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Effect of Nonlinear Stress-Strain Relationship
on Bending Strength of Isotropic Graphite

Taketoshi ARAJI and Tatsuo OKU

Division of Nuclear Fuel Research, Tokal Research
Establishment, JAERI
(Received March 28, 1978)

Four-point bending tests were made on rectangular isotropic
7477PT graphite specimens of different sizes to observe the relation
between load and outermost fiber strain. Analytical methods,
allowing for nonlinear stress-strain relationships different between
tension and compression, were developed for calculating the fiber
stress distribution in a beam and the failure probability based
on the Weibull statistical theory for bending fracture.

With increase of the stress, the stress-strain curves for
tension deviate from the linearity and also from those for
compression. The true bending strengths of the rectangular bars
are 10020 percent lower than elastic bending strengths. Revised
Weibull theory gives failure probability distributions agreeing
with measured ones, compared with the theory based on elastic

behavior,.

Keywords: Graphite, Bending Strength, Nonlinear Stress-Strain
Relationship, Stress Analysis, Weibull Statistical
Theory



JAERI-M 7646

H K

L FE B eesemeresseecoseesnsent e e S 1
O EEER FEE veeeereren et oot e L 9
N T ks R P e PR R S 4
31 (RN DG @ DB BT reeererrsis s 1
39 TATNDFE R U FIIFTTSTLITRRE .6
4 EEE I RREFe-eereeeereeeeer e USROS PR PP PP PP 7
A1 BUTZRSE DMEEE ooooverrreeermmes i e et s 7
42 A DT BBt PP, 7
48 TR S BB - oveerermermmssenns e 9
5 % Eﬁ ............................................................................................................ 23
SBE B eresesenr oo 24
BRI LR eeeeeeer e e 24
M6 A BT OB — O F R rrrres s 95
Al ;E;jj_(}g‘;}gg&@ﬁﬁgﬂjﬁg ......................................................... 25

A2 4}.'—1%@%@@%%5573- U?‘?}fv}?’ﬁ@g‘fgi% ..... 28

B. 7 A4 T H DMEEEEG v eeres seeree e sasamemsn s s 31

B. Risk of Rupture (FELEE et 31

B.2 BEUA T4 —4m, O DEFFEE coveremrrees et 39



JAERI-M 7646

Contents

1. Introduction ..ieeesseceescserrstsarrasriarssanotrarenonanes

2. Experimental MEthodS ceoeiveverenctasoscnossanonssascvsassnnnss

=~ n =

3. Analytical Methods ....iceierreorenarernnaunenosrcrvonrnesnsns
3.1 Stress and Strain Distribution in a Beam cererareasarrares
3.2 Weibull Statistical Theory ..ceceeseersensevreroncecrronnces

4. Results and Discussions F e L L
4.1 Summary of the Measurements ......ceccccecrvorvcnarronvnnne
4.2 Stress — Strain Relationships ...c.erecveeronareen rrearraee

4.3 Properties of Bending StrengthS c.cievecrorsrvaccaosonranas

W M o~ =~ Oy

[\ )

5. COnCluSiONS +seseesseneoaronssssrnsrnsssasransnurscssearsssecns
Acknowledgment ...eocrereraneanroncsrraennnr L
References ..eessns veen e areans e eieanancarnesneatraanvensnes 24
APPENALIX  +uvrroneorrsrnarnas it ioautraon e 25
A Stress-Strain Relationships in a Rectangular Bending
SPECIMEN  casvoreosssrosnnssosonsossvrasersanecrponetees 25
A.1 Direct Derivation of the Stress - Strain Relationships
from a Bending TeSt ...eeesvreersncrernrmcvrsnrevans 25
A.2 Calculation of the Fiber Stress and Strain
Distributions in a Rectangular Speciméns Subjected
to Four-Point Bending ...... Ceerr s ea e errsasenees 28
B Weibull Statistical Theory ...... U i
B.1 Calculation of the Risk of Rupture .......cevecceeces 31

B.2 Calculation of the Optimum Weibull Parameters m and
. ¥

o) R R R I R I NI i

F maman



i
‘

Table 1
Table 2
Table 3

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

10

11

12

13

14

15

16

17

JAERI-M 7646

List of Tables

Dimensions of four-point bending specimens .........o..... 3
Summary of measurements on 7477PT graphite R & |
Properties of strength distributions on bending

2oL T = eees 20
List of Figures

Locations of test specimens in a log of 7477 PT graphite . 3
Measured tensile strengths and fracture strains on

tensile and bending specimens ......... e ie e 11
Measured uniaxial tensile stress-strain diagrams ........ 12
Measured uniaxial compressive stress—strain diagrams .... 12
Comparison of uniaxial tensile and compressive stress-

strain diagrams ............. s errs s rrr s e et ar s 13

Measured load-strain diagrams on bend specimens; type

o O ceenen 14
Measured load-strain diagrams on bend specimens; type
S T < . T e .

