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ABSTRACT

This paper presents a hypoplastic model for three-dimensional analysis of concrete structures under monotonic,
cyclic, proportional and non-proportional loading. The constitutive model is based on the concept of equivalent
uniaxial strains that allows the assumed orthotropic model to be described via three equivalent uniaxial
stress—strain curves. The characteristics of these curves are obtained from the ultimate strength surface in the
principal stress space based on the Willam-Warnke curve. A cap model is added to consider loading along or near
the hydrostatic axis. The equivalent uniaxial curve is based on the Popovics and Saenz models. The post-peak
behavior is adjusted to account for the effects of confinement and to describe the change in response from brittle
to ductile as the lateral confinement increases. Correlation studies with available experimental tests are presented
to demonstrate the model performance. Tests with monotonic loading on specimens under constant lateral
confinement are considered first, followed by biaxial and triaxial tests with cyclic loads. The triaxial test example

considers non-proportional loading.

Keywords : constitutive model, finite element anlysis, concrete, hypoplastic model, orthotropic model,

equivalent uniaxial strain

it

fo
Xl

}\1 :Ti_:Lg]

H
©
o
o

N 2 N e ae HI
> T okl Jpv

I~

2 oft ol

e
452 g 2asle o
7] 95t el 2age

13 Co]

oo T o
it
m{m
o}L
Ol
ok
N

o2 i 82
et

O}
A
ook
ok (0

oot
-
4

* Corresponding author
Tel : 086-751-5382 Fax : (65-751-5374
E-mail : kwonm@nongae.gsnu.ac.kr

7] wiEel ZHEE FAAY AT
Al M) EAAY TE Y
He e E‘_QHDP e

juici}
o [
o
mlo

>
e

2
2, oo

o
N o

[m
1o,
i

o ox

ol
Frl.‘
it

Y

4B
olo
JW
[9)
ﬂ.ig

%—;aa Nrﬂoﬂﬂb 0z
A 2AHER S, FEH
=]

s
- O),]
oM 12
o
=2

p

J%l‘lf

e {m

ox, M U md e

o o |m & N

i

lm
o,
tlo £ =l

i

v
H =

HLS)
o
=
=2

)
=
2
ki
e

433



WPt Amd mde E

_|y
ol
)
r
2
o,
e
l.._gg
2
)
2L

e 2de ol Awd BloA 7hae RElzA| o
oketAl Jlgdsolgit). e vde F2 AJEEHA

24 WEE gAdnge] o ZAE & AR 9
A T, e Bde 22 A BdS
AZ NEEACE =3 o]y RHEL HAY BAE
AXE, Endochronic A4E, 4ad o], &4 9 I

54 ol 2o 2Aste] Lk
2= 32 Fads FRas % 4 T
QgAY AL T ¢ 9 ZAYEY A Td
?za_o.i gesjol & # opet $1508 wAHol
ol Holojof 3t} IHuR fLARYS Al LB}
Shld oz 3 W8S 329 BHES 458

KR

o]o]o]; o].tq XA }\]7]- LHO}] —?74%.4 A

o r°“

]

4 %
22
O
ﬁ
:L
Ay
2
o¢
=
vl
o
o B
rot,
PN
)
w4
tlo
_‘EL
B

N
flo mn N
(o}
:O‘é
>
e
ra
4 g
-3
PN
Y
01
N
e
o N
e
oft
T
=
i
o)

