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Dynamic Fracture Characteristics and Size-dependence of Fracture
Energy of Concrete under Dynamic Loading
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Abstract

The fracture characteristics of concrete under various rates of loading are investigated.
The static and dynamic fracture energies of concrete are determined and the size-de-
pendency of fracture energy is clarified from the present study. To this end, a series of
experiments were conducted. The maximum failure loads, fracture energies and nominal
failure stresses were calculated from those test results. It is found that the fracture en-
ergies are increased with the increase of loading rate. The fracture energy values were
also greatly influenced with the size of the specimen. The size-dependent prediction
eguations for the static and dynamic fracture energies of concrete are proposed in the
present study. The present paper provides useful data for the dynamic fracture analysis
of concrete structures.

E &

& BxolAE BMAES Be TaE BIEHS TN, BOFHETIAY AR5 A7
Atk ol st ETBHQ AYATI FRson B2 FLe BN Astel BAR A
2 2Rso] AYsiAk B AWoaie BAKEHE B 2 B WEIUA 181 A%l
AT & FRAR BUEES 27130 we 2aEe ByouRst Frbshs o Uk,
T4, Aol 277} ARl gat HHdUA ghol 4Ps WeEE Ao Ehbdth & FiRME F
a7)0) e 2asEe] B L B FHUNE d2E ¢ At 42T 22std AASET £
Frre 2azEs) 4R ASHd F88 1248 B ReE Az

T

*EMAR - SR TR Bt LARTEH
*w B R - AR BT IHIE, DR



1HF W

FANEREWS EETRE A= M %
WLAEA A= glon, B3 4t EEFRE
e oy nEel slee aske fAETAL
HYT2E £ EF TZEY cE2r7A XH
Hog ZFo&A AMEHI fich &3, o]H# F8
3 HEmel e FEEAE A9Y BAE #L
g & 7] 8ol oo Y AFAHY A7 ¥
g3 €k

2agee #AAAFd dF dFe vz F
Dol EojA s 7] A7 FEEorRA 1961
d Kaplano] Hgo2 EaE #ALEE 53
oz x AZHUT B dstn goolge U
243 FANM e LEET] AAstY o, HT
o etror 2aAHES F ool ATEHT]
A&t )ik olgk @o] EaZ|E9] ol A
go] Zold olfEx FaelEY HAAFo]
BHow F&o uyAEY a2y "ot &
azex v]# A4 (heterogeneous) H HAHEA
(nonlinear behavior)g B HEEAN FLENA
A3t ool vlMFd(microcracks)g& FuFSHA
gt} olg g mAFER Q3] E3LE el &
g ZastA "ok 2@y, Fe] 3 dEEel
e 248E(plastic yielding)o] dojutAl v
o] HIME Jdx EaYES] FLuvhe AA €
. #adee FIBAME PATER U
7tk o3 A 8 vh(fracture process zone)?t EA
g 44 gon olRe] FAle] AAFFF Z&
Hoz TE Holgtd, olg o] FAYES T}
AAFL otF sy wetr I3 Hol HA
gth AEFAA dFRe A7 Taed HY
€4 31} 31 o 8}(linear elastic fracture mechanics)2l
g 7hsAdl i A7 wWol o|Fojxen, 11
A7 2% FIYHETZEAE YAl
z4isfor gtk A7Aast Ags"n Aok 2A
& Zagert 2dder MgV et ok
7) wjFolm wakd wlXEzol2e] MEe d
FHolgti B 4 gith EaAETFR ¥HF 3
AL sty e 2aHE] Hdy
A& otop sl welr ol AHsle Uol T
a3tk B g AEQ 35e ve S3sE

— 72 —

A& A AT ATE P vk 1o,
@ Petersson,’® Bazant!~¥ Shah®" Ex #33)
E9 A waduixg ARy AT ATE F
&k :

azd, obAsA §3HQ g we EIYE
o] Bzl AR BE A7t E2 YA
e dAoln, FAHAYEA O] FEHA F& ¥
Holth webd B ApdMe BHQ e e
2agee B8 e AFstnal o