Calculated stress—strain curves from the bending tests .. 16
Comparison of stress-strain relations derived from

bending and uniaxial compression tests .......cciccecenns 16
Comparison of load-tensile strain diagrams between
measurements and calculations ....vevececarcanens vesvesee 17
Comparison of tensile fracture strains between measurements
and calculations ...t eeireinrincstosessrasraaransersenss 18
Shift of neutral surface towards compressive sides of

bending specimens ......cvevecevenves teraeersaasareenraaa 19
Comparison of maximum elastic and true tensile stresses

on rectangular cross—-section beams ......... 0000000 cees 19
Comparison of experimental and theoretical probabilities

of failure based on elastic bending stress ............ .. 21
Comparison of experimental and theoretical probabilities

of failure based on true bending stress ................. 21
Comparison of test volume dependence of median bend

strengths .. .c.iiir i theerisaanans e r e 292

Probability of failure on tensile specimens of a

test volume 1.61 em® ...ovvviirnnnnnn. teesraeaaraararenss 22



JAERI-M 76486

Lo i

AAEFHREFCEOTHRELES T A HNERF X EBRFL LUEAR KN TEH
B0k AERF ABEFE T, BEsTFLOBER L LTRAINT S, TORKE
S LTHABARME R —7, 6ARENRT 0y I BICRRLENH S, ChoORBEE
i, EERECY > TEOR REBICLLREGRIC S EICHMENBLURBOT
&%ﬁﬁm;é#&gmw%&d<M%Eﬁﬂ%ibfwéo%Eﬁxﬁ@ﬁ%ﬁ&ﬁﬁwﬁm
CRBEMICRE LTVAENE, FELT, COXINRABNBLUHHEANTHS. C
MoOUEHREDL A TEM2RBNEFEINEbOTH S, THbE, BEAWSHHEM AT
SR o A~ & BRI LT ANETH 5, BRBED ORI LSRN T
Zbwbic, T DX SE D RENFETORSEES, MEEESRRT ALEND L. HRRK
BT, Sl CET 3 ERGPIE RSN CEAEEEEEIHBLTOLL, L L, 24
EbIRBDEETOREICOVTIH, GHRELLTELHENMLTOAMBERT-2TH5
G RN L TEADC LABEENTVAY E15 DR, RBOHREROBRICLS

L, R R FERMAER I XD b 20~T0% A<, COBRIIBER L OME
AT, BEHICHATNEHELEZSNELSTHE,

—%, BSoBH - 0T aEFReEEREERT C LB, ﬁ%@ﬁ%%%k;@ﬁ%&ﬁaﬁ
DEBIL L ~TIELBHLNT VD, Fid, COEAHRAREMIZENTE LD, BH oM E
Xid. E. BHEBCESCBAERSE LTRREANTV A, HHOLD ERMIBRAE
AEZBBRRES - VT BROFHEEORBR OV TEHNTEH CLVEETH S,

AR, BEOHIRBCL ~THRIFELABO AL OBEREEAL, THIESHT
ﬁ@ﬁmﬁﬁﬁwaﬁﬁmﬁ&ﬁﬁafé&@%%%%E?%ﬁﬁ&m;@.Eﬁﬁiﬁ@ﬁ@
BERBE AR LELOLTHHDTH 5,

% R T A0 — O A BEE OB REDR T OV T, Thigit Greenstreet b()
¥ & UF Brocklehurst 6()66;o1%5ﬁ8’~]tdﬁﬁ?}éﬂ’cméc

Greenstreet & (3R EH EGCR—type AGOT %, #7:. Brocklehurst SizEE YR
WMNIREEENTHFERLTO S, zh s OmFERL,

@ BUWELABOT A EREEHROTEFETT.