1

< Popovics-Saenz
ﬂlamﬂr Warnked] 3
o] <93l AA o].r,,]

b ool 8 or La
N
o,
ob

2 X2
lo
=)

ol e
o

}‘:L 3

flo oft
mim
=
é

{e31)
e

[ R TR | S S B NP AR < D A = M < [

8, B fijo o
i
2
Ay
Ol
o
)
o
o
=
=

2 3%el 238lE 2
AT Aok 3R PR L A
v b
[e]

g3} F38o) wheke Ax|ekx] Y= Aod :
DarmeJr Pecknold” 721 Bashurs®} Darwn'®ell <]3]
ZNE S/PREE gl vzt A BN
=5 ?‘ét’”ﬁﬂﬁ o3 Zo] FdH:

do= C,de (1

Aq7|M, do 9 de = A7 A WHE FEUS
guisty C,& A=sdg= thed 2

E\(1-vpvy) Elogtvgry) Ex(uatrave) 0 0

Ey(vptvy,) Efl—vgry) Efvptwvpra) 00

i E3(1—vpvy) Ex(vytvgrs) Ex(untugry) 0 0
C~=% 0 0 0 Gp2 0
S
0

047%1, vi € e —8— o oJalA] WA= ek
EFHlojtki j =1 2 3.

434

gt 5
o] AHshe o2 AR FHHE T
e

Q=1—vyvig— Va1V13 — Vaa Va3 — V1aVaaVq — Va1VVi3

o1 E; ¥ AwPedF iR ARAFoltki = |,
2, 3. 183 Gye i BR g dAdAFelth
A A Gy © d99l Fx 2AzA dg Ha
dlste] Edchs 7ol 2Jaje] Lekhnitskil & oHe-3}
SR EEREE]
EE;
Gij: E1(1+VU)+E](1+V],) (3)
$e3h WPBe TRE A AW Yool FE
HQ7) wEel fFeassidel A8 FREY] FxA
Hgai7] Siafel FEuao] ololAel g e

Agloz ojold B4 Y Tol JaM ok

o
oS
=Y

THdE HYPEL 4 ZiH JdulZ 7R o= e

Wy g0y 3349 FARAE A A SHE 4= A4
@42 WEBAZZH ASRT Darwind) Pecknold’7}
HA&oR o] /dE Alelgtd|, S7HUE SH-wEE
LA FEE g0 deete WMPEEM FAE
HEE 6,7t IR 7105 $9-U8E 24
A= AR wpfHFEL 352 A =
34 244, ~7}°A% BF e, IHHeE O
S 2 FE gy frEn)

gz mda 99 B B4 Heh 2 el
= QAASE olgdel WA TEEE 32§
4 de,o OB 3 5195 WEEE Thes) o] BR
=

Ewi= f de ,; ©)

S=E230|E8ts| =FE M52 35(2003)



A71A FEsokE AL 57

Ag HEd & gloke 2ot oA ¢

g A 7 MRES UEhlY] diEeld A%
OF Hlusiry S7HSFERHE(de ) BA

azolM 9] A WSS dZe] "dre Ae & 7

o]

29 2)(1)2 ve} o) uhre] Yehd 4 gl

¥O N, >

ddl d€1
d(fg = EH d€2 0
d0'3 ng
Eas
ddl d€u1
dO'Z = E dEdZ
d0'3 d&ug
4714
E, 0 0
E= O E2 0
0 0 Ej

(vip T vigved/R2 (1 —vi3vs)/R2 (vgp+ vigvg)/

[ (1—vov) /2 (va+ vagva)/2 (v + V21V32)/51
H= 2
(vigtvipvad/ 2 (vt vigva)/2 (1—vipve)/2

de g de;
d8u2 = H d€2
d€u3 d€3

slo] $719% W) Bele
9% ol24 BHOE AT, YRFoTE 4G 9
A Ak

Al
D)
A
=
=
1o,
rE N
olo
i
o

oo
o
N
Ny
N
lo,
=
ofl ot
oo
o
L
&
e
—n
=
1o
o
&
=, N

g ol gl £49 gt

1o o o

lo
2
fru

A FrlA oE Aojth

Foi #6339 W 0,/00/0R)E
olgstel Al SH( fu, fo, fa)e B FH £
AFA M= Willam # Warnke®] 4 wi/fiid ZaE

rir
I

THSYUS W BAPE FIE HMS AP =I2E P4

dewe s’ $48 AEe 49 o 2a
Fig. 19l =AM

r ?,+A(% 7(e,gb)+do)+B=O ©)

