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Ultra-low-cycle fatigue performance and its analysis method for partially
concrete-filled steel tube pier based on ICYVGM
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Abstract: To establish a calculation method for ultra-low-cycle fatigue (ULCF) cracking of partially
concrete-filled steel tube (PCFST) piers and study their ultra-low-cycle fatigue performance, an
experimentally validated prediction subroutine was developed for ULCF cracking based on an
improved cyclic void growth model (ICVGM). Using this subroutine, high-precision solid element

simulations and computational analyses were conducted on nine PCFST piers. The influences of key
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design parameters, such as concrete filling ratio, slenderness ratio, diameter-to-thickness ratio, and
axial compression ratio, on ULCF damage indicators under horizontal reciprocating loads were
investigated. Additionally, the relationship between ULCF failure and local buckling failure in
PCFST piers was examined in conjunction with the hysteretic behavior of the models. The research
results indicate that ULCF failure in PCFST piers generally occurs after local buckling failure.
However, different design parameters significantly influence the ductility of PCFST piers, and local
buckling deformation leads to more pronounced stress concentrations at deformation locations,
thereby accelerating the occurrence of ULCF failure. As the slenderness ratio, diameter-to-thickness
ratio, and axial compression ratio increase, the fatigue damage indicators of the pier models at the
buckling limit state decrease, and the ULCF problem is not significant. As the concrete filling ratio
increases, the fatigue damage indicators of the pier models at the buckling limit state increase, which
makes the ULCF problem more pronounced. The diameter-to-thickness ratio and axial compression
ratio are two key parameters influencing ULCF cracking, and PCFST piers with good ductility are
more likely to experience ULCF failure before local buckling failure occurs. The established finite
element model and ICVGM-based subroutine provide a quantitative evaluation method for the ULCF
performance of PCFST piers.
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Fig.5 Load-displacement curves of test and finite element simulation

2 PCFST#HrgHY LR B TRl K 18 iE

2.1 HEEBR
2.1.1 EARXE

A SCR A B JC 43 B B ABAQUSS #E 37 [
T B AN A TR BE B AR A BR T AR, K6
Sy RS R L p S SR S A TR EE R
L DO MR O N RETR P O N T, 0
RIKEAL RS o FLAS R Hy SRR B RS AR A
2T AL B, W B 7 TR o TR ERE Ok B A AR S 4R
BB SR /N RS AR SE AR BT, T8 A5 ] R R
J5 0] B34 30 mm RUSF R 43 RO A& o B9 S 05 5T
BTG A VR AR T R 1) B B 35 mm R 43,
TE 5 3T Ji 3 (19 200 mm X 8] P 9 5 B O 1) A B
10 mm % % 53 -

V)a

g

lL—p_J
6 PCFST #m 2 Hy iy £

Fig. 6 Structural components of the PCFST model

TEHE B8 b R 32 2% TR IR BE - 5 A
P BE 227 i) 8 TR 2 A, 3 1) 2% A AT D B2 DA B 4, Y7
I 47 Sy (8 P P26 A B AR A0 A7 S 4800, A 3 1 i) 11
B R 3 38 B AW E BRAEL 7 Z T, VI 18] AR X 32 3

(a)  iRBEL (AT

(b) AL (GEHTT)

7 PCFST WA BT 52
Fig. 7 Finite element model of PCFST pier

WMAARFE N 0, B J5 AT i R A /N A X B 3 . H
oY R ) BRAE 7= pp, o 0 5N TR 5 1T R 45 A
¥, 2 I8 Johansson #l Gylltoft B IF 58 Bt =0. 2", p
by SRTH BB T o ARG E b BOE A
S AR 5 I 0% B9 A R B L T R O o
[ 5E”, TER S o o
2.1.2 #MAHAMXAE

PCFST # 8 #1941 1 A< #4455 81 %6 B Chaboche
IRA AL BIAL, & 7 iR 18 AR H AT A BR e
L e e H I A B S PR AR A 2 — | [R) B  E T A
g 28T 4RI RS Y 45 1) 5 Ak R R 2P B 35
A6 AT LA R 5 1Y 50 B 70706 B8 faF 20 7E 0T 19 0 2447
AT SRS A 0 AR

Chaboche ¥ & 5 {155 8 i 40 F 25 + 2 80
il < A2 8 QRN b 43 3 Sy i IR T fe R AR A (E
L R T B 2R B R Mk N AR Y AR AL R oy, A i R
W7 AT R AR R TR,
Ry PR IR 5 AR B 5 B A e A R — B, AR Sk
HCER A7 7K G SN 5 19 Q235 1 ) Chaboche 452
ZH.