539 33¢ wg 4o FadEd AAAF
B 11 BAL AHEE solMe Agde 42
g Ao JAHI Yo, 2R EAYES}
v F Ao Aoy ol B& o] EH
2 AgHD Utk olAL E "xle] EAYE
& g QAo Ui FH A% AFAE ¥
A u} Y, ”

ol FHAAAFY FBL ESIATEHEEY
o] $HsFolUt 2483 EE 358 (impulsive
load)g W& o HAAFE sHHstn A&
8% 7128 AFsA €k

mpeba, B QA7 BEAe eV} FAHINF
g wg o] fNAFH BS54 L FHEL F
A3l stolMe] 2aEe] A iAE AAE
o, 23E Ao Ard wE HHdize] ¥
3 BEAL FHsied, BAAANAd F88 7z
g AAsted ok

2 232 E°| MAVRNRE Kk

21 W% HE

Zag e BRSNS FI317 Askd o
dol By stdg e FYidth gaAFd |
Age AA FZXNRE WE FH $Fo) o2
717t AREEE WA dEE FHEY
th B Aoz HHuydix @ T
AUA7 24 2 ASEAL FARASEE A
sk w3 Ao Avle] g ol g
Hslgs FEEHen old i 54& £4
sk 2 FolMe olol tig AT WEe T8
sto] Aleslz|2 @tk

2. 2 A ML HIME

2ages ¥4 38495 Hayoixe A7
avg FIs] 9t Az 2sle E#adEe

PSS 4 b




1. 232 £ vig YR} 2

- . Co Fi (k » Coarse Agg. W/C Ratio((%) Compressive
ater(kg/m?) ment(kg/m%) ine Agg.(kg/m (ke/m) A tio( Strength(MPa)
157.1 3136 754.4 11083 50 208
mm/sec7tA| FREO] A¥o] Y=Yt o]
HEL 2 AR dste 5 S AE
MI G 3ol HET WA e BATHO| A5
[ o2 71Z2Hglew, o Asrt sFouiAl ALt
| ¥ SR 2 AYY AeFwst 1% 20 £AIS
" ' o] gtk
400 nm I: ﬂ7I“‘ J
[ — ::Mjim.w‘q_,m‘; : I . ﬂT'ﬂ g

et N o j e : ot

. - —

JF 1 o) ALBE 232|E 2o 4R 37|

BE AFste d¥EE FYP3Ach AAR A=
= 100x100x500me] REA7]e] nolw o] wr}
22 50 x50 % 250me 2] ~le] =9} 150 x 150 < 550zm2]
A ARy A FHE TEE AEA
o] A7}zl Aelze] FAME B Z7|HEdol
as Beol do| Hel &2t ay/H=0, 025, 05, 0.75&
gl AP AR D. o] AL 27]HE
dZolo] wE FaE waouixle] Walyit-g
T3] Ageldrt ojdd E3YE By 74 A
= d3 10074 Ao, AEde F4&
AU A HE 20704 A&t

B AydAqe] A1e4H Eagse Wi
Z=7b 3t 1 goks|o]

23 MWEAE A Y

Lt A A&E 7 Alglze] E48E Rl o
slo] B4 E e A g R
t}h 238 E By 34 4 51EA H (three-point ben-
ding condition)Z A 3tElglen, H32 Instron
AFAAARRAIHE o]&-ste] FePstgct. HE
& 7t Vg do] HE 49Ale WY&
5o} d¥o] F3y=Yon, F HHFFQ) 8333
x 10~*mm/secol| M K-E] 54 3H54F< 833310

104 w19 19904 3 1

Visigraph
IIIHHHHHHHHI'

X-Y Recorder

Specimen

08 2 # dffdHTel AT HHE

3 afdn H BN

& AdMe BE 2% ddonFE doA
Aol diste] TR 7)EgstnA gich

3 1 S CHBETT

2 A7 dYo2RH $4Fos FHE 2
#7} 2+ FAe) 33 EF-(maximum failure load)
olth. o] HaslFo] Z7|HdHo] HE FAHo]
a9 39 mAlEo] Atk o] 1Y oA BEe] 2
Z|dEZC)7E Frhete wet gashEol A4
AaE & F Avk B3 2 27 gd ol
A HEETr dRAFE fysFe] AXE R
& £ 7 Aok ol YL I9 49 o & U3
atAl geokslo] Stk & 11§ e Zhzhe Alg =
et Z7|dEHe] HE HyLxd o Ho
atFol Frhete S dEQAsH RoFa o

o,

_A73 j—



@,
HEAM SIZE ¢ 130x) -
Losding Rute & gw -/sec
® vm
- % } « 0.0833
g x 0.833
2
S n %
; x
3 o0 f s
s
H
B
0. - A
D.00 0.25 0.50 0.75

