% 45 K% 5 AR E I IR FROP E L Vol. 45 No. 5
2023 410 A Journal of Civil and Environmental Engineering Oct. 2023

DOI: 10. 11835/j. issn. 2096-6717. 2022. 092

A~ [n] i V60 793 =% 18 i it 19 166 ) 9% 55 40 D A5 Y

#ﬁ él a,b i/ ﬁk ié&b
(ERKXKFatRKRIEZFRE;D. mi&iﬁi%%m% HEREFTHRETE LR T, E X 400030)

H O EMHRBIEZ AN ERLERRES AL R NGNGB T ERE , AR AL EEZ)E
B A2 T BN R WK B R MG RR Y AV ERMGE T RGER L EALER
TR R 3% AR A 09I ARt AW R 5 AT, KRR A 6.25.9.375.12.0.15.0 49 HRB400 4R 45 .
HRB500 4R # X AF 2 3 8L 47 % 48 R th 09 42 R AR SF SR A 3K B R R AR e BX B, M 2 -F 39 B
H-FHREG-E) WL fE P e R WIS, 5 HRB6004R A e948 X & RE 4, B M A %K
X, AT REKESHRIRBE KB R ARG LR TG0, % BEE%C-M
BHHEBER KTEFY R T, 6915 E C-MAR 3T R w40 45 69 1E AW, HF 542 2 R A ;32
LJﬂATi&%%%'T‘ﬂﬁ%&%iﬁﬁ9;‘1’%6\“”{1‘74@"_(5 CMEGAER, ZAREAN B TR e, e
LENFHELAKRR, RFREMBIRGEREEGIRBAR T A REFEEZF; RORHBRZ
B 69 AR TS Ak A BAK R S B A A R AR R R % 3 e MR A B K e, R AR OE B ) BT AR A 64
W RE A TE PR Ee, 915 EC-MAER kA ERE & F Xt & 4R 55K % %
Har i ot R GIELE A T e N ECMERTAEEEREmEF X Y0,k HLER
TARRZBE B KZWRG, g £ &0

XKW MNP RELE; BEAREAR T P FeEAE  mEF X

RESES:TU3T5.3 MERARAEARD: A M E S :2096-6717(2023)05-0147-14

Low-cycle fatigue damage model of buckled steel bar with
different strength
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(a. School of Civil Engineering; b. Key Laboratory of New Technology for Construction of Cities in Mountain Area,

Ministry of Education, Chongqing University, Chongging 400045, P. R. China)

Abstract: One of the important inelastic characteristics of reinforced concrete columns during the strain-
softening stage is the buckling and the fracture of longitudinal reinforcement after tension-compression cyclic
loading. However, there are few low cycle fatigue damage models considering the influence of buckling, and a
few fatigue damage models considering buckling cannot be directly used for fatigue damage calculation and
fracture analysis of steel bar with different strength. In this paper, the specimens of HRB400 reinforcement and

HRB500 reinforcement with slenderness ratios of 6.25, 9.375, 12.0 and 15.0 were subjected to tension
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compression equal cyclic loading and tension compression unequal cyclic loading considering buckling
respectively. The average stress-strain (5.-&,) curves and mid-span transverse displacements of buckled
specimens were measured. Combined with the corresponding test results of HRB600 reinforcement completed
by the author, a systematic test data was constituted. Based on the test results, the effects of yield strength and
slenderness ratio on the ultimate deformation capacity of buckled reinforcement were analyzed, the applicability
of the traditional low cycle fatigue damage model (C-M model) and the modified C-M model based on the total
average strain amplitude €, to the buckled reinforcement was investigated, and the errors were analyzed. A
modified C-M fatigue damage model based on cyclic total average strain amplitude &,., with good applicability
was proposed. The results show that specimens with different strength have different low cycle fatigue
performance due to the different mechanical properties of steel bar, such as e, e, and f, etc. The ultimate
deformation capacity of buckled steel bar under cyclic loading is related to low cycle fatigue damage, the fracture
of steel bars cannot be correctly determined by the ultimate tensile strain e, under monotonic tension. The
modified C-M model based on the total average strain amplitude €, cannot reasonably consider the influence of
different loading methods on the low cycle fatigue life of buckled reinforcement, and there are systematic errors.
The modified C-M model based on &,_.,. can reasonably consider the influence of different loading methods, and
can be directly used for reinforcement of different strength and slenderness ratio with small error.