4714 M e, ¢)= Menetreyst Willam™ol sy A
e FFH| Fukx|Fo|th

_ an* + b*
red) an+ b a(7*—1) + b (1o
2_ 42
i a=Le Ll a; p=- 2L

oty ZF1 o=/f/f.E FHHL
ZFEQ d=¢= 9 el

a=1—¢&" |, b=2e—1 , n=2cos()

¢=%cos‘1[ ?’T\/—?’ (%)] o, ¢+ Lode%d
o2 L9 LE olFoFl Hue Mo HASHH
(deviatoric plane)IA9] &&Ae WaHs Uedth
o} ;£ ¥4 83 elX(deviatoric stress tensor)d] 23}
2 33 BHES yehie o & dade #zkgEwol

fcﬂ' ftE 'EA‘EI‘

~- Compression meridian
/ of failure surface

/7 Compresslon meridlan
¥ of cap surface

S
_\ 1 ——

‘ s

o

AN
~- Extenslon meridian

L fw of cap surface
I

fi

“ /
G,=0;3 Extension meridian

of fallure surface

Fig. 1 Concrete ultimate surface with cap model in
the Rendulic plane

435



59 WYE 43t A4strain hardening)& 13}
Asto] AEdE deelx 78] E9 Ade 2

W A
(1201 G2 Aol ol Asle] F5% ¢ %8
ueh wAshe e WY a3E d5% U
sk
_ 1
T(Oo’ ¢)— T, 7(2, ¢) (12)

A7IA He, ¢) T AA0NA AY e=r/r. 2 ul
e we SHAIFe WM o % B AU

Ak o AL F4Y U3 O T 24 WA
S 2R,

re= (e 48024 a 2= Togt Uit a1 ~ b,
= {2+ 0) + a i Lot Uit a)l) = b,
(13)

=278 frcke—c &
7* — C C cive
o714 b, A

)

a.=(rt i+ bk, 2L f£,2 W] B HT Thie=
MM S4 oln, £, Fg 194 g iy
Hepolth, 12jal ¢ 9 ¢ e o] 94 % IF A
SHH this Ao Al $¥(octahedral stress)©],
kY ke AW 45 9 U AoHo] this Ao
Aol st e] Aatelnt A(13)e] v miiEssat
Aol A= 2 oA AewE Fig. 1o Yehch

Al ks delol MY 83 weke] FAYE P9

zZ

’

E
ow AAEnt Fig 2 (@) vehd 23} o] whef
TY AFAAN ZAYUES A SHAGHY s
TAM Moy, 05, 090 Aetal 3, FEH HxA
Z7) 4 0,0, 0lA dA st 3E8& o
& Ao shHRa} whle S M (S, fo. fa) S
o/delel 2aeed] Fiee Qe ojzla v
MASHEE T A SIHEEHEE ey,

€2, €u3% 0]%6}0:1 €., €2, 6(;3% vﬁ?_zég-q‘.

—_—
ol
&

Ol r 1.‘

offt

5 9%

0o

235 T

—H{3
i B LY <} —

AG7A e S7FEEREE dd 7 xg 23
E FAYWAAE Saens% 93 Aoty Zaglee ¢

436

_63

L Trajectory of loading

(a) Strength parameters

To: Yo i S ¢ Mf(gﬂ’gﬂ’sﬂ)
“ Mx(f;ll.f;lsf;i) Compression meridlans
| Trajectory of loading. [P S e

M, (fs frs 73

/|\‘ - M,(6,,0,,05) ] 0';80
i T g .W,.~"'|'.Lsmmﬂsnlngeepmeridlan
i 0 1
£ %Q\ \1 / fe

' Extension meridians

(b) Softening parameters
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