN

3.3.n =15 B Mises E h =B S

SLHEFEBESY N 10 2R, E AR 2 HE 1 Gpa # 10 Gpa ZIEIEM N, HHES RN Sz Blin
5 FR, AN Z S S 2 E T EA BB AT /MR 4 Bk .

I NS B BRI s/ NS, BRATTAT LA 5 KR ) A B AL AEE B 0 GPa AT 10 GPa 43l
] 2.00 GPa &by, Mises B 734341 tH 0 GPa HI NS 73 K AMUR 7370y, B8 A8 46 2] 2.00 GPa I AHXT 1)
SI(RIE R 1 IEE AR SR LA, 152 10 GPa (¥ IR 3 /NMIRE 5K o

() JZIAIFAPERIRZ{E 0 1 GPa

5, Mises 5, Mises

(Ft3: 75%) (43 75%)
+3.505e+01 +4.095e+01
+3.424e+01 +3.866e4+01
+3.343e+01 +3.637e+01
+3.261e+01 +3.408e+01
+3.180e+01 +3.17924+01
+3.09%e+01 +2.950e+01
+3.018e+01 +2.722e+01
+2.936e+01 +2.493e+01
+2.855e+01 +2.2642+01
+2.774e+01 +2.035e24+01
+2.692e+01 +1.806e+01
+2.611e+01 +1.5782+01
+2.530e+01 +1.349e+01

(b) JRIEI5ERLEZ{E Y 10 GPa
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S, Mises S, Mises
(F+9: 75%) (*F+3: 75%)
+3.003e+01 +3.205e+01
+2.988e+01 +3.14%e+01
+2.973e+01 +3.092e+01
+2.958e+01 +3.036e+01
+2.943e+01 +2.97%e+01
+2.928e+01 +2.923e+01
+2.913e+01 +2.866e+01
+2.8982+01 +2.810e+01
+2.883e+01 +2.753e+01
+2.868e+01 +2.697e+01
+2.853e+01 +2.640e+01
+2.838e+01 +2.584e+01
+2.823e+01 +2.527e+01
—— e N ST I e b L N
(C)Z SRR 22K N 2 GPa (d) ZlE s 2Z{H N 3 GPa

Figure 5. Mises stress cloud at n = 15
[& 5. n = 15 B} Mises =B

Table 4. Maximum stress and minimum stress calculated with the change of elastic modulus difference between layers when

%:i:mN%EE%%&%%E%E%@M%tEﬁﬂ%¢Eﬁ

JZ [ 5 PR 22 (K IGPa 1 1.9 2 2.5
KR F1/MPa 35.05 30.46 30.03 30.79
#/INBE J3IMPa 25.30 28.16 28.23 26.96
Mises ¥ /R 7 P 7 77 KA A3 71N FXF 5]

J2 R SR A B 72/ GPa 3 4 5 6 7 8 9 10
KR 1IMPa 32.05 34.17 35.86 3725 3841 3375 4022  40.95
/NS F1IMPa 25.27 22.46 20.22 18.38 16.85 23.22 14.45 13.49
Mises /1IR3 SEISSUN N IISPAPN

Bt IR =FAFRZE Mises Bz BT BATE I, AFRECN R M FHHBE A R ) 2
Bt = (8] 5 AL B 2 (B R AR A AR N R A B, HLSR a3 — B, #SEBER 2 (R s pE R R 2 A
W, SR PRI AR L7 N6 B89 P9 AR BRSEE 82 3 AN T3 /0, B A N2 3 3208 7 A R EOR ) 2] (R AT
M T HEEN MR P ILR), A IR /INTT MU RE J R PR A o AXERIL, A2 £k
RS B — A B B TG 2 A S PR B 220, BIOA Mises |82 7 ARZS 78 - BE S5 44) P 3583 A7 D AH X 35 ST IR 56 B2 )
JR R R ZE R, JF HIX A EUEREE 2 B, BUZR % 16 MG R R R 2 < B
10 iR R AR 22 < JREL 6 il 2 [0 3k R 221

4. IHEGRERE S

T FRRE ORI BE LS AL P Mises [ 77 HH L% Bt 2 ) BEpL P AR 20 1 728 T 3 T 45 S0 A R B R (B A 2
ZEAR T FERE AN N TR ILR), FATE I X6 n = 10 (1) 22 )2 ThAEHBE 45 9 (142 1B D3R 18] 1 82 F33EAT 2047
IR AR T MR I — %S5 845, J7 N e FFRE Y 2 FERESMU, HGERIAIRL ), AR ) S5 L4 R
BN 5 Frws o [RINFFRATIEH n = 10 BF Mises .77+ 42 A .77« 3R 1] B 77 5 [ £ 42 (1) 258 RIFFAT RN,
Wik 6 Fiow.