Keywords: reinforced concrete columns; buckling; low cycle fatigue; fatigue life model; loading method
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Table 1 Results of HRB400 and HRB500 steel bar under monotonic tension

W55 PR B E/MPa i AR5 JE £,/ MPa PUBLIRE £,/ MPa e/ % e/ %
Y4-1 189 661. 580 462. 952 664. 858 17.337 24.551
Y4-2 185 204. 989 464. 326 667.001 19. 051 25.769
Y4-3 187 999. 043 461. 594 662. 267 17.972 24. 509

T 187 621. 871 462.957 664.709 18.12 24. 943
Y5-1 174 766. 422 542.088 703. 708 14. 356 19. 622
Y5-2 177 815. 901 541. 004 698. 788 14. 356 19. 027
Y5-3 177 815. 901 543.173 705. 115 14. 463 19.551

RSkl 176 799. 408 542. 088 702. 537 14. 390 19. 400
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U A T, A5 I — B S A e i A A B P
(L] Y 2 R 1 B AT i B 2R 4 | B A A 517 S A2 R
IFA 52 7, 12 24 4 i 4 B B A9 B R T (L T
(a))o /> BACHa Al 7 1A A i 1) e A3 v 467 1 B s A 28
73 A B JL S, L A 36 48 SRR T2 A 07 4 4 1Y 5
JE R BRI (B E 1.0 mm) , 8/ T35 i
37 1 2 5% | W] 22 W5 HG O 3 PR AR R 9% 55 55 i 1Y 5
(WLE (b))

¥ R0 3P 5 T 1Y ot A 1) 02 8% it £ A
207, VPP 9 JE T o s % SCRRE30 IR 7 i 4 5 o



% 544 AL, 5 R R 5k AR B 5 R W 69 AR B B oy G AR A 151
W i [— tmanfie 30 [— gttty
""""" 5&5&17?5&%3 28 e Zggz;ﬁgg %igzﬁm}gg
¥ o i3] {37 3 7 [ AL
R T e IR Ble gk
16 g 20 20 [
\E \E 16 é
S 6l
%:! 12 5 s
12 F b
8 F 10 |
ol
4l ul bl st
0 Miad \ N . ) 0 P 1 0 U N f L L i
50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300
K REE FF Hi RE ST Hdii RE LTS
(a) i f Y4-16-150-1 (b) i F Y4-16-150-2 (¢) ik Y4-16-192-1
30T ki 0 B s
————————— ST e BRI TILES e RTINS
25 b SHOTIE 25 [ SSEIDTIIRCES ST
o RHlITFAA o JRHlIIFRA 05 o jBilJFHS
20 20
L £ Y
8
% 15 5 15 3§
10
10 10
5 5t 5+
0 b ' 0 K A VAN _ ' 0 S i )
50 100 150 200 250 50 100 150 200 250 300 40 80 120 160 200 240 280
Hi R ST g R TS g REE TS

(d) 34 Y4-16-192-2

[—— s
35 [ SRR RS
o JEIFLG A

50 100 150 200 250 300
ol REERTT

(g) i Y5-16-192-1

(e) i Y5-16-150-1

(f ) i F Y5-16-150-2

30— b
e BRI IR
25 L SR
o JRlFFRA

) 100 150 200 250
B RE ST

(h) i Y5-16-192-2

B2 W{HEREGEESGLB

Fig.2 Mid-span transverse displacements of specimens

&l 2 R0, A3 04 T i A 1) 452 8% (BRI it 49 755
14 25 il R ) I S 1) o 22 B AL 1) 1 oI 328 7 in
K, ELRE 1) Jm il 97 B8 45 K =2 I, B fof 0 7 S 1l 32
e 157 s e AN B P R[] 3 2, 2% B 4K A B G i
ZIE O . K AE R L/D, 8 R
SR Nk g7 AN [ B B 08 il 2R B KONFEAE
225, B i o5 oA sg et e . — g LT, bl
B R AR L3 K B 0 A O, o Y4-
16-192-2 1y e 2 i 22 0B /) T30 Y4-16-150-2, J5t
R a1 Y 4-16-192-2 2 i 7 224, B 2HL S5 K il g A7
R/ o 25 A — BT D 555 il vy A 1) Jest oty B 55
il A R T A7 A — B R R O e Y
Jet ot O %, i Al el R ] 5 B8 BN R R i
B 5 TSR A SR 1] e it 7 B8 (S K T 55 Al )
(4 B 1] 47 % 5 5 Ho A il 4R A L L 3 F Y 4-16-150-1 1
Y4-16-192-1 1 55 %l A5 1m) 457 B2 AH X B8 K, 22 AR Al 19

Jet 75 1) A7 AE — 5 1 BEALYE

2 B 7 A B P B g - X AR it 4R (6 - )
(] pih £ 30 56 445 8 18] 3 R0 4 R T v Y il T
U S AT A I 5 2 . HRB600 A9 i 1 X6 1 18 56
4 B0l Se ik (28] B 10~ 18 15, A A O B
H .

