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ABSTRACT

Starting from the fundamental viewpoints of concrete stochastic damage
mechanics, this thesis comprehensively studies the nonlinear stochastic analysis
theory and reliability assessment method of reinforced concrete (RC) structures.

The microscopic stochastic rupture model (SRM) for concrete is introduced and
the relationships between the micro model parameters and macro engineering
parameters are then derived based on the mean stress-strain curves by experiments
and Chinese design code. Meanwhile, some modifications are made on the original
SRM model in order to consider the complicated interaction effects between
reinforcement steels and concrete in real structures. A series of numerical simulations
are made to experiments of RC members, showing the accuracy of the present model.

The influence of uniaxial and eccentric compression on the confined effect of RC
members is analyzed respectively. An equivalent confining volumn condition is
introduced to previous confined concrete models to set up the formula of strain
gradient factor under eccentric compression, which can reflect the effect of the
eccentricity on the confining force. With the proposed confined concrete model, a new
confined fiber beam-column element for eccentric loading is developed, which can
account for the time varying process of the section eccentricity ratio.

For the localization issues in force-based beam-column element while modeling
strain softening behaviors, the physical mechanism and the numerical characteristic
are discussed and the existing regularization techniques are reviewed. According to
the damage and failure features of RC members, two kinds of elements are developed:
the adaptive damage spread element (ADSE) and the implicit gradient frame element
(IGFE). The first approcah solves the problem from the viewpoint of numerical
integral. By adjusting the plastic hinge length at every loading step, the integration
weights of the points outside the plastic hinge region are calculated according to
Vandermonde matrix to avoid the integral sensitivity. The second approach treats the
sectional defomation as a nonlocal variable based on the nonlocal theory and implicit
gradient theory, which have a clear physical background, and introduces an internal
length scale to overcome the localization issues in strain softening problems.

The fundamental characteristics of the behavior of RC shear wall and the current

shear analysis method are analyzed and the two important factors in shear problems,
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i.e., tension stiffening and tension-compression softening, are pointed out. A softening
coefficient is introduced to the multi-dimensional stochastic damage model, to reflect
the reduction of compressive strength of concrete in tension-compression stress state.
In addition, a two level consistent secant stiness based nonlinear solution algorithm is
adopted to overcome convergence problems caused by the coupling of tension and
compression in the model. A plasticity offset technique is presented for the simulation
of cyclic loading situation. Several numerical examples are presented against
experimental results finally, demonstrating that the proposed model is capable to
predict the typical shear behavior of RC structures.

Eight one-story two-bay RC frames with the same geometric dimension and
reinforcing subjected to static lateral load are tesed. The test specimens are
constructed with the concrete and steel from the same batch and the curing condition,
and loading scheme is also the same in order to investigate the stochastic nonlinear
behaviors of the frames. The test results indicate that the coupling effect of
nonlinearity and randomness inherent in the material cause the fluctuation of the
damage evolution process, and the fluctuation on the internal forces level is much
greater than that on the load-displacement level. The deterministic analysis cannot
predict the realistic re-distribution process of internal forces. However, the stochastic
response analysis based on probability density evolution method (PDEM) can ont
only attain the mean value and the standard deviation of the responses, but also get the
probability density functions (PDF) of the responses at different levels, realizing the
reflection of the stochastic damage evolution form materal to structure.

Applications of the aforementioned researches are made to an existing RC
complex high-rise building. The finite element model is built based on the material
and element model proposed in this thesis. The PDF distribution of the structural
responses and its evolution process against time are obtained by the PDEM. Then the
structural dynamic reliability is calculated by the PDEM combined with the absorbing
boundary method, which verifying the practical value of the presented theory.

Finally, a brief discussion on the future works is given.
Key Words: RC structure, nonlinearity, randomness, stochastic damage mechanics,

force-based beam-column element, localization, shear wall, tension

compression softening, probability density evolution, reliability

v



FIgERSY B Hag

B B e I
ABSTRACT ...ttt e e e e e e e e e e e e e eeaaraees III
B Rt \%
BB 1 B B T e 1
Ll ] B ettt bbb 1
1.2 JREE AT AT TE RIRIT oo 2
1.2.1 VRIE LA ARITEZR oo 2