RELATIVE NOYCH DEPTH {a,/H)

20.
BEMI SIZE : 100x1Q0NS00 we
Loesding Rete o 0,000633 wa/sec
o 0.00833
s | « 00833
- x 0.833
g
20 ¢
=2
3 5 |
=
3 § .
B
0. L L
0.00 0.2% 0.50 0.7%

RELATIVE NOTCH DEPTH la,/H)

BEAN SIZE i SOxSOw290 ms
Loading Rete @ 0.000833 ma/sec
« 0,00833
P 1 « 0,0833
z * x 0.833
x
2
- 2
5
=
= ]
§ 1 L L]
x
H
.
o 2
* 0.00 0.5 0.50 0.78

RELATIVE NOTCH DEPTH {a,/H)

2% 3 X7|THdol0 THE HomDsHBe WYY

3 2 2329 MIoLAX] A4

#azlEe] oA (fracture emergy)s &
Az e W9HH FEE dodled 285
ixeln, oja& B Ao HdHAARZRE A
A & 9l & £ AYdA 4o A A3
F4 ool WA o gHE FAE] HI X
& AL A2 E 5 A

ety Zaglee] goduAe og a3

o EAHTh
W
(= ot med )
B(H~-an)

— 74 —

BEAN SIZE : 150x1505550 ee
o,/ =0.00n
gg L] o
g 0. b 0% » a
a o
I T
> e
% g0 | ° ®
L
A .
0. xl !l ‘l ‘J
107 [CR 1072 107 100 10
LOADING RATE (mm/sec) $
20.
BEAN'SIZE : 100x1DOX500 am
s, /H= 0000
gs L)
= 15 -
é .75 % -
o o
3
5w "
% L3
=
<
E
e ° ° °
. N
o x x X, ot
104 107 1077 107t [T 0!
LOADING RATE (me/sec) $
4,
BEAM SIZE : 50x50x250 me
a,/H « D00 =
0.2 e
_ 3. b 0.50 o . ©
- o
- P
2
S e
2 i
>(Z ° L] [ |
= o |

1074 102 [FRINTS] 100 [
LOADING RATE (mm/sec) §

JO8 4 si@e| AYStEE0] oHR Hoimn shge| et
=

714, W= AP()dé=38t5 - AAFA olefe)
U3, mg=89 ®}F8 &==F-HAFMN 38}
Zol 402 HojAe Hel MA, B=ro ¥ H=
B2 7o, a;=27|FEH )& eI

k& R Expe] AR & shFdl o8 &
HE iAol 1, FHA & zFo] ofsf s
A AE FARTE bR ozRE Add I
HouA g Z7|FFHeld) wel 1d Ae] 1Y
6olth. 1Y 6914 Hie ule} go] Eagleg] w
FouAEs 271FAdol7t &7l wal Zast

KRR




-__"“_-'——'-'.-a

J% 5 AW 2 SF-NHIY

823.

BEAN SIZE : 150x150x550 m
Londing Rete @ D.000833 wa/sec

P e 0.00833
> 6. 4 - 0.0833
=z /% .833
> L 20
[
o
2 o
“‘ ]
[¥¥} o x
>
[ a a
E 2. . ° 4
W [}
B
0. L 1
0.00 0.25 0.50 0.75
RELATIVE NOTCH DEPTH (a,/H)
600.
BEAN SIZE © 100x100xS00 nm
Losding Rete ® 0000833 mn/sec
500. T ® 0.00833
— « 0.0833
€ x 0.833
= 400
€]
& 300, +
Ed
. | x
I x
¢ ¢
. \ |
Ta.6 0.2% 0.50 C.s

REL#TIVE NOTCH DEPTH (e, /H)

300.
BEAM SIZE @ S0xS0x250 aw
toading Rete @ 0.000833 wn/sec

—~ ® 0.00833

E .+ 0.0833

= x 0.3

a0, f

-

(%3

&

o

pod x

LaJ .