P13 & 4 A SCk (28] &1 10~181 15 3R B, 4K /)
S8 AR RS, Lo/ D BRI T il 5N 791 76 32 R ) 1 8
Wi 1B Ak s B 2, B HRB400 49 /i \HRB500 ) A1 A1l
HRB600 ) i iy s 71 22 Jj e 5 K A2 L/D. %)
%, X 5 Kunnath %% Dhakal %", Rodriguez
ZE Monti %" H1 Gomes %51 BF 5% 45 A [F] 5 J
i1 A9 73 A2 o s 1) i R AR R AN G 82 RS B R, A2 b
5 3 AR Ak T2 5 IR % 55 B 45 5 1R A AR R R e A
R Ty — 7 D, AN TR R R AR A A A2 P R R I R
B bR B A2 5 R R e A X X 5 A



600 15 /MPa  _ _.—='~

—— Y4-16-150-1

- = BEZHR 400
o JEMIFFAA A

o

—2p0

o JEHIFFE A
(b) 4% Y4-16-100-2

B — 600 bpMPa ==
B0 T2 s — Y4-16-192-1 g2 =
w00 15 - = BIEZHR 400
12N
o JEMh LA %

A

)=

200, /, V/Zgi
/
y9i

/ﬂ.‘/ i
0, a/i/!‘i 9 g ’ 008
l/_v 0q __‘{;/-i/
F=—r —— Y4-16-150-2
e - = HIAZH
o JEITFEA -

(d) i1 Y4-16-150-2

600 g

— Y4-16-240-1
- - BEEH 400
o R

(g) i Y4-16-240-1

(b 1 22 S A7 06 o ol T ol A X 5 4K A I 1 1
S8R TR T L M AR A 14 B e R R R AR ST S
Bl A AN PR A

XF HE 1 3 & 4 FScik (28] [ 10~ 181 15 4 6.-2,
i 1] gt 2 AT A A A e R R B, A DS K AR A T
(14 49 £ k12 7 DT 2 T 7K 2 1) 408 B 8 ] A
(0 4 e U 2D o T TR R X R AR EG AR T
N Tr) it B A5 1) R A R L 22 BIAR /DN L £, K AR
JE B AL =L e, WK, 0% ML F AL,
DA K K6F 187 14 B — N A B T (1 - 1 g A & M A
Koo BT, A3 isk 06 445 o Ak 4 A A 2 e 24 6 T
PR IR RS QI E R DA S S N 1
AR & AR X R 0N AL 2 B A T 4 T 8 D Y B
ISR BC . A 3R AR 9% 55 77 i B AU AT [ B 2 RO
4y g A5 W A B A0 5 i B O 45 A AN R BB
£ B 43 AT AN [7] 5 B % i 9 757 451 47 R DB 284 1) 5 )

il

/2

—— Y4-16-192-2
== RS
o JEEIFTIE R

(f) i fF Y4-16-192-2

(h) {14 Y4-16-240-2
B3 HRB400 &K 14 F 15 B2 77 - 19 57 35 3 (o] fh 2

Fig.3 Average stress-strain hysteretic curves of HRB400 specimens

2.3 TBRINZ 1/ BN AR RIS B8 11 43 4

R VEAR JE M6 B A AE A IR A2 0 A R AR OB
RE 1 00 52 M, K 45 3 A 0 5 R v 8 I A2 L
3% 11 $5 KT 359 1y A (L P 3 & 4 Sk (28] &
10~ &1 15) f &8 % (AR i, I8 oo SO B B A8
YR AR & oo MR O IR B0 25 S TT 4R A5 IR 1R Y
€y B L IF 22 ) €. o oyem L/ D A & oo/ K FR M
2, an a5 A 6 BT, i T 0 25 43 A T 6
FEAIR JE A8 35 52 07 R A8 T e 7 1 5% 0

