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Slab damage of concrete face rockfill dam based on heterogeneity of concrete
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Abstract: Considering the heterogeneity characteristics of concrete materials, the method of the mesoscopic mechanics is used
to investigate the dynamic damage of slabs of concrete face rockfill dam (CFRD) combined with the statistical principle. The
mechanical properties, including the elastic modulus and tensile strength, of concrete are assumed to conform to the Weibull
distribution law. The elastic-brittle damage model is adopted to simulate the whole deformation and failure process for concrete
on a meso-scale through 2D finite element analysis. The results show that the maximum slop-direction tensile stresses in the
slabs mainly occur at the height of 0.65 H to 0.85H (H is the height of the dam), and the tensile damage of slabs mainly occur at
the height of 0.8 when the randomness of concrete materials is neglected. With the decrease of homogeneity index, the region
of the dynamic damage of slabs is scattered, but it is mainly concentrated at the height of 0.4H to 0.9H. Thus, this part of the
slab should be the key area of seismic design for CFRD. The micromechanical damage model for concrete can reflect the
damage process of slabs precisely. The research may provide guidance for the seismic design of CFRD.

Key words: CFRD; concrete; mesoscopic damage model; random distribution; damage

MRE=

AR VR e 2 — b g 2 ek 2 R AR 2 ST HE i

ORI, TR AR I 3 A T
ZAPRMATEEL, EREENA RIUR. MM
WA AR, B EDKA SR A R
— R o T ARCHE A 300 I AR S e vt o, SR sk
KSR K B BT R AL BIA 2 300 m 2. il
BB Tt T 2K A s AR B 1 58 e
BOR, UHAPNSE R R AR A TR 3
BPBair, Ha v FERIEAT R RIUE R TR E
ERRE

VEMRE. EAURR L, T RE LR, FLBESEAE
S BENL A, A A A BOR ABE AL
Vo tBAh, WAL, 2%, BEHAERER, B
SRR [F) 7 B VR e ) = M Re ) 22 . H AT
TR HE AT AT, TR A AL 2 BT KR
ghap AR R, SO A N AR S R e TRk

EE&WH: EEAREHEEE R RIERTE (91215301 ;
EK ERBAIEEE (51379028, 51379028, 51508071)
s AEA: 2015-11-19



2 ok, A SR TIREEE AN SR ROE A I iR R 2 Hr 367

TRBRE . AL, PR R IA R H T R
BETI RN I NAS R R, AREF IR BE N 3, TR
R AR A T R T TR AR A A AR AR A R
R, A bR FH VR 6 L i 45400 1 20 5% R A L AN
YIS R A IR AR I FE LR PR RE,  3X6] &y T AR M A 30
PPt I U N E L,

FET 2 ) 2R A TR L AR, A
RS T IR AN S5 R AR S, R AR M v
Tt IR TR e AN T R 1 2 e i . P 4b
— s M TRE - OGRS K A R L, R PR
AW T IEFREE G G B 3T A L I AR 5 A
Ft. Bazant MR RTE R ALK, FH5 k1
SIATIIBENLYE, DURCRTREE -8 B0 1S, e
T REHURL R AR, (EAREARY 2 T R ] B
J15 8T Fys B 5 S IR T R T I T VR U - 4 A
A, @k VR EE B 7 AL, BT T RS AT
Tang 25, Zhu ZEPTHIA A 5% A3 50 (10 s A g o
FokFIL, BETRUTHEMG AR T B R
eI SV S A AR LR MR (A MR AR, R fRf B2
5y SEPL. Zhong ISR Z A RUREILL 1 HEI ) B S A
X, HEIRIERHAT TX, EREDRGHIV)
& BT, Tang 2E0ET 40U 15405 11 2R AL gt
177 Koyna KIMPIREAL, BN AR TE X5 SEBrAH
— 5. FH R I R FEA T T R
WA e, B CT WRIGIATIRAE, I
AR RS i A, T, THE, WL
HIre A R .

AR SCAEHIT W AUIE A ) i A PE AR AN S8
PR Al A R 7RO SR, SR R SR 1y
A7 TR A0 BT IR TR L SR G A AR, ST T 1
BRHEAT N IAR 20 774 4 BB 1 o A i . it 5 g
TRV HH Tt T MR A S S5 R 3 5 i AN 29 %, F
SO AR 7 1 5 Aar 8CPE FH 1 A4 I R R0 2 A7 R
.

2 BRI EETRE
2.1 EBRLTHAHSM

H1 E AR IR BOR AT S, TR 2 SR
EBSIMEL, T A SON 2 BRI R S5, n L
Tt T2 RN, JRE A AT A S T e R A AR K
MITCREL. AL AR o X LE R IR - A B AR
SRPEEANF R gAY, I B Roe ik i 2k
CORJEZ. RPERCESE) AREIRSF — 2.