M5 LA, 4R 280 10 B, AR R B3 AS BN B SME TG R, OB AEAE T I Al
Gt BT AMUSAERIAELE, FAE N 15 MPa, S/ MERAELE T IR NIL T, FLAE Bl 5 J2 [R] S A 2 {1
RGN o TR ] . 3 7E 25 ) 3 P A B 2 (B /N T o 5 T 2 ) PR B Z2 (BN, R0 R/ NI A% R A 340
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BN AR AR B R T R 8 = A SR B 22 E I, B R/ AR A BISMZHTHE K
FHEE N 8 R RO PR [ N2 AR R BT AR EL, FRIE N I KA A N A7, I ELJE RS A 2 A P A 22
SHE M5 FARTA N AR N ORI AR ARG TL 0.5 Mpa), {EX 2% A ] S 7 ) 82 i 50+
Iy WIS, BIIREINL ) ARSI Mises 5 N /7 K N AL, P AR R AT Bl o5 2 18] 3 AR B 72 A 38
Ko AIRATEIFR A7 AR S, BRI 5T, 2 A NI, AT 51 EPA [ 82 7 AAR 7] i 7
ERU) Mises I ) fc A R A0l_EIRBLS (AR AL %

WAL, T B P 8 AR X 25 5 (R RS TR do i = ) 58 P A i 2 (L B 2 0 8 o ol PO L 5 T
PSR B T A BEARRE o A SRR B BE SRR B T AR 1A R PR3 A (R E(r) = Ar + B), #R¥E 2 2 B gk 55
(1313 tE FRIR Y S 2 BT T DA S A 5 H 3 2 T0E LIRS 2P T 5 T RERE B BV AR (R 7 ) #f AR A )
AR S5 R, W DGR BE — 8 2 AR — AR A iR M I SR e R 2 AR A bR B, (1S BE Y

BN A3 70 A ik B e 2 ST IR ES o

Horp b S0P A B IR fpc e 2 18] 52 AR (S I g i DI 2k 1A A bR B PR 2 550 A R Ar (52 TR BZ) 3 AR
A*Ar, FILBEE R EE N, &2 F R Ar OB, Rk b DL 55 R AR 1 AR 1 R Bt i ok
HRE TR,  JFRESR PR R IR 0T R AR ARG BN SE, SR A*Ar XS BIAR N, Fir DA (R ) 58 P A
BEEBIZHEDN . SHFER, DURERs RN Ml E” Rtk ARG, T R A P )
R HIILR . AR %L 15 M@ 2 RS IR R 22 < 24010 MEoa 2 s i 2 E < JE86 1)

RO 7 F A 2 A

Table 5. Changes of Mises stress, radial stress and circumferential stress calculated with the difference of elastic modulus

between layers at n = 10

% 5.n =10 AFEEERE MR EEEENITESEIN Mises 1. RN FEMNIEELER

J2 ) AR B 2 /GPa 0 1 2 3 3.25 35
B KN /1/IMPa 42.13 37.31 33.40 30.38 30.19 30.68
/NS F1/IMPa 20.42 23.75 26.76 27.84 27.52 26.91
Mises B 77R 7 PRI 3 R MRz 73718 HXT 5]
Bk S1IMPa 15 15 15 15 15 15
IR 7] /NS F1/IMPa 0.514 0.455 0.407 0.370 0.362 0.354
R FRA VAT A B AM R
K8 7)/MPa 46.361 41.056 40.060 42.243 42.812 43.356
ENEI, B/NY F1IMPa 31.987 35.903 33.430 32.066 31.340 30.645
S PIRAS A% B P 2 Sk X2 VAR Et I ELS N
J2 1) A B 2 {H/GPa 4 5 6 7 8 9 10
KN 73/MPa 31.60 33.22 34.97 36.17 37.22 38.14 38.62
/IR F1IMPa 25.77 23.76 21.93 20.45 19.15 18.01 17.09
Mises ¥ /7R %s P RE 73 /NI RE g K
K8 71/MPa 15 15 15 15 15 15 15
(N mIyal /MY F1/MPa 0.339 0.313 0.288 0.269 0.252 0.237 0.225
IWARI PAE IR ELIR N
K8 71/MPa 44.372 46.161  48.080  49.394  50.539 51.546 52.060
ENEIY, /MY F1IMPa 29.346 27.053 24974 23280  21.802 20.501 19.464
S PIRAS PAR IR ESLI SN
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Figure 6. Relationship between Mises stress, radial stress, annular stress and cylinder radius at n = 10

B 6. n = 10 B Mises i 73, 2[R, AN HESE/LEHER
5. &ig

1. A RBE R N G KR R R 22 8, A DhRERR R SL I HFBE Mises [ F738 BIAH X 1)
SI(ENA R T I BE N AR R LR, FEERE A B R SRR JIE B R

2. BEIEJR R R E R E R BRI, BURE 15 MRS R R#ER R EE < R 10
MFOE = M B2 < JRE6 NG Z [0 MR 2 M

3. FHEEN ES ROR A N R T AR N Sy, JF HBE 2 () 5 R 2 A 3G K, %% R R B AR
A0 825, AHAR AR A ARAR N BIFRED R g 5 45 50 Mises S 71 0 3 S AL, DGE T PRI & KK Mises
N2 A Hs o BIFR ] N ) B 2 1) 55 AR B Z2 (R A K, MR g ARSI A, BAR X 25T
FERIANMIUR, AT SRS [ 52 AN [ B A5 5 K Mises I g 5 2E 5 34 [ B AR TR AR A 3 o

4 ESEPR TRRIE I, AT B3R A5 A% 00 SR BT B 53 2 T A B 22 (RS T D REG B S A
HEE, W E RGOSR, TR BT A ARG . F R EE Y R Ao %, R B
B AR TR L P B A A A bt AR, T DU Tk 3 G A B PN 00 77 5 v ) [ A B AR R AR H
HIEER R AN 2, H{ESBERERIL N, AMET T skt
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