5 F B, Bl T Ly/D /N, e e
SN N N N i i A S L7 TSP VA KR 154
BRFLN S e (W3R 1) B KA L/D IR K
T B A PR ST BT 0 AR & o AR b 5 520 U R/ B R
U B R 1 JeE o AR R A B0 T K A
ORSY RS IR AP e ol SN D W F 7 o~
B 557 AU 9 55 481 005 BR R B AR R S A BT IR S 1
el T80 A 1R Y T R ) AL A% B L /D, 1 1R



% 5 ML, R R AR AR A A R R 6 AK R IR o7 AR 4G AR A

153

—— Y5-16-100-1 o,/ MPa_._.— =~

- = BIRZH 600 —— Y5-16-150-1 o./MPa .- = -
o JE 4 - - HifsZH 600 T
WA '/ o JEHiFFLE A
4
g, -
-0.0—(.0p 0.4440.p2|0.00/| .07 p.of .06 [0.08 5
2do .06
4 Y5-16-100-2
- — BEAZH
—600 o R A
(a) I Y5-16-100-1 (b) i1 Y5-16-100-2

—— Y5-16-192-1
- = B

I
——— Y5-16-150-2

- = BiEZH - = B
o JEHITFIEA o T A
(d) i®fF Y5-16-150-2 (e) Ik fF Y5-16-192-1 (D) 3 Y5-16-192-2
600
— Y5-16-240-1
- — BEZR 400
o JREIFFEA
1 gs
-0
—— Y5-16-240-2
—40§ == BIAZH
o JHEITFAA
(g) il Y5-16-240-1 (h) {14 Y5-16-240-2
4 HRB500 5 i 4 F 29 Bz 77 - £ iz 257 [o] dh £
Fig.4 Average stress-strain hysteretic curves of HRB500 specimens
0.18 ——[/D=625 ——L/D=9.375
—=— HRB400 $iz &1 0.18 —— L/D=12 ~—LJ/D=15
0.16 —=— HRB500 $i JE A& 016
) —— HRB600 LS5 1 '
g 0.14 2 0.14
5 g U
19 012 I mg“ 0.12 A
0.10 0.10 :
0.08 —
W= w B & i 450 500 550 600 650
L,/D, S/ MPa
(a) L 145 328 7 () FL A S P
0.18 ——[/D=625 — LJ/D=9.375
—=— HRB400 $i JE ARt ff GLS ——L/D=12 ——LJD=15
0.16 —+— HRB500 Hi ALK
did —— HRB600 HrJEAZR 1
1 wz 0:12
0.10
. . . , ; , 0.08 U ' : s
=== 1 9 450 500 550 600 650
L/D f,/MPa
(b) L HE R A5 P (b) FILIEA A
B5 St ,.,-L/D B 6 FIRMHE oo B

Fig.5 & ,..Ly/D. curves of specimens Fig. 6 & ..., curves of specimens



154 K5 3% A

FOAR(P 3 L) % 45 &

MK (WL E 2) , B L /DR 16 28 22 ) i A% rp 4N
5 %) T T R R R T o A A B oG e i
TS AT 11 JRy 38 9B 1 AR T 4R v B G Al A 2, AT
vy —MEF /N

B 6 R L&, o PR AR JEE 7, 388 R 1) 28 6 7 X
H5m#E X KB, AR E . i
IR IR 05155 S AR 3 R & ey OS2 MR T A
2, ARG TR, — 7 1 SRR 9% 57 A O, R AR
Fb A [ 1 800 7 A, JE R 24 BR 5 € o A ORSE TE IR
RV (f, KIS 2R S8 B0 ) WA s . 55— Jy T, f, AN
[7i) 11 40 A, G A ek 12 B B3k P R 32 7 1 0 B P 17 A% e,
ARSI B hn s BE 5 X B R AR e WA AE 25
S BRI AR DSBS X 8 e A5 TR RH AR
BER.