TR B 1 5 T YR E Oy % 2k Y BEAR A& ) [m] P A
b AL AR AR AR R AR T 2 O 5 IR

#1 Q2354 Chaboche #E & #
Table 1 Chaboche model parameters of Q235 steel

ZH Q. b C, N C, Y2 Cy 3

BME | 21 | 1.2 | 6013 | 173 | 5024 | 120 | 3026 | 32




% 540

AR F A T ICVGM B A 09 38 5 L AU AR B ik it 2R S0 ABAR B IR o7 sk R AT ok 171

AR L) 5 ZR R VB M A0 10 A5 A | i B R R AR TR 4 05
S, BE0S S MR E A AN VR R S T R 47
BEIE A FH AR A A8 R Ml AR VR T IR BE
AT T REAR R B BV s AR E R . TR EE L
F14) Y8 1 51 005 A5 76 40 45 VR 0 VB AT O AR 15 AT
o Hr SRR AT N A 4G TR B Y 2 RN 2 AR ) 56
R UK ZHZ I T WEIRMEN  ZEAT R E
FH T I8 A0 75 24 S TR - 10 1) - s b g 4SS 0
T FON R BN 1. 49, SEMEI R 4 I A S 8
Foe R I = B BRI K A A S EORPE ABAQUS
71 AR A O 56 0. 1 00 B 25 280 0Lt T i
S o SR R R e o 1. 16 2 5 2
JEF LR HAE N 0. 666 7 45 29 RN F B ME S
0. 005; B ik A AR 45 SCHR [ 31 /9 g 1L HH 307,
ZRLAT N RS HE M R FH AE o o DA 4L B T
TR HACAT
2.1.3 m#EHX

AR SR UL n 28 =Xk ASE Y i o A 52 416
I fr o ) g P BR T A BlE BG R i T A R T
L IR B A T B P AR RE AN AR K F T 1] 1 fef 4508
I A TR ) L RS O L B RO B R o, B
—HAFHR 3, WL 8. Horr, 0, K IR 02 4%, B
IS AR 4 A B e PR B 7 T K S S

.

ol

4+

818,
[}
T

_8 1 1 1 1 1 1 1 1 1
0 8 16 24 32 40 48 56 64 72

ST IE]
K8 m#k gy A
Fig.8 Loading pattern

2.2 HRTEREIE

e 1 IR B IR G 96 TIE T 7 R 6T AIC R 9% 95 I
LB W B PR L AT T E— 2D XA 201
PCFST S kA R oo JU o A5 80 3#E 47 36 40, Jf: W] B 465
UE 2 )7 B 7 PCEST #4781 (%) o 8 M, v —
O A I 17 A RT3 71 40 B, OF N i ICVGM
R T AR L R AR B 9 57 R AL O . i 5 it

TR B AR L LI 9, BAR S5 28Uk 2. R 4
G 3 WAFFR AL 1B 3 1) $L T n 4807 X, A 0

5 mm,

9 PCEST A B i J ik g ik 1k
Fig.9 Specimen of PCFST piers for quasi-static test

#x2 PCFSTHBUXNGMIILASE

Table 2 Geometric parameters of the PCFST pier specimens

mE/ | MR/ | BER/ | REE+
K4tk | REk | #iE
mm mm mm W
1150 325 14 0.25 0. 290 0.036 0.10

186 25 2R 9 £ 480 - (0 8% i [l il 2k 55 A FROT 45
WE 10 B o H 45 2R R A7 RO B X 3 3 3l
{18 R FEE S ADLVE B 5 a6 00 A+ e KR 38001 9 561 kN, A
FRICITHTEs RN 579 kN iR 258 3. 204, W (B AR 48 ) #2
T, R T BB BAN SR N Tl s e, B 1128
B RS AR X I A B R 5 A BROC 2 BT e, A
P 9 B PR B0 AT 11 Cad B Jag 38 X mT DL 3P 7 o
A0 R TS B A f 1) S S 5 P 11 ()
57 1R AR R R 57 O 28 Hh B AN A R X,
B 11Ch) A7 BROTAC U A R — 20 g 4 24 14
G055 1 R Sl AT - K O 1) A ROT 2 T
A BRCHEELAE N 26 13 920 1 Jel i, 35 it 53¢ 1 - 7K~
7 1) FR 98 55 1580 48 BT, B OCGR BI 1, SRR AR TT 2L
550 45 R AT

gi b, AR SCHE ST R AT R T LA AR B T LA XS
PCFST #4111y g 2 P4 RE e 0 A5 480, HL AL A AL 2 i
B WCSPEBE SELR RIE L T PCEFST B ORI
Ji 982 55 P BEWF 5 T 7 A HE JEE 220K, O s 82 1) 2 Kot
FLiR Mt TS AR Tk . BT R B ICVGM



172 X Ol B B L R F R 2026
800 D.o
R=—"2=>/3(1— (12
= P
200k AP pMIRE TR o MR A KA R,
RARIELY s 0, S BB 04 T B 5 B2 5 A R SRS B T
<0 BUsr hy SN I 8 5 2 h 0 9P ST 5 S 0
B LN
28 94 PCFST AR ) 2 8051 T3 3.
400 - ATBRTELE R #3 PCRSTHEERSY
— iXgEE R T .