@ ABIEOTAHIABEBOTALIETRLSD . BHEWLL BALELTHY
W|EsHicid. BIEBNM S EMRE AR E TRIEN-DTARENEHNTS 2,

@ Mhifx ( BEEE) SHETERS L ORIBAERILICH L 5TH 0% BloE & M TXE
BRSO TAEGOEERBLER LTS, C OB EBER N OEBERAT XL,

@ Eﬁﬁiﬁ@ﬁﬁ@%ﬁ-?ﬂb%-mﬁQMF®MﬁT£ﬂTﬁEmEﬁH¢%KWﬁ
?56&-%%ﬁbfﬁﬁ%#%ﬁﬂiétwm.%ﬁ%@%%%&btv4jw®ﬁ%ﬁﬁ
WELAER. ERIGLT LR -EBE SN,

(2) (3)



JAERI-M 7646

REORRBEBLNLTL S,

FZHAEIL, LLOHECFHEL OTH L0, EBRERL-ERTIBECEAEPAGERKL LD
ERTERZABEATCTEARAOYIC, EHMEREERLTHE, IRERBHORATIHE, 3
RSB E CERBETOLOEESENLGN -V TABEREERLTNE L, BLU, V1
TAUORHAR BN TEEDLHIN—BABEN -V THEARLERLTCEC L BEDAT
HEDOHELZRBIHLHDTH S,

BOWESESH O L, BREELIELCNRETORE (HTHEEOMILS ) v/ ERBEK
@, EAMASONFERE) K20 THERFOAHKE L, F—HENETOMBEER, KH%E
DESKRLEHLIRABATHOILLTRHAEZTITH TV ONBEYTHELEEZ SN S,

2. ¥ B F &

%Wﬁiﬁ@ﬁﬂ—of&ﬁ%ﬁ&ﬁﬁﬁ%@ﬁ?%kbﬁﬁﬁ@ﬁ@ﬁﬁﬁ%%wf4ﬁﬁ
FERBETT 0 - 10 & 2 HBURE D7 »IC3| 3 L UHEMRB BT - .

{448 i3 Le Carbone Lorraine (LCL) #HBOFAM I — 7 2 ZMWHEH B UTTPTT
5, L TORBHEEE—D7 0w 7 (BEEZERE Nem, X em 25, Fig. _linﬁ?”ﬁi
BrotoBanzdD0TH S,

IR E T Table | KRFTLOUHERL A VERORL L s BHOXBRF 22 Eh 8 @
SOFR LI, CRSHEREICHh -~ THEES —EORBRIRTH 5, T RBRF OHRZT
YO tHEELIUTHIEEAEFN IRSHOBSERRVIAY -V (F—YE&5mm ) ZEEH
Tradazx—2, Type E— 10 # TR L7,

BIERBA ( 8F) RETHOREX 32mm. EES om OAE (CFETHER 161 em?) TH B,
MERE T, EBomRiciiff Lo Tay - vkiUr-Y R B mmOIFEESREATE _
(DA — IR AANTOTHERE L. EMEBA (88) 12 8X8X20mm  OHET
52, DTHAECKRIBERERROTAY — V4RV EHIIBRADEEAZMELTI/ D RNy
FEESLSRDLHFEEEZEH LR, '

LTORBIZA 2 bo Y EFTERBELFERL 292X~y FEB% 05mm/min & L7,

HER TR - TLATOETRBF S XUERRBA OV THITE L BT HREEERE
( 100 kHz OMBEEER )it kd, E=pv! (E:¥v 7%, p BE v  BFHCEEE)
¥ B LERDI



JAERI-M 7646

HEDORBNBOINTVE,

APEL, FLROHECHES SDTH A0, EREREZBEETIBCRIHPAHEEL LD
HENBRABRTXIMAOLHIC, EHEEREFR LTS, $RBFEHTONTH, 3
Wl E R E CENRTHORERABGCH-OTABRREERLTCNAT L, LU, T4
TALDREHBEBNTHEDLHIHN—RHOUEH -V TH2EREERL TS L, REDKRT
EROMELRBIEILSDTHS,