1211 BHEMEBI AT TEZR oo 2

1.2.1.2 BEHLIRTARFITEZR oo 4

122 NAR R G AR EBIEIL oo 6

1.2.3 BUH-TREE LA ELAE T oo 7

1.2.3.1 BZRERIEIEUN oo 7

1.2.3.2 AL BBV oo 8

1.3 VREE LGB E PEAEZENE T T TTVEIRTT <o, 10
1.3.1 VRBEHEZEEER 3T oo 10

1.3.2 VREE L BT ITRELEFIIIHT oo 11

1.3.2.1 BY SR ZE M BBTOARTEL oo 12

1.3.2.2 BT SIS B TEARTEL oo 13

1.4 SERIBENTS N AT EEIE IR IT oo 15

1.5 AR SCREE G T TAE oo 17

£ 2 B RBIMIBGARWXARIEBRSTIZRA e 21
2.1 JREEAIVIBEALBIZRETY e 21
211 BETIHEIR ..ocooe e 21

2.1.2 BN A B I GFRUEZE oo 23

2.1.3 BRIRTEVEIAD oot 26

2,14 FEIEIEIIL ..o 27

2.2 AN AT SIS M TAESEII IR ER (oo 28
2.3 R TR AN IIIELE oo 31
23,1 BZRERIERIINL oo 31

2.3.2 FEIDHZITIRUDL oot 32

2.4 TFEREFHTZI] oo 33
2.4.1 BUIHTREEEAEHEEIRIG oo, 34

2.4.2 ANTREE L EETBEBEIRARIE oo 35

2.5 ZRTEIINGE oot 36
F3E RUFEARTLERIERETT oo 37



FIgERy Ee g Hx

3.1 ALY ARTRIGE L2 TTHLIE oot 37
301 BN IR oo 37
302 RIS IERALE <o 38

3.2 R Lo ZRFLI (3 S5 2R AT e 40
321 ZBIGHETEL oo 40

3.2.1.1 Mander $ 29 RTREE LA oo 40
3.2.1.2 AR AR EABIE R B oo 41
3.2.2 BEHLIRTASFABEI oo 45

3.3 SR LI AERAE B TT oo 46
331 LR B TR 0T oo 46
I TA  H < L = OO 48

34 TIRTTED oo 50
34,0 AN SZ EAEBR I HT oo 50
3.4.2 BUBIREE L AEIETE 3T oo 51

3.5 AREEIINGG oo 52

E 4 B WHERLIFEHRETERBEBLEIREAIT oo 53

A1 ZEIEVEIIEBTT (oo 53
A1 BTORETR e 53
B.1.2 B TEIRASIIE oo 55

4.2 BTEJFEBAIARI ... 58
421 FRIMBUBE ..o 60
B.2.2 WU I HT oo 62

A3 B FRMLTETR <ot 63

4.4 EIERTGT TEELIC oo 65
B4 FBPEDR A EETE T oo 66
842 FAIIBLTETE B oo 68
B3 TIMTTM oo 68

4431 BUHIREE AL BARIINEL oo 68
4.4.3.2 BUHIREETAES I IEL oocvoeeeeeeeeeeee e 70

4.5 FET BRI A R FETEIBFEHLTT oo 72

A.5.1 BEABTE B oot 72
4.5.1.1 AR FRIEBEEIL oo 72
4.5.1.2 BEEUBEFEIEIR oot 74
4.5.1.3 B REAERHRER SRR EEIE IR o, 75

452 BTORIIE ..o 76
4521 AEJRBIZE R oo 76
4.5.2.2 BTEEUE TR oo 76
4.5.2.3 FRPE R BIIIIE oo 78

B.53 TIMTTEM oo 79



FIgERSY B Hag

4531 BRELEEAE T oo 79

4.5.3.2 BHTREE TAE B DIZL .oovoeeeee e 82

B.6 ARFEIINEE oo 84
% 5 B FRERNERUSANERE LTS IEE ST oo 85
5.1 BIUI MRS AT oo 85
S0 ABIERHEIDIEIL oo 86
512 BRAMTHEIRIE oo 88

5.2 TR AL BENIIRAG ASARETY e 91
520 BEHLIRATT T2 oo 91
5201 B SIEAFEARHELE oo 91

5.2.1.2 BEWLARAGIEALIZI oo 93

5213 BIGIBMEAETE (oo 94

5.2.2 BT B TC BT T oo 95
523 ZEBPL-TEIRALREL oo 96

53 —FEIZRRIPETIE oo 98
531 BUZRNIFEBEIE oo 100
532 RURE—FLEIZEAR R ..o 100
533 FEVEDRFL ..o 102

54 IIFTSE oo 103
541 FRINIZR oo 103
5411 ARBIRIE L BTIUIN oo 103

5.4.1.2 BUHIRBE LI ST oo 105

5413 AIIVREE LB T8 e 108

542 RIZIIER oottt 111
5.4.2.1 VR EE BT 7755 -Thomsen and Wallace .......o.oveveveeeeveeeeeeeeeeeeeeenan 111

5.4.2.2 N TREEL BT J75E -Maier and Thilrlimann..........oeveeeeveeeeeeeeeeeeeeeeeeen, 113

5.5 AREEIINGE oo 114
$ 6 B NIRRT IEREMMENIEE M R FIRIEZ oo, 115
6.1 A I BAE RS VT ST oo, 115
6.1.1 A AR T SHIE oo 116
6.1.2 AEIBEBEBRIE oo 118
6.1.2.1 FRTETEIE ..o 118