FERUE AR B2 BRI RERS, Oy T Hid
MOEME B AES S 0E, REEL TR 2 R T BUS

NS 400 B TG 9 B4 R PR A A — R BE AL o A
—Weibull 73461, HAT, Weibull 234 32 N T
ATSEPERT ORI ) 2, AT DAR G (1) e A
BHFHE AT I BEA LM, MR % B iR O

o) =ﬂ(§jm e (M

X m PRI R, SRGETHAR R 24 )
SIRERE, m >0, Hrbm (K, FoRBMITHr 1%
FRO AR A, FORLERIY ST, Mmoo T ISR,
giitpiiE TR IS0 x FoRFia g2
e CORSCHRHPERERE A PURE LD, x, NS H
FEME. B 1 RO AR T BE X/ x, 22
ek, mETLUIEMEEE m MK, BRI
OB IT T BME, Ron BRI OR, TR AR
5.

[l 1 Weibull 437513 2 B #h 2%

Fig. 1 Probability density curves of Weibull distribution

HAE My, KR R TEE N R 5T, 4
M EARIEIHIR L. T8I RSBV, W BLR T AR
BIHUR BT E N — A SRR R |, & HIT )%
FePES RS Weibull 7040 R IBOREE BT, ok
SRR AN ST LR 5295 . 45 8 TRt TR =
BeFBMEMBFUE S m J5, 1% (D) e MR
B ITTA RIS HOEAT RENUREL, SRS E m WITRAE
FIT A BT RS RO AR 2 Weibull 73 4. 18] 2 RoR
FEAN [F) 24 5 P2 I T AR S e 5 PR s e Rk R 1B M
R LA A S B m AR, FEE -V AME R
BB HNEZ . K 3, 4 20lFRRAFER m DU, 1’
e TR R TR R AN LR SR B R A s ], Hep
PR R R BRI R (iR s . BT
H A3 50 T AR e AR 20 A1 0 257 5 B2 1K 56
FRARIE, #CASTr I BT EHA U m 92, 57010
BEAT A O BUE 73 #7



368 Hs

2017 4¢

4 5 6

BIGIRBE/MPa

2 T ERERHER A T H SRR EE
Fig. 2 Graph of unit number of slab with tensile strength
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Fig. 6 Finite element model for concrete face rockfill dam
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Table 1 Parameters of generalized plastic model for gravel

materials

G() KO Mg Mf (o a H() HUO mg

g
1000 1400 1.8 138 045 0.40 1800 3000 0.5

my m my rd 7o Vu ,B 0 ,B 1

0.5 02 02 105 50 4 35  0.022




370 =

+ T B % ik

2017 4¢

®2 TNEMEMEERESY

Table 2 Parameters of generalized plastic contact model

D, D, M, A n o kA k,

1000 1500 0.88 0.091 0.4

0.65 0.6 02 1.0x10°
M; H, k, a b c fi e k
0.65 8500 0.5 5000 1.38 0.1
3 RBETEMRMNSH
Table 3 Parameters of concrete slabs
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Fig. 8 Time-history curves of earthquake acceleration
4.4 HELERHH

BT T SRR o g T AR TR 7 ) R FH e e
ARG PSRRI BEAT T B A IR IT A, ik
TREE LI m 5 AE 2, 5, 10 FIET5 K (5
KL, DA ST TR Bt (1 2 S0 ThI AR A 0 R i R A A
CHIRE I o« 2 AR A X SIRRE (R B m BUE 55 K0,
SR FH G 45 (735 R AT 2 50 A AR T B AR T A e ] J2
FAL T MR [0 18 0, 4 2 B i Al e FE AR AR an 18T 9 i
Ao VEEREIR, RGP AT 2 T Ak
WU [ 457 8 A14E (0.65~0.85) H (H FoRlim) 5
PRI T IR TR R s NG A O AR U S I
TR R I R o R O R, IR [ RS g
KGN TR B LR R, THESRE NG . B
PIROTIE T AR R, AR 5180k, 1R
MR AR, HIARAE (0.65~0.85) H i [ A THIHR
W38 [F -z S PR, A R A I A X 3,

22 [E TR AN SIS, A T TERRBENL A
BRI & BT SRS R AR SR, B m 23 L 2, 5
A 10 DL R FER, S5 30 ANEF, IRt
BRI N B S R AT . IR TR, A
AN LA m=2 i, 4TS 2H bR A5 AR R T AR 35 1
gy, W 10 Bios. oJUVEH, 78 m=2 %4~ 1
PR BTG B AH R I BEAL AR, B0 1 FE A 58 4 AH
[, R R 455 SRR D AR A 45 1 3 5 R A3 A B K
HMAHRE . G EERAEE (04~0.9) HINETLEN,
X5 B 9 H BRI S5 AT FUE S — 2 .

