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concrete AR-glass carbon

Young's modulus E (GPa): 39 72 240
Poisson's ratio: 0.2 0.2 0.2
initial equivalent strain xo: 0.0002 0.007  0.003
sensitivity factor k: 10.0 - -
softening parameters «: 0.96 0.9 0.94
R 10.0 3.0 10.0
80mm
—
AP YL P o= 1IN/mm]

0. 4mm

Y

e
25mm
‘ 340mm(initial fiber lengths)

400mm

beam thickness: 1mm
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VY w—
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—
(s1+0.5) /2
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RELTWA, gidd LBy, a7 U — T 8 fHis

PinEdE, Stimid 3 iMoo 1D 24 TR L, 255
BiIZnZi 200 K68 HTH 5.

WA ORI, BI-5 1T 4 IROFRR Y = i f
THEBIL TV, EEOXFMED D, Hil#HA ps, pa L
P1, Do EXOBMRICH D, F=, IS py Oy ERE
po DFENERCAEIZEREL, I py O o EEITE
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oo TR XY, HEER 1 AROIRIT 3 SORRE
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Llpolo. Fio, BEEROMMIEE LT, (1) T
DRI T 51 = 0.075, (ii) s2 & s3 1L FE O
HEMT 2 BIELZ 0.15, 0.38, 0.62 38 LT 0.85 IZ3%E L7=.
a7 Y —RMIEBEWVNSVIFIAETH LD, s
& os3 O FHRMENE s, = 0.01 X EFRME sy = 0.99 & L
7o, Fiz, EEEE s O TREVCLERMERL, EhEh
s, = 0.01 & sy =04 & L7 #HHEMOEIIZHONT
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damage
(al) optimized (AR-glass)
AP
N \\‘
= g
(b1) optimized (carbon)
AP
A A
12
12_ i optimized 1445
8- optimized 137% 8: 100%
2 eAT 100% 4 original
07 T T : il 0 T T a
0 0.2 0.4 [mm] 0 0.2 0.4 [mm]

(a2) optimized (AR-glass) (b2) optimized (carbon)

®-6 FRC ZOEELFER : (al, a2) 7T A, (b1, b2)

50mm
a P = 1[N/mm]
<Jg 2 AP
| £
o~
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1S |
S | —
< ‘ I
)
¥ Jrororssd _
N sx =1
25mm

normalized design space
(parametric element)
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X |
200mm

-7 FRC 7L — koM (k) L35 A MU v 27 E# ()
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Lo, BTEEPREEZ DI 7 U — FOBREIET
LTCWDERTF 5. Baiifbth, T3 RO 23
a7 U — hOBEEGEBET 2 KO IR TS, Al
1 AROMHMER 3 BRI L=, 7T AL, R$E



two fibers are damaged

\ \\
N :
~ :
\‘
‘ Z
damage
0 1

A

25 25 A — !
optimize P

20+ optimized - o)

ol — | 0 )

1 _ | ) -
10 original |100% 10 — /0
54 o
0 ‘ . : ‘ |

0 0.1 0.2 [mm] 0 0.1 o [mi]

(a) optimized (AR-glass) (b) optimized (carbon)

B-8 FRC 7L — FO&HE{AER : (a) T A, (b) B
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EHEHH ZOEMN L LIZBWCiEar s U — MNIE
5 LTV 2 D3R B IRIX E PGS E 21T T,
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%, HRBAIZ 2SR A OISR Sy @ % Bt T L Al
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WK L7202, REFABREORWFIETH D
EE 2D, o, MBIRIROMHM bR D Z
ENFRETH A7, FEERE bo 3 koG
~OPEESEIFEND.

o KRFEIL, FRC &\ Rk RHEE A BHZ IS A
L7z MO EEMEHC b ATRETH 5 .

—J5, BH%OMELE LTUTITRETOND.

° — I FE A LR CIE, B S AR R AT
fRIZHa D Z LR 5. RIFSEOFEF TH—HT
FORBENRLONT-. Wi, RO X 5 28
e b TCIE, 5 b R EE 2155
ZEIEARARETH Y, Tz, BOHITRE RN KR
M CTH D Z AT HHED V. Lo
T, A%ITV AR RITRSRE RIS 22 K9 72,
LY BHEORWIE{LFEORBRHFIND.

o YEMEHTIE (semi-analytical method) |2 & 2 JEE fig
Freix, #EORIKEEEN KE < R5I2oh0, K
FEOREEMET 35 Z EREL OMETHE S
T 53)4)6),15),16)17) 4 [ o i\ TSR LW
BEEZ T 5% ik, BIRREEA K & <
RO, REEEARYT O EIR T & Bl C =
HEIRFIEOHRBLIIFEIND.