BHOMBEHOS b, HICEHREIEREARETORE (TBREOMIZS Y v TEREE
H, EHMAEORENSE ) KOV TRARBOSBE L, FE—RENGTORBEEEIL, KA
DEHCEHEMTRBATFHOE L TRAETTH OV OBFENTHELEEILN S,

2. £ B h &

BT EROEA— D TABRBIVRELRHT I o HEEOARKB A2 A WT ¢ Sl
FREBAFI -7, 7 HERH OB ICHES L UERRBETS - 72,

gtit Akl iz e Carbone Lorraine (LCL) #BOFR#H I — 7 AWM S, B UITPTT
53, 2TORBREIIE—~DO7 0w 7 (ERIZER Ncm. & 3cm ) 5. Fig. LITRT AL
BhotloBEaNn-&4DTHL,

Hﬁaﬁfu%Me1Kr?&vuﬁg¢znxﬁﬁmim5sﬁﬁwam#%%n%nsm
SOEMA L. ChLIELBICh - TH AN —ECHBRRTH 5, MdRBRFOpR R

VRO IEBLU FTECERFN LHSHBRERRO A -V (5 PR 5mm ) 2%EH

TaFaz—2R, Type E—10 Z BT L,

FIERBRE ( 8 ) REFEOEX 32mm. HES8 mm OALE ( ETHERE 1.61cm’) TH 2.
BERB T, BAEOMERICEIEMG LIt TS ~UELU7r - UR BmmDFEEENLTF
(DFHF— OB ZRAVTOFHERE LI, ERARK (8 )28X8X20mm OBET
2, OFLAECHBIERAROTAY - VEHVELERBHRHOEREBL LTI m 2~y
FEES SRHLFEEEZWH LI,

AT ORBIIA V2 e v EFEABRBLZERL, 792~y FEE%L 05mm/ min & Lz,

RERITHT » TRTOHRTRBRF & LCERERA KOV TH IHE L BTREBEESE
( 100kHz OB A ER Ly, E=pv? (E: Y v oR, p BE v ! BTEEEEE)
oY v rEERDI,



JAERI-M 7646

Table 1 Dimensions of four-point bending specimens

. Thickness | Width Spgn of ocuter ! Volume b?tween

: Type (mm) () knife edges outer knife edges
| (rmm ) (cm®)
| 4 x 16 x 50 4 16 39.2 2.51
‘ 6 x 10 x 50 6 10.7 39.2 2,51

8§ x B x 50 8 3 39.2 2,51

8 x 8 x 120 8 101.6 : 6.50

12 x 12 x 120 12 12 101.6 14,63
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Compression (E)

Fig. 1 Locations of test specimens in a log of 7477PT graphite
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Table 2 Summary of measurements on 7477PT graphite®*

Number Apparent Young's  Strength Fracture Strain
Strength test of density modulus . tensile compressive

specimens {g/em®) (kg/mmz) (kg /mm?) (%) (%

Tension 8 - - 2.7610.44 0.35 +0.078 -
Compression 8 1.726%0.010 1070+35 10.58%0.28 - 2.76 £0.25.
Bend (4x16%50) 8 1.730£0.012 1040%20 5.09+£0,.33%% 0,580+0.064 0.478%0.089
Bend (6x10x50) 8 1.728+x0.007 1060+15 4,990,50%% 0,56520.054 0.500+0.039
Bend (8x8x50) 8 1.735+20.012 1060%30 5.11+0.45%% {.588+0.065 0.505+0,069
Bend (8x8x120) 8 1.723+0.009 106025 4.2920,32%%x  0,.50520,069 0.44520.063
Bend (12x12x120) 8 1.726£0,009 1080£20 4,.31+0,27*% (.53720.061 0.475+0.075

* Meantstandard deviatiom.

#% Calculated from o=6M/wh®, where M is the applied moment, w

height of the beam, respectively.
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Fig. 2 Measured tensile strengths and fracture strains on
tensile and bending specimens
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Fig. 5 Comparison of uniaxial tensile and compressive stress-
strain diagrams
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Fig. 6 Measured load-strain diagrams on bend specimens; type 6x10x50
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Fig. 7 Measured load-strain diagrams on bend specimens; type 8x8x50
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Calculated tensile fracture strain a?t (%)

Fig. 11 Comparison of tensile fracture strains between measurements
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Stress-strain relation
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Fig. A-1 Schematic representation of rectangular cross-section beam
subjected to four-point bending
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