2251 ——— H5bhR R
— LR

2WR\\N\\,/ﬂﬁiﬁﬁﬁ
175 =

L N Ff3.48 MPa
/
150 X
hL
Iz K

B9 FRIHEEERIFK E RN 1
Fig. 9 Slope-direction stress of slabs

(b)

& 10 m=2 RERIGE 57 = E
Fig. 10 Damage distribution of slab with m=2
11 09 m=2 ISR R AR 5 A it A o s
W R T LA W, R R AR, HARAE 0.8H



2 ok, A SR TIREEE AN SR ROE A I iR R 2 Hr 371

e BTV AR S A R R, R I HT A R R
MBI RVER TR R R A S BB
FEE MR, SRR R ERCGR R R .

(b)t=12s

s

HAONKO

1.
0.
0.
0.

P

(e)t=15s
" ERR G & RIEE

Fig. 11 Occurrence and development of slab damage
B 12 7R 1 AN 2 5T BE I THI AR ZE 3 7% 45 TR 1)
Wit An. ATCAE M, BB EN, TR B
AR T 70 AL X W TR, MR
SIVERGIN, AR 2 ISR, FEH R AT
P, B8 2 W TR S TR N ik B HThL s g, I
BRI . TREE BB, AR ) T2
SIRPRL, SRR R T, B ITHIPTRL o B
Ko FEHEREAE RN, IXZREE L HIR R R IT
b, I R AL T B RN BRI AL 38
o 0o TR ARCHBCAN [R) 25 o B2 I EAT 73 A7, B 1= A B A
I, HBCR A E LT (0.4~0.9) HEHEN.

(d) t=17s

ocoo—
N Y- Tl
N - le)

" M

//

<
(¢) m=10 (d) B5pR (mBEHK)

12 NEHRER R G
Fig. 12 Slab damage under different homogeneity indices

5 £ 1
RS b T A A LT M8 A KA A R -

T, IRAEMBIMREFR L], REMRE e 4
—F, W EmERE T TE. MR SRS E
M 51 VR BE A 2, S 200 m TR &t 1 b HE
AT G R ITE) T, WAL T IR EE LA
S RIATURL 5 5 BEATL A o) YRR - T AR A 0L TR A 2 77 457
1 3 A AR ()

(D LG HEA I BRI/ 1T, 4 AR A 35 5)
MRE, 2 7 IREE - NI S M A A, TR
TR AR S T G AR i 2R e . ASCE I R A
J1E G2 R B SR EL T 2 R T AR R LA R S H
BUIHE B30 J34504% 53 B 7%

(2 5% AN [F) 350 ot P 34 bt sk 2 B B LM A T Uk
Yo, S5RERW, MFEFRELMLT, RGN
HAL R FE AR — 5

(3) HhFEBNATEAE R T, ARV AL LA R 5
/N, THTRSOR A 450473 R A R T2k, B EE 45
Prfrva o, (H 3 BRI (0.4~0.9) H S
BRI A, RO 50 43 DX 32 AR 5% 1A 1 B e X3k

TEFR I, AR E LAY SIS
() AL VER 5 Y AR, I T TR AR VR - R e T
1L FIANSEI S PEXS A L S E5 i 2 RS AT A d e I
W SEAT GE v hr

SE -

[1] ZHANG C. Challenges of high dam construction to
computational mechanics[J]. Frontiers of Architecture and
Civil Engineering in China, 2007, 1(1): 12 - 33.

[2] BAZANT Z, TABBARA M, PIJAUDIER-CABOT G. Random
particle model for fracture of aggregate or fiber composites[J].
Journal of Engineering Mechanics, 1990, 116(8): 1686 -
1705.

3] BNWIgE, RAEW, FdbE. FTANUB0RL T i R %kt 25 il
IR S RN ()]. R ER (BB, 2014,
54(8): 999 - 1005. (WU Ming-xin, ZHANG Chu-han,
WANG Jin-ting. Simulations of concrete bending and rate
effects based on meso-scaled particle elements[J]. Journal of
Tsinghua University (Science and Technology), 2014, 54(8):
999 - 1005. (in Chinese))

[4] TANG C A. Numerical simulation of progressive rock failure
and associated seimicity[J]. Rock Mechanics, 1997, 34(2):
249 - 261.

[5] ZHU W, TANG C A. Numerical Simulation on shear fracture
process of concrete using mesoscopic mechanical mode[J].
Construction and Building Materials, 2001, 16(8): 453 - 63.