8% . E#IELIVIR
2WLDmlE~ b v 7 2 T LU FITRT.
cos (zg,z1,) cos (ya,xr) i my
T = =
cos (g, yr)  cos (ya, yr) la mo
(80)

F0, OTHEH~ N v AT X, SREERTE
#INT, FHIGTREOOTHARY ML eq % RTHE
R e, \CEMT . T2, e, = [e11, €20, 2612]T =
T°ec T, TCIILUT &R 5.

l12 ’I’I’Ll2 l1m1
T = | 1) ma? lama (81)
2l1l2 2m1m2 l1m2 + l2m1

HiEE:  AWIL, “Deutsche Forschungsgemeinschaft”
DFG (German Research Foundation) O#FFE7 1 2 =

67

TARF SR ICEA2 (R JIF), Vol. 67, No. 1, 54-68, 2011.

7 bk Ra 218/19 8 X O Ra 218/21 OBk %3 1 CT1T

bbb ThsD. ZOMIEBIRIZ LI Y EG R Lk
5.
SE ik

1) Balakrishnan, S., Murray, D.W.: Finite element pre-
diction of reinforced concrete behavior, Structural
Engineering Report, No. 138, University of Alberta,
Edmonton, Alberta, Canada, 1986.

Barzegar, F., Maddipudi, S.: Generating reinforce-
ment in FE modeling of concrete structures, J. Struct.
Eng., Vol. 120, No. 5, pp. 1656-1662, 1994.
Bletzinger, K.-U., Firl, M., Daoud, F.: Approxima-
tion of derivatives in semi-analytical structural opti-
mization, Comput.& Struct., Vol. 86, pp. 1404-1416,
2008.

de Boer, H., van Keulen, F.: Refined semi-analytical
design sensitivities, Int. J. Solids Struct., Vol. 37, pp.
6961-6980, 2000.

Chang, T.Y., Taniguchi, H., Chen, W.F.: Nonlinear
finite element analysis of reinforced concrete panels,
J. Struct. Eng., ASCE, Vol. 113, No. 1, pp. 122-140,
1987.

Cheng, G., Olhoff, N.: Rigid body motion test against
error in semi-analytical sensitivity analysis, Comput.
& Struct., Vol. 46, No. 3, pp. 515-527, 1993.

Elwi, A.E., Hrudey, T.M.: Finite element model for
curved embedded reinforcement, J. Eng. Mech., Vol.
115, No. 4, pp. 740-754. 1989.

Hofstetter, G., Mang, H.A.: Work-equivalent node
forces from prestress of concrete shells, In: Finite Fl-
ement Methods for Plate and Shell Structures, Formu-
lations and Algorithms, Vol. 2 (eds. Hughes, T.J.R.,
Hinton, E.), Swansea, Pineridge Press, pp. 312-347,
1986.

Kato, J., Lipka, A., Ramm, E.: Multiphase mate-
rial optimization for fiber reinforced composites with
strain softening, Struct. Multidisc. Optim., Vol. 39,
pp. 63-81, 2009.

Kato, J., Ramm, E.: Optimization of fiber geometry
for fiber reinforced composites considering damage,
Finite. Elem. Anal. Des., Vol. 46, pp. 401-415, 2010.
Kriiger, M., Ozbolt, J., Reinhardt, H-W.: A discrete
bond model for 3D analysis of textile reinforced and
prestressed concrete elements, Otto-Graf-Journal,
Vol. 13, pp. 111-128, 2002.

Kriiger, M., Ozbolt, J., Reinhardt, HW.: A new
3D discrete bond model to study the influence of
bond on the structural performance of thin reinforced
and prestressed concrete plates, In: Proceedings
of High Performance Fiber Reinforced Cement Com-
posites (HPFRCCY) (eds. Reinhardt, HW. et al.),
RILEM, Ann Arbor, USA, pp. 49-63, 2003.