W .

i .

£ 0.

i . 4

%

o

&
N L L
“0.00 0.25 0.50 c.7

RELATIVE NOTCH DEPTH (s, /H)

T8 6 Zu|Fwo0] i 232|ge] 11| ofitiX|

E0% B8 1904 3H

o, o= Ax ojate] XJ|FAIME HaouF]
7t dRsAE Ag & 5 Atk B 29 7 8
FExd met FaEe] By uxrt Frlstn
V&S BAFT e, 58] 27|17 A4 7} 0250]
delMe z71dde] =vle #Aglel A gL
g FduAE BdFT JASE & 5 Aok
2713490l gle Beel At & AL F
dEe] HAYPFY upgo A oA
X7 3A dojur] gEel RAom BAHL ¢
o meix FaEe dAHA gduxe &
ZI#ddoldl wet dgol gle 7t & a/H=025

W, — - J— B
BEAK SIZE © 150150550 s
oM - gg [ ]
. L]
E 800 0.50 » -
= 0.75 x
§ 0. | -
W -
(™)
W a0,
5 o R
O ks
3 -
T 200} . x
. M
H
o. : . ) L
104 107% 1% 101 109 10!
LOADING RATE {wm/sec} §
600,
BEAN SIZE 3 1001005500 wa
/M= 000m
., 5. 6.5 0 o
& 0.50 »
2 0.75 x
o400, a
b L)
2 -
Z w |
1t
g ™ :
= ° . H *
£ :
0. s N N R
107¢ 1073 1072 107 100 10!
LOADINE RATE (ma/sec) §
300,
BEAM SIZE © SOxS0x250 e
8./H=0.00 ® ©
— 0.25 ©
G C.50 «
= ®
200. f
.
19
o,
e}
5 L] o
wr < ° -
% .
5) 100. + M "
P
3
x
0. ) " L i
1074 10 1072 1077 00 ot

LOADING RATE {mm/sec) §

1% 7. 3Esxol g 232|E2| TR|ofidx|

—~ 75 —




o} 0504kl A A" 4= 3l o] FES 894
Aol ® 20|t} ol&§ Ae HIo H4YLEE
#(Society for Experimental Mechanics, SEM)of|
A 2ade Hel R7|FEHME 0322 AL
o AlgHE F s R .

¥ 2 2t #ERE IE @aciEe] YA 1Byl

X|(N/m)

Beam Size Load-Paint Displacement Rate(mmi/sec)
(mm) 833X 10 | 83Bx 107 | 83Bx10°? | &3BIx 10~
SOXB0x20 | 919 s 1160 %9
100x100x500] 1310 | 1569 1659 1967
150X 150550 1517 227 2113 39

3 3 B3z2|E9 SHIOL{X|

ATgiol A B ulel o] W& xrl FUEel o
2 AAAQ FHiAs}t Frhstn Ak Ak
¥ 20 goel HAHA HANUAE WE TF
o gk Gi o A=A vz g8l 19 el
@ 8ojt}. o] 1§ 82RE IHEA sl FAH oy
duiAle] dagAe =& o2 2

Gu

=146+0167logd for H=50mm )

R
Go

0

=156+0.183 log§ for H=100mm  (3)

G .
—G—ﬂ~:2.16+0,394log8 for H=150mm  (4)
fo

o 714, Ge-Shaoik#ol 1A R, Go=EPaoERIMc] U A,
S=fifE o] MMir#EE (load-point displacement rate,
mm/sec)E YEITH HALER FAE TSR
B REY Fikd 9%E wonz F o dvks
¥ WRLEE (strain rate)2 H8AFE Aol wig
2l 2ol Holgg HEstd ¥MAL:E o
3 7ol & 4 SUrh

P(t) L?
S~ aE ®
R
'_,_i_.- L"_d' P(t)
3= dt 8‘7‘8* di (El(t)) (6)