[6] ZHONG H, LIN G LI X Y, et al. Seismic failure modeling of



372 Hs

2017 4¢

concrete dams considering heterogeneity of concrete[J]. Soil
Dynamics and Earthquake Engineering, 2011, 31(12):1678 -
1689.

(71 ARG, FE s, FRAEDL. 25 R8s Al AH OC RUBE R AIE ) 40 0L
JIEER RN ). S5 7777, 2012, 33(7): 2021 - 2026.
(TANG Xin-wei, ZHOU Yuan-de, ZHANG Chu-han. A
mesomechanical model with spatial correlation scale
character and its application[J]. Rock and Soil Mechanics,
2012, 33(7): 2021 - 2026. (in Chinese))

[8] TANG X, ZHOU Y, ZHANG C, et al. Study on the
heterogeneity of concrete and its failure behavior using the
equivalent probabilistic model[J]. Journal of Materials in
Civil Engineering, 2010, 23(4): 402 - 413.

[91 B, ekT, WRIEHE. JE T4l s i v it L aad 12
[ = HEEUE RS CT IREREIIEN]. & 17127, 2010, 31(4
Fi] 2): 428 - 433. (TIAN Wei, DANG Fa-ning, CHEN
Hou-qun. 3D numerical simulation of concrete failure process
and CT verification based on meso-damage[J]. Rock and Soil
Mech, 2010, 31(S2): 428 - 433. (in Chinese))

[10] FKIFHEE. TR EE 45 KA LB A AU sl 58 WF 7S (D). PLFH:
Z4b K2, 2006. (ZHANG Juan-xia. Numerical investigation
on failure mechanisms of concrete structures[D]. Shenyang:
Northeastern University, 2006. (in Chinese))

(11] LB8t)™, R0 JREE AR R R b A A 2 W) B 4
SR ARHIE b ARG F R R TR ST [D). B TR
#%, 2001, 34(5): 15-19. (JI Hong-guang, CAI Mei-feng.
Application of acoustic emission technique to predict
unstable fracture in concrete[J]. China Civil Engineering
Journal, 2001, 34(5): 15 - 19. (in Chinese))

[12] PASTOR M, ZIENKIEWICZ O C, LEUNG K H. Simple
model for transient soil loading in earthquake analysis. II:
non-associative models for sands [J]. International Journal for
Numerical and Analytical Methods in Geomechanics, 1985,
9(5): 477 - 498.

[13]1 ZOU D G, XU B, KONG X J, et al. Numerical simulation of

the seismic response of the Zipingpu concrete face rockfill

dam during the Wenchuan earthquake based on a generalized
plasticity mode[J]. Computers and Geotechnics, 2013, 49(4):
111 - 122.

[14] XU B, ZOU D G, LIU H B. Three-dimensional simulation of
the construction process of the Zipingpu concrete face
rockfill dam based on a generalized plasticity model[J].
Computers and Geotechnics, 2012, 43(6): 143 - 154.

[15] LIU H, LING H I Constitutive description of interface
behavior including cyclic loading and particle breakage
within the framework of critical state soil mechanics[J].
International Journal for Numerical and Analytical Methods
in Geomechanics, 2008, 32(1): 1495 - 1514.

[16] LIUJ M, ZOU D G, KONG X J. A 3D state dependent model
of soil structure interface for monotonic and cyclic
loadings[J]. Computers and Geotechnics, 2014, 61(9): 166 -
177.

(17] FLEERL, ARAE . SEIPAH AR HE A= 35 00T 5 U AR,
M]. dbst: B2l RkE, 2014, (KONG Xian-jing, ZOU
De-gao. Zipingpu CFRD seismic damage analysis and
numerical simulation[M]. Beijing: Science Press, 2014. (in
Chinese))

[18] XU B, ZOU D G, KONG X J. Dynamic damage evaluation
on the slbs of the concrete faced rockfill dam with the
plastic-damage model[J]. Computers and Geotechnics, 2015,
65(4): 258 - 265.

[19] DL5073—2000 VE&EMIAR A HIBT-REE[S]. dbat: E
i 77 YRR A, 2011, (DL5073 —2000 Specifications for
seismic design of hydraulic structures[S]. Beijing: China
WaterPower Press, 2000. (in Chinese))

[20] FLEERE, & ok, A8fEm. VREEL I ARIUm R ) A A
FRICAATI] . A L TREZER, 2014, 36(9): 1594 - 1600.
(KONG Xian-jing, XU Bin, ZOU De-gao. Finite element
dynamic analysis for seismic damage of slabs of CFRDI[J].
Chinese Journal of Geotechnical Engineering, 2014, 36(9):
1594 - 1600. (in Chinese))