6.1.2.2 WU ITFFAETE cooeeeveeeeeeee e 119

6.1.2.3 FEIEBRFEARBRIE ooeoeeeeeeeeeeee e 120

6.2 HEZERIGAE T BT G HITE oo 123
6.2.1 HEZEIEAL SRR B oo 123
6.2.2 HEZEB TR ST B oo 124
6.2.3 TRIEAFIEIINE oo 126

6.3 MR TTZEPEBETRIR, oo 129



FIgERy Ee g Hx

6.3.1 AR PETRIG ..o 129
6.3.2 YREE LI PEIRIE oo 130

6.4 BN R E T AE R AR A A RIS s 132
6.4.1 RIS TTVE oo 132
6.4.2 TRIGZE T oo 134
6.4.2.1 TRIEIH G v 134

6.4.2.2 FFELATFEIHLE <oooeeeeeeeee e 135

6.4.2.3 TFZEURIT oot 137

6.4.2.4 BN ..o 139

6.4.2.5 HVBZIRIT cooeeoeeeeeeeeeeee e 140

6.4.2.6 T TTHEFE oo e 142

6.4.2.7 FEIRE BB oo 144

6.4.3 TRIE T3 T oo 146
6.4.3.1 BEHLAEZRMEITFE oo, 146

6.4.3.2 ANFRPE EIIAESTEVE oo 147

6.4.33 GERIIHTITTHIIZ T oo 149

6.5 ZRFE/INGE oo 149
B 7 B WIRRTAEREWMENIER MR R EERLL oo, 151
7.1 BRHTREE G5B TE P AT oo, 151
7.2 TRIGHELE AR I TE VE I IIIT oo 151
T2.0 FBRIOEEI oo 151
722 WHIETEIHTAE IR oo 152

7.3 ANV EE L AE SR GERIBENTLIR SL 3BT JT15 oo 154
T30 ] SR FETEAL TT TR oo 154
7.3.2 HEZREE R JTRANLAE LA SN T3 BT T2 o 156
733 BB TR oo 157
T34 TVD ZEIFE TR oo 158

7.4 TRIGHE LR GERYITENLISLZIIT oo 159
TAL FEBEB B e 159
742 FEELATFEBILZE (oo 160
TA3 PITTIEFE oo 162

TS AREBEIINGE oo 165
£ 8 B EXASEEMMNIEEMERN AN ETEETEN oo, 167
Bl L BT oot 167
8.2 FTPRTTAIMIRETI Lo 167
8.2.1 BERIRETI oo 167
8.2.2 SEIBNIIF TN TIE oo 169
8.2.3 HIFEBNIEE ..oovevoe e 170

8.3 BERABEHLIINE T3 HT <o 171



FIgERSY B Hag

8.3.1 BIMH B HUGEF NI oo 172

8.3.2 BEMIBEMLILISL T3 HT covoveeveeeeeeeeee e 175

8.4 FERFURE AT FEFETTNT (oo 183
841 WEUAIIL T TTIE oo 183

8.4.2 PURMERE T ZEEE VAN oo 184

8.5 ZRTE /NG oo 185

BB O B ORI e 187
0.1 BT oo 187

0.2 FEEE oo 189
Misk A JREETZRNIBEALET ZEEEAREY e, 191
AL TIFEEEZRIR .o 191
A2 GIMEBTEIRIE oot 193

A3 TR oot 194
A3 BRI LR oo 194

A32 FIER B FFINEIILL oo 195

A L33 IRIIA] ettt 197

A34 By FEAHTEAEFH oo 198

A BETTIB oo 198
Ad1 FEH BRI BZIE oo 199

A4 JZIEBIIE oo 200

A3 AEZEME T NNZR oo 200

iR B EEHREERTAD KR-0BZERR oo 203
B.1 T4 MR B A2 KR 0BT o, 203
B.2 XV T AE LR G A B B TR T oo 204

e vl OO OO 207
3D OO OO 219
MANEFR EFERABAZRFERBEXEMFRER ..o 223

IX