B BRI Z P e, SRR A T A BR
ST S5 AR &, o g BEAT FUHC L TC T A BHLH W 24 A2
77 B 5 A 0 A5 1 R DT NG . 25 F 5 E SR FH
12 35 R ML AR 9% 55 77 i A5 8Y (g =% B8 i 250 I Y
SR ) T 55 AR A ARG B 32 g ak R b i AR R 57 405
R D AR YE D5 1.0 By 06 2 4 B A 2

3 CHREESFaRENERED

BEF Wik 3 o B AR AT 5 rE e i Y 3 50 B
Xof A% G A% B 9% 55 5 A S OS2 J8 il ) L2 A AT
2 7 1 AN KG9 5 A7 i B Y 9 35 PR AT
A
3.1 EHRREAESEGER

WG , Coffin™ 1 Manson" 42 H} %) 25 i C-
M 9% 57 B8 H i i H )iz, Rkl

e, =C(2N)) ° (1)

P cey, Sy AT A A7 AR G B ] 1 8 0 A e (D 1A
7) 52Ny )R TE e, B # 55 WE N 48 B 2 880 (W 24 T 75
14 2 1 PR JE B 5 Cof o % 97 280

25 M C-M B R 25 15N A3 T 04 52 ) s 7

/7 g
R

B7 MEENERARSZANSHETEY

Fig.7 Schematic of parameters of reinforcing steel bar

under high strain low-cycle fatigue loading™

T o il e, 350 S oA T ol AR A5 B 1S T3 A 5 0 S B —
796 B JE] 1 e K TE L T 5 e S ASAE B0 T 08 B R L
A e, LG L IR T Ay L e W BR O 52 BR R
A5, B YRR R AR W e, = e — e, ey, A AN ) IR
3.2 EREHNCHERAESFHEE

T 2 S 7 JeR I A8 A T IR 9 5 4 40 A
RUAR Do i Tk = RGP 00 45 5 |, Kashani %%,
Tripathi %" R g 21 %79 4 56 UE H 4t 37 19 18 1
C-M B AU T A [m] 58 B 89 557 %) A 3k o

A Tripathi %5 # 37 1 & 1 C-M 5 A 2 3% F
300E F1 500E P #5i B 19 25 J 4K A7 , LA Tripathi 45
(I 5 J80 AR Ry 81, 53 BT LA HE A48 1E C-M AR AR X6 o
B A 7 14 A [R] i B A9 A7 1 15 B M o Tripathi 86704
SR IE C-M RS [ 5 ik X ol

e.=Ciry(2N;) " (2)
Ciry=10.2— /350 (3)
ar, = 0.441 4+ /1 200 (4)
A=(Ly/D,)(f,/100 )% (5)

A e e D et i A9 A3 8 AR O 6 A AY 4R RS 27 R
AR 5 C vy T arg, 2% JEJEEL 1T 52 W60 1) 02 55 2 B0

T ¥ 2 i A 18 I C-M B AL ] TSR 2
AT B RE AT W R Aili 75 Filt L 9% W5 97 26 0 2
w3 e T A T A B T Y A2 A 2 AR
i €., () M2 T A A1 247 17 A2 i €, (—)CAn &l 8 s ) A
Rk I 95 97 405 46 B D (3 X (6) 15 LR R
FI Miner Z& P 4545 B0 0051 Can =X (7) i 7R ) 1 55 i it
5 £ SR Bl 9 57 40 3 AR K D

—arrp

€. 1

D i: sai — (6)
‘ (c ) (2N,)

i

sz”:Df,i( S ) (7)
i=1 (/fﬁl'rp

s Dy 5 IR B R 9 557 B0 4R B (2N,) Sk
55 120G R v 5 ROT Y AR I € R 1R R R
ISR B (4 &, 48 2 W 4507 75 206 S8 TR 880, A8 8%
B 148 % Do 4 D=1. 00} , R A A5 O W7 24
M D=0/ AR A T
3.3 EERAESEGERNERERE

3L F HRB400 4 #fi . HRB500 84 i F1 HRB600
4 7 14 3 B8 B HlE L X A% B8 C-ME 97 B AL R % 18

F2 ) | Tripathi 5 & 1 C-M # A9 (% 5 i #h 5%

M) ) A Ti) Jee A ik 2 0 A3 114 AT 200 1 R AT ARG 56

B R L C-M B H R BRI F .

1) 5K 8 B 517 B SRS PG R A gy ) Jk
F HRB400 4 i \HRB500E £ ffi 1 630 MPa 2% 44 fif;




ML, R R AR AR A A R R 6 AK R IR o7 AR 4G AR A 155

z g
Esa(H) s

B8 EHMMNFHSNERAESZZNNSHRE

Fig. 8 Schematic of parameters of buckled reinforcing
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