FANGA ] MR (DE

(t)_i(_tl AM‘@
SUTEG T EIND 2

3.0

BEAN SIZE © 1SDxiSDNSH0

2.0

YAt o6
A= 2.98
B = 0,394

FRACTURE ENERGY RATIO (G /G, )
s

. ) . .
Hi 10?7 (5 107 [CL 10!
LOADING RATE (ma/sec) §
3.0

BEAM SIZE : 100x100500 wa
o, /M = 0.375
28 F

A=
i~

FRACTURE ENERGY (N/m}
\

e

4 BHOGE
.5
.18

. . ; A
1074 107 107 10 190 10!
LOADING RATE {mm/sec] §

3.0

BEAN SIZE : S0x50x250 mm

2.0 |

IR RN-LT: 1
A=1.48
B = 0,167

FRACTURE_ENERGY RATID (G, /64 )

0.0

L " L "
1074 103 [Cxd 107 100 w!
LOADING RATE (mm/sec) §

% 8 Helaso] mE X majojuixis ST

8  EI() ™
we}A,
. L(H-a) d ; P(2)
T8 dt ( EI(1) ) ®)
H(6)& R@) U3t HeldA
(=2 (®)
LZ

d714, EI=x29] #74, L=xe] A& ov

gich ole} o] AlArE WYKo mEt A
ARG 2P E EAE Hol 1Y 9otk

PAL SRS g ) e



3.0.
- BEAM SIZE : 150x150x550 me

&

~

& /
= 20

s

Ll

-

o

oy

2

Y 1.0,

i

b -

g Y~ 3.20 + 0,394 togé

2

o

g,

4 H A AL
107 10 5 [ 10-3 10
STRAIN RATE (1/sec]é

3.0
HEAN SIZE ; 100x100x500 me

g
©
T

-

/

Y = 2.04 4 0.185 logé

1=

-

FRACTURE ENERGY RATIO (G, /Gg )

=3
o

J 1 4 1
w07t 108 108 107 1077 102

STRAIN RATE (1/sec) é

o
o

BEAM SIZE @ 50x50x250 mm

~
o
T

//“

o

¥ = .85 4 0,166 tog€

TRACTURE ENERGY RATIO (G /Gp, )

=)
o

" " s N
10 107 104 103 102
STRAIN RATE (1/sec) £

=
K

T8 9 HEKE0 UHE SHIIO|LRIS| FII18Y

o] nYPe2HE HARNE FavE FF o
oA g dIEze T2 BASE o
k.

Gi/Gr=185+0.166 logé for H=50mm

(10)
Gu/Gr=2.04+0.1851loge for H=100mm

(11)
GuGo=3.20+0.394 logée for H=150mm

(12)

A7IA, =AY EHER A 1/secolth

FI0H LW - 1906 37

3 4 BYLIY

£ dATeA 433 2adEs i A3y
o 2XE FAYE R FAHILHEL ANG
T7b Atk 2ol ol uz} g M F
% 93]-2-2 (nominal failure stress)& &3 2
o] Y 4 Ut

3Pl 13
o B(H—a.)? (13)
171, Prw= AT 33 LHERATY,

B Quaseyy 24 Adz Zadss 34
g8 Ataial £AF Aol 28 100]ch T
&, olee T sAde HHTRe Qo o
s AoHez ®AS Aol 2 lloldh o 12

0.0
BEM SIZE © 150x150x550 wa
u/M = 0.00 @
~ | 0.5«
5 80 o5 o
5 [ ]
73 -
9560
= - .
w L3
w . ‘e
B 4.0 F o
= Y N
=
= a
= 2.0 F
o<
=
0.0 : . : s
107 w03 1678 107 LR 102
STRAIN RATE (1/sec! &
10.0
BEAN sxzs 100100508 o
8 /H =
-~ | u 25 .
® 8.0 050 . .8
z .9
2
g 6.0 [ -
o e
e L
§ 4.0 . @
<
=
Zz 20 r-
z
0.0 . L L L
1077 107 16 1ot 1073 1072
STRAIN RATE (1/3ecl &
10.0
BEAN SIZE @ S0xS50x250 ma
a/H = 0.00 @
- L 0.25 e
£ 8.0 050 «
o
b4 cT .
L so0f a °
o o
— L]
v . ‘e
g a0t e
=
=
=
Z 20
=
0.0 s . . .
1077 10¥ 0% 104 R 16°2

