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NUMERICAL INVESTIGATION ON THE NONLINEAR BEHAVIOR
OF CRACK SURFACE IN CONCRETE

o GAGE* - & 8 Y- | g
By Hiromichi YOSHIKAWA, Zhishen WU and Tada-aki TANABE

The authors have been developing the constitutive model for a single crack in concrete
and making experimental identification of the four basic coefficientss =715

In the present paper; the nonlinear behavior characterizing the crack surface is dis-
cussed on the basis of numerical results calculated from the authors’ proposed constitu-
tive model. Moreover, comparison to Bazant-Gambarova’s model is made, and path-
dependency and Coulomb’s friction law being compared with rock joints are examined. It
is found that numerical simulation may be a useful tool to quantitatively analyze the
characteristics of cracked concrete, being comparable to experimental studies,

Keywords . crack surface, constitutive model, numerical simulation, shear transfer

mechanism, crack dilatancy, Coulom¥'s friction law, path-dependence
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SHEAR STIFFNESS : k; [MPa/mm]

CONSTANTS

ke=Kist sechz{—lf—:(&— &u) }

o B 0
sl B

Tu=Tg

8
aj0+ (80/Da) ™

To=afc

Ko=Ksr( 1 +q)
Ko&x)

q=tan h( o

a,=374, a,=0.80
a3=10, a,=0.96

a;=1.42, ag=10
ar=1.20, a,=1.31

25=210=001
an=2

a,,=0.2~0.3
(0.245)

NORMAL. STIFFNESS : k, [MPa/mm]

CONSTANTS

Ko/t =biby (87— By8y) ~r+D

b, =0.0082
b,=0.878

FRICTIONAL RATIO :© g

CONSTANTS

He=Cy eoeXP (c28n)

#o=1.16
€, =05~1.5
;=061

DILATANCY RATIO : B4
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Ba= c;BoexP<— CAJO;T"CD

Bo=1.64
©3=0.5~1.5
c=6.42

o (@) dp~8y~1pf relation

VDUOONFHEOEBEIST] of VERE (6:<0) OBHE (F
E—FOUbN) OHEZROEN, ThHBER (05>0)
D&, FEERAMEE LTOEFMEELY, WDHW5S
SE— FOUDLNOHEBELZS (VUODLhE— FOEHE
WDWTIX, 72& 23R 20) 282U 72).

Fl, GO0DRET =02 EHETHLEHNTER
V. Zhid, OUDNIEZMAE (6.—0) L&HETH
EE, BB3FTNVEEUMRE (6:%+0) TRFETmOM
MIZEDZRICHAETE RV E2EKT S, 2D &
&, (6 &) THELTIEBERITFET S LAEEKE
L,

DESIZRbLEINS.

Dt coEEMZERE, BRICE S NIBEDSE
BERLEBBORART230THY, VUDWRET
DI, AT - RN IZORRZ &
E45b0THHEEZ LMY, 35IIFHE TR
NELEBEALEBERELEL, T2E3E3+H542TH
BELZETHIENERINT.

3. NTIARY YT 33— g32il&B
ER

9, ODULKAHOTAMIES L BB L, B
DOBRATE D, (mm) & FEfREBE f. (MPa) #/%5 X —
F—LIBHEY I AL —YavEERBL, ChiEE—
3IRLT.. RIKICIE 6B ERLTVAD, WIThDF
&b, VDUDNBOB—EDL ETCHANEN 2521
EEDEERPEI127— R (6,=0.01~1.2mm) %)L&
BiEmE UCRR LI DTH .

B—3(a) &, 2> 27— FDOIEHERE f. #/%55 A —
& — (f.=20, 30, 40 MPa) & LT, &, & & OEEE
ULTHAMIEHN 12 2RUEBDTH 5. EHABEDRE

X

(b) B¢ ~8n~—0oy relation

B2 REOHF 4 RICET 3HFREY



74

Da=25mm, fc=20Mpa Da=25mm, fc=30Mpa
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Da=25mm, fc=40Mpa
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1.2 1

Da=10mm, fc=45Mpa Da=15mm, fc=45Mpa
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(a) FHEMEE/F A —F — (D,=25mm —5E)

Da=25mm, fc=45Mpa

(b) BMOBRATHEENT X—5— (fo=45 MPa—%)
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Numericat Simulations with Different rv, Sncand gn°

{a) re=c0, (82=const.) (b) ra=50MPa/mm (c) ra=10MPa/mm {d) r=0, (0" =const.)
FL = 8 A 8 8
g s ) @
" § (] 7 [ 5 >
1} .8
4 4 0.8 4 4 ®
@ 2
[ %]
S 1.2 2 2 2 @
So 0 0 s 0
[] 5 1 15 2 0 5 1 15 2 0 5 1 15 20 5 1 15 2
SHEAR DISPLACEMENT [mm)  SHEAR DISPLACEMENT (mm)  SHEAR DISPLACEMENT (mm) SHEAR DISPLACEMENT [(mm)
8 -8 -# -1
" u=0.1 % 0.1 " sumon | 78
— s @ of=—6 5.=0.022

@ —4 0.035.