Kriiger, M., Xu, S., Reinhardt, HW., Ozbolt, J.:
Experimental and numerical studies on bond prop-
erties between high performance fine grain concrete
and carbon textile using pull out tests, In: Beitrdge
aus der DBefestigungstechnik und dem Stahlbeton-
bau, Festschrift Professor R. Eligehausen, Universitét
Stuttgart, pp. 151-164, 2002.

Mazars, J., Pijaudier-Cabot, G.: Continuum damage
theory -application to concrete. J. Eng. Mech., Vol.
115, pp. 345-365, 1998.

15) Mlejnek, H.P.: Accuracy of semi-analytical sensitiv-

10)

11)

12)

13)

14)



16)

17)

18)

19)

20)

ities and its improvement by the natural method,
Struct. Optim., Vol. 4, pp. 128-131, 1992.

Olhoff, N., Rasmussen, J.: Study of inaccuracy in
semi-analytical sensitivity analysis-a model problem,
Struct. Optim., Vol. 3, pp. 203—213, 1991.

Olhoff, N., Rasmussen, J., Lund, E.: A method of
exact numerical differentiation for error elimination in
finite-element-based semi-analytical shape sensitivity
analysis, Mech. Struct.& Mach., Vol. 21, No. 1, pp.
1-66, 1993.

Patnaik, S.N., Guptill, J.D., Berke, L.: Merits and
limitations of optimality criteria method for struc-
tural optimization, Int. J. Num. Meth. Eng., Vol.
38, pp. 3087-3120, 1995.

Peerlings, R.H.J., de Borst, R., Brekelmans, W.A.M.,
de Vree, J.H.: Gradient enhanced damage for quasi-
brittle materials, Int. J. Num. Meth. Eng., Vol. 39,
pp. 3391-3403, 1996.

Peerlings, R.H.J., de Borst, R., Brekelmans, W.A.M.,
Geers, M.G.D.: Gradient-enhanced damage mod-
elling of concrete fracture, Mech. Cohes-Frict. Mater.,

21)

22)

23)

24)

25)

TR ICEA2 O I1%2), Vol. 67, No. 1, 54-68, 2011.

Vol. 3, pp. 323-342, 1998.

Peerlings, R.H.J.: Enhanced damage modelling for
fracture and fatigue, Ph.D. dissertation, Faculty of
Mechanical Engineering, Eindhoven University of
Technology, The Netherlands, 1999.

Phillips, D.V., Zienkiewicz, O.C.: Finite element non-
linear analysis of concrete structures, In: Proc. Inst.
Civ. Engrs., Part 2, Vol. 61, No. 3, pp. 59-88, 1976.
Stegmann, J., Lund, E.: Discrete material optimiza-
tion of general composite shell structures, Int. J.
Num. Meth. Eng., Vol. 62, pp. 2009-2027, 2005.
Stolpe, M., Stegmann, J.: A Newton method for solv-
ing continuous multiple material minimum compli-
ance problems, Struct. Multidisc. Optim., Vol. 35,
pp- 93-106, 2008.

de Vree, J.H.P., Brekelmans, W.A.M., Gils, M.A.J.:
Comparison of nonlocal approaches in continuum
damage mechanics, Comp. € Struct., Vol. 55, pp.
581-588, 1995.

(2010. 11. 26 Zft)

MATERIAL SHAPE OPTIMIZATION FOR FIBER REINFORCED
COMPOSITES APPLYING A DAMAGE FORMULATION

Junji KATO, Ekkehard RAMM, Kenjiro TERADA and Takashi KYOYA

The present contribution deals with an optimization strategy of fiber reinforced composites. Although the
methodical concept is very general we concentrate on Fiber Reinforced Concrete with a complex failure
mechanism resulting from material brittleness of both constituents matrix and fibers.

The purpose of the present paper is to improve the structural ductility of the fiber reinforced composites
applying an optimization method with respect to the geometrical layout of continuous long textile fibers.

The method proposed is achieved by applying a so-called embedded reinforcement formulation.

This

methodology is extended to a damage formulation in order to represent a realistic structural behavior.
For the optimization problem a gradient-based optimization scheme is assumed. An optimality criteria

method is applied because of its numerically high efficiency and robustness. The performance of the method

is demonstrated by a series of numerical examples; it is verified that the ductility can be substantially

improved.
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