STRAIN RATE (1/sec) é

38 0. HYSKE0| O 2t AlRlx 232|E9] B3N
e

— 77 —



-~ 3
d
~
d
g 2
w
g
T
L
§ Y~ 2.5 ¢ D.270n0G¢
]
H n. A A, A ke
10% 10% 103 1077 104 0
STRAIN RATE (1/sec) €
3.
“ BEAM SIZE : V00x100x500 we
6 s /M =025
& 0.50
@ 2
&
& .
¥ S
=
-
bt .
x Y = (.83 ¢ D142 0GE
z
o
& L L : "
- 0% 10% 107 1973 10+ 10
STRAIN RATE (1/sec) €
- 3.
2 [ BEAM SIZE : 50x50x250 me
2 M=0.25
‘;(— 0,50
o2
&
0 °
wi L]
(__5 ]
3 1 _»/oa//i
=
=
= Y = 1.86 ¢ 0.158:06
i
o

o . s . N
TR 107 107! 1073 1072 107
STRAIN RATE (1/sec] &

8 11 HEREO DHE FNI8e| M=l F}
e

oM RE vieh gol WYLES} FAiel gt
g2asee U As} FHEE ¢ 5 Uch ol
A% A%ERE FHNF oMol Zazsg
FAWI o) HY AZFHo| HARHL Fa
o ol =

M 186+0.158 logi for H=50mm (14)
Ono

O 18340142 l0gé for H=100mm (15)
Ono

. = 256+0270logé for H=150mm (16)

Ono

W71, ou=MEIFYH$E, o=
78l

4. majoyLix|e 27] F

4 1 Mgy Lol x|

ZadEe gaduixd 1 & H8gL o)z
= dxg2e FA 7|, faEY P Fo07
gdHA Qoit B, B AFAW gl gl 7 AE L o
A AFoA TAYE AWV g TAE
Goil B Ao AHAANAM JeRT uis} o)
AlH Az agty 2agE9 mjouixrl W3t
= A Y4 F Uth & E 24} g9okso] %ol
EAZo7 AZ,E gy Fr18tn Qo
g, B AP ol g 7 1ty &3dE
o QYA E d&2E & e FA L 2239
o o] FAEEdE B A7 gmgl old
fliF7ee] 26 2 Beg &4 olgsiguh

d‘ 1.28 H 0.75 Bﬂ‘z

3 (1) &

o7, d=7Fe FA9 HUx$, B=re =,
H-nel o, L=Az, f - 2agE A3%%,
E=383agE @AdA 5ol

O 12 B dE&FNd oal AAE sy
A9} A7A] Ao 2RE g E A
Zujwstn e, A5 L AL B3R gl
L8 ¢ 5 Uk

610:59( an

200.0

> test date =
& 1750} °
b 1Shah o
Wogsg.of  S-W.Swartz x L]
&
= 1250} o ©8
2 S
L1000} x
[ x =
- x
= 750 X i
=
w L S
o 50.0
-
£ mof
<
]
x 1 1

qu 1 ' i de 1.
0.0 25.0 50.0 75.0 100.0' 125.0 150.0 175.0 200.0
PREDICTED STATIC FRACTURE ENERGY

T8 12 oiEBAol mhat HLHE mtjofuixiel Mama|
ofiLixiel M{Y im

K AR



4.2 Mty THIjoLIX|e| 01 E

ae] 19 9ol £ ule} o] WYL} F7)
ol e ZazEe] AR} FUEE o
4 itk add, o] HHefixle) Frlgo] R
o7t & AE2Yd+E o A YL UL
¢ T Ak oA HYSE WE AR
714717 BRI & A 2dsE AAe A
L REH U4 glod, o] Ad= gl TR e A7
AR U B on ez A8E Hol: Ytk u}
2 A Ee AR UAE Bt FHA
g &3y AsiMe HYESPG opE Fajel
AZ|9 YL ¥izAl nsisor e e daiF
I th AN AgAde o LT
o 4%& v FAAAE WEE, A Lol
FRAA ¢ Fo2 VPG lon, bela K Brzeol
Me olgg ¥4 1sld EaEY FHAY

w
=1

BEAK SIZE @ 50x50x250 wn
© 100x100x500

53 4 150x150x550 ]
- T
I -
2.0 - -
o . .
= T PR
F - —E
> ey //u’/
el
&
i
s

.}, - /
'/Y/(d B) ) 5+ aL006)
- 0.5

a- 145

o

2TURE £

u," o.wrm

L " L
TR 10 o 103 w?
STRAIN RATE (1/sec)