NORMAL ST|RE$$ (Mpa)
-

-2 ® -2 0.077
® =1 0.169
0
0 5 1 1.5 2 0 5 1 1.5 2
_ SHEAR DISPLACEMENT {mm)  SHEAR DISPLACEMENT (mm) SHEAR DISPLACEMENT (mm) SHEAR DISPL/ACEMENT (mm)
£ 2, 2 3
13 1
g Baml.2 Seo=1.2 See=1.2 2
2 ®
2 1 0.8 1 0.8 %
0.8
s 1 o
0.5 [ 02 0.1 [OI
é 4.2 =7 ]
L
= B 0
g% "5 1 15 2 % 5 1 15 2 o 5 1 s 2 % 3 TR
SHEAR DISPLACEMENT (mm) SHEAR DISPLACEMENT (mm)  SHEAR DISPLACEMENT (mm) SHEAR DISPLACEMENT (mm)
T 8 8 8
b3 0.2 0. 0.1
S 05 A 0.5 o s e p ol ®
@ 0.8 - -
[ 0.8
W4 4 . 0.8 .
& 4 su=12 =122 fu=1.2 ®
L]
M 2 2 2
g s 0 9
GO, 8 4 5 s 0 1 2 8 4 -5 -6 o -1 -2 3 -4 5 -6 O g g
NORMAL STRESS (Mpa) NORMAL STRESS (Mpa) NORMAL STRESS (Mpa) NORMAL STRESS (Mpa)
o -6 -6 -8
7 ol 0.1 0.1 Ly
@ 0.2 0.2 - "
a4 -4 -4
W 0.5 0.5 s \
] 0.8 0.8 [
02 -2 m -2
Fl 2 no=1.2 Seml.2 qf—® 0000
E e 000000
| 0 0 A
2% 5 1 18 0 5 1 15 2 0 5 s 2 Op i 3

. 2
NORMAL DISPLACEMENT {mm) NORMAL DISPLACEMENT {mm)  NORMAL DISPLACEMENT {mm)  NORMAL DISPLACEMENT (mm)

(a) &a-controled (b}, (¢) elastic supported (d) of-controled

E

l‘zfﬁ

{50MPa/mm (b}
a 10MPa/mm (c)

Analytical Condition :

fc =30MPa a2 =0.245 §=normalized for (a) , (b), (e)
Da=16mm cir=c¢cs =1 £=0.5 (fixed) for (d)
A8 =0.01mm

B—4 B2ORREATICHIIRAKSH 5 EFRKEENM o, 5 EOBIR
(a) OUhNIEs=—%, (b) BER (r.=50 MPa/mm),
(c) BHERAR (r,=10MPa/mm), (d) EELH of (<0) —FE

c
——m Tt
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LR ABbDTHS. FAROERICLY, HET
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EHEREDOHEPE NEEHEZFEEERLTVEEW
AB.
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ETDEI LT LV —BROBBESITBI 2BV

EN-5 B
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5. REMkTEM

Wiz, BusEiNRBes5a1s s DREBHEHE
U, OQUDNFEONFEESITH T 5L (path
dependence) I DONWTELRT S, B—613, 4 DDREX
LEMREEE (path A~D) #®REL, COEIDIEET
BREIEN 5, of EOBBRERLIZBDTHS. 25
2, B3EBKREMIIBI3IGEIGNZTEHILOD
THBH. N5 4 FEEE, PIHBE (6,=0 mm, §,=0.5 mm)
EBEEN (i=6=2mm) FFE—T, ZOEOEEK
BRZY, B—60ORERICRTEBVTHS. Fi7,
MRORMEL UT, BHMBATE D,=16 mm, FERFHR
B f:=30 MPa ZEL TV 3.

FR»RT LIIZ, BABTRY & 2BMaes&,
HAWISH e EEMEEISH —of 1 3HINT 255 (2,
3BkE), BEZENM & (QUDLNIE) #HNxE 5L,
& —ol i3SI S (5, 6BE). ULhb, ExRM
Irrnd —os ORBEE, 60E . PEDLS BRKE
12ESTEELITL>TRES>TVS, bbb, K2
RETNVIHRSBEIRFELEE23TH50THBH LN L
5.

i, B—325, THES»HREEGIEELFZE
M, BRATHBHIEE, $2bb 6>6, DHFEEE &
VELIEBITE, ZORBENIKRELL2HIL0D
»5.

RERRTHE, ERiENE - RERFNIZEEZELIR
LRRLIEBERED 1 DTH0, FOYHENZERIZ
W#Ex 2 bo, &xiE, EXHEAA (normality flow
rule) [CE-S < WHERTHMBET S L RBERTRET

10 -10

5k

SHEAR STRESS T#: (Mpa)
NORMAL STRESS @ (Mpa)
| 1

SHEAR STRESS T ¢ (Mpa)

Author's Mode!

« — ——- Bazant, Gambarova
{1980)
L 1 1 ' L

SHEAR DISPLACEMENT &'t (mm)

SHEAR DISPLACEMENT 3t (mm)

[ -1 -2 -3 -4 -5 -5 -7 -8
NORMAL STRESS 6% (Mpa)

Model

Author’s Analysis

a o

Direct Shear of
Cracked Concrete <
under J=-Controled
L.oading

da=constant

f-=31MPa anz=0.245
D.=25mm ci=c¢s=1
rm=10° £8=0.0lmm

H—5 &5 OEETFI E Bazant-Gambarova £ F UV & OB
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#*3

SHEAR STRESS [Mpal NORMAL STRESS [#pal) SHEAR STRESS [Mpal NORMAL DISPLACEMENT[mm)

SHEAR STRESS [Mpal

Numerical Demonstration on Path Dependance

2(b)

path B

5 1 1.5 2
SHEAR DISPLACEMENT [mml

.5 1 1.5 2
SHEAR CISPLACEMENT Cmm]

(d)

[

path C path D

.5 1 1.5 2 .5 T 1.5 2
SHEAR DISPLACEMENT [mm] SHEAR DISPLACEMENT Cmm]

NORMAL STRESS {Mpa]l

1 1
8 , @ 5| 8|
6 6 ' 6 6
3
4 4 2 4 4
2 3
2 2 ! 2 i tl 2
0 o o 0
.5 1 1.5 2 .5 1 1.5 2 .5 1 1.5 2 .5 1 1.5 2
SHEAR DISPLACEMENT [mm) SHEAR DI[SPLACEMENT [mm} SHEAR DISPLACEMENT [mm] SHEAR DISPLACEMENT (nmm]
1 -1 \ 1
8 -8 -8 8
§ -6 -6 5
'
4 -4 ' 5 -t 4
2 : 2 R N -2 \ 2
3
0 0 ol 2 .
.5 1 1.5 2 .5 1 1.5 2 5 1 1.5 2 5 1 1.5 2
SHEAR DISPLACEMENT [am) SHEAR DISPLACEMENT Cmn] SHEAR DISPLACEMENT [am] SHEAR DISPLACEMENT [mm]
1 1 1 ]
8 8) s 8
'
s 6 ' 5 6|
. VI o 4 4
. { 2 - oA 2 2
2
0 0 °
2 - -6 -8 -0 2 -4 6 -8 - 2 -4 % -8 -0 = -4 -6 & -0
NORMAL STRESS {Mpal NORMAL STRESS [tina) NORMAL STRESS [Mpal NORMAL STRESS {Mpa)
1 1 1 1
8 8 8 B
'
6 6| ' [3 [
3
4 4 ] 4 4
2 4 \ )
2 2 2 2
o o 0 o
5 T 15 2 5 1 15 2 5 T 15 2 5 T 15 2
NORMAL DISPLACEMENT [mm] NORMAL DISPLACEMENT [mm] NORMAL DISPLACEMENT [mmJ NORMAL DISPLACEMENT L[mm]
1 -1 1 1
-8 -8 -8 -8
-6 - -6 -6
s
" -4 ' N -4 -4
2 4
-2 -2 ! -2 s . -2
o o a 0
5 1 15 2 ) T 15 ¢ K T 15 2 5 1 15 %

NORMAL D[SPLACEMENT Cam]

Analytical Condition :

NORMAL DISPLACEMENT {mm]

NORMAL DI1SPLACEMENT [mm] NORMAL DISPLACEMENT [mm]

Da=16 mm, fc=30 MPa

£=05, C,=C;=1

H—-6 Ru3EMERICHT S 00DIREDHEEER

BREMICH I IREBHOME

[MPa]

path 3"1__* s shear stress rn,° [ normal stress 0,°
path A 5._TG 2.89 —2.55
paths | 289 —246
path C ﬁ 249 —1.02
pathd | 147 —0.63

start S: {8, &)={0 05}
goal G:{8: 8)™={2 2} (in mm)

concrete : D,=16 mm, ;=30 Mpa
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6. 7-—OrEROKRE
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