I8 13 X370 mR YriEHmIoLX|e ol&X|
% WA s

3.0

test date @
Suar isBShah o

PREDICTED FRACTURE ENERGY RATIO
&8

a.0

0.0 1.0 2.0 3.0
MEASURED FRACTURE ENERGY RATIO

O 14 HlshE EXmajoiuixle &S EXnjoy
Xlef 42ty Hlm

104 FH1% 1904 34

NI & o =g 4‘— 9;1“5 A&5EFHE =2
H 4 :
_____145( _) (E f (1+0.108 loge)

(8
271 Rell met Askd Fo TR} K
dRdet $A 29 139 89okse] Sk 47
R(A8)0] d¥ZEAS} WA & Xy UYSE
& Ak 2§ e ANE gajoy=| g 4=
¥ R ddAas darlusty o ww
A $£E AAE Bolx ik

5.# W

F HRdAe BHHES Tv FaYEY B
Wh R eSS, BHE TS S22
e AANUAE REste] TAYERHS] 2
Zlel @& saeuzie] WEEEE FEstTa
ol

ol 3t & BRAME EBH] HdHAF
g YT d¥FAe 2719 e #As
71 A8t H]/M 2714 AMgzz BFse Az
3} & 23] fste] FH
T ‘*@?—?C’HH*‘?—H we FHLE7HA Wt
AA7IY d¥o] FYEAG. & ATFEFE HUY
B s, AH 2 FARAFANIA e A ]
o] &4 % ALHU

2 drds $mEErt S7hdl et a9

Eol #AAdA7t Frlsle eg uewion,
o] F71@del g dZ3F2o] =&HUh EF,
Zagee] fduizls B9 Z7)d e e
2A 4FgE e Ao veked, WiLrs)
7ol Mk B8 F&o] HE AAE A
o2 UENY & #RdMe EaslEe] 34 ¥
FAAANIA Y] dEFAE =Eat AAIEY
o & dve ZaYEY FHAAAFHAY F
&8 712E ATY Ao Agdd.

F I

ol HEe 19BIE EuwAd dRBEAFAD 2
$BRIA HGadTzAel o5t APEAew, oo
2418 =9y,

— 79 —



10.

1L

2% W

. Bazant, A. P, and OH, B. H, “Crack Band Theory

for Fracture of Concrete”, Material and Structures
(RILEM, Paris), Vol. 16, 1983, pp.155-177.

. Bazant, Z P, and OH, B. H, “Rock Fracture via

Strain-Softening Finite Elements”, Journal of En-
gineering Mechanics ASCE, Vol. 110, No. 7, 1984, pp.
1015-1085

. Bazant, Z. P, and OH, B. H, “Microplane Model for

Fracture Analysis of Concrete Structures”, Proc.
Symp. on the Interaction of Nonnuclear Munitions
with Structures, U. S. Air Force Academy, Colorado
Springs, 1983, pp49-55.

. Barr, B. L G, Hasso, E. B. D, and Sabir, B. B, “The

Effect of Test Specimen on the Fracture Toughness
of Concrete”, Cement and Concrete Research, Vol 15,

1985, pp.833-B4L

. Carpinteri, A, and Ingraffea, A. R, “Fracture Me-

chanics of Concrete”, By Martinus Nijhoff Publis-
hers, 1984.

. Cho, K Z, Kobayashi, A. S, and Hawkins, N. M,

“Fracture Process Zone of Concrete Cracks”, Journal
of Engineering Mechanics, ASCE, Vol 110, No. 8,
Aug. 1984, pp.1174-1184.

. Giorv, 0. E, Sorenson, 8. L, and Arnesen, A,, “Notch

Sensitivity and Fracture Toughness of Concrete”,
Cement and Concrete Research, Bol 7, 1977, pp333-
344,

. Hilsdrof, H. K, and Brameshuber, W., “Size Effects

in the Experimental Determination of Fracture Me-
chanics Parameters”, Proc Application of Fracture
Mechanics to Cementitious Composites, ed. by S. P.
Shah, 1985. pp.361-398.

. Jeng, Y. S. and Shah, S. P, “Nonlinear Fracture

Parameters for Cement based Composites . Theory
and Experiments”, Proc. Application of Fracture Me-
chanics to Cementitious Composites, ed. by S. P. Shah,
1985, pp.361-398.

Jeng, Y. S. M, and Shah, S. P, “A Two Parameter
Fracture Model for Concrete”, Journal of Enginee-
ring Mechanics, ASCE, Vol. 111, No. 10, Oct. 1985,
pp1227

John,R., and Shah, S. P, “Effect of High Strength
and Rate of Loading on Fracture Parameters of
Concrete”, SEM/RILEM Int. Conference on Frac-
ture of Concrete and Rock, Houston, Texas, 1987,
ed by Shah and Swartz, pp.91-101.

12. Knott, J.F., “Fundamentals of Fracture Mechanics”,

by Publ. Butterworths, 1979.

13. Kalthoff, J. F., and Shockey, D. A., “Instability of

14.

Cacks under Impulse Loads”, Journal of Appl. Phys,
Vol. 48, No. 3, March 1977, pp.986-993.
Mindess, S., and Bentur, A, “A Preliminary of the

15

16.

17.

18,

19.

2L

22.

23.

24.

2.

— 80 —

. 2HE, AeE, “THAEE U

Fracture of Concrete Beams Under Impact Loading,
Using High Speed Photography”, Cement and Con-
crete Research, Vol 15, 1985, pp474-4.

Mindess, S, “Rate of Loading Effects on the Frac-
ture of Cementitious Materials”, Application of
Fracture Mechanics to Cementitious Composles,
NATO-ARW-, Sep. 4-7, 1984, pp.617-633,

Mindess, S, and Lawrence, F. V., “The J-Integral as
a Fracture Criterion for Fiber Reinforced Concrete”,
Coment and Concrete Research, Vol. 7, 1977, pp.731-
742

Nallathambi, P,, and Karihaloo, B. L. “Prediction of
Load-Deflection Behavior of Plain Concrete from
Fracture Energy”, Cement and Concrete Research,
Vol 15, 1985, pp474-484.

Petersson, P. E, “Fracture Energy of Concrete : Me-
thod of Determination”, Cement and Concrete Re-
search, Vol. 10, 1980, pp.78-89, and “Fracture Ener-
gy of Concrete : Practical Performance and Expe-
rimental Results”, Cement and Concrete Reseorch,
Vol. 10, 1980, pp.91-101.

Petersson, P. E, “Crack Growth and Development
of Fracture Zones in Plain Concrete and Similar
Materials”, Division of Building Materials, Lund In-
stitute of Technology, 1981

. Reinhardt, H. W., “Tensile Fracture of Concrete at

High Rates of Loading”, Application of Fracture
Mechanics to Cementitious Composites, NATO-ARW,
Sept. 4-7, 1984, pp.559-590.

Sierakowski, R. L, “Dynamic Effect in Concrete
Material”, Application of Fracture Mechanics to Ce-
mentitious Composites, NATO-ARW, ed. by S. P.
Shah, Sept. 4-7, 1984, pp.559-59%0.

Suaris, W.,, and Shah, S. P, “Properties of Concrete
Subkcted to Impact”, Journa of Structural Enginee-
ring, ASCE, Vo. 109, No. 7, July 1983, pp.1727-174 .
Swartz, S. E. and Refai, T. M., “Influence of Size
Effects on Opening Mode Fracture Parameters for
Precracked Concrete Beams in Bending”, SEM/RI-
LEM Int. Conf. on Fracture of Concrete and Rock,
Houston, Texas, 1987, ed. by Shak and Swartz, pp.
403-417.

W “SY-HYZAAGE o83 EITETRY
H A s A, HSIEREE =2, A48 Ad s,
SEM Subdivision Committee on Fracture of Con-
crete and Rock, “Mode-1 Round Robin Testing of
Concrete Beams for Fracture Toughness Evalua-
tion”, June, 1988

I EY HiH
wnghol B9 B € KRHAR", USESYS =R,
A 9H A 23, 198993 64, pp.3l-42.

(#5F 11989. 12 2D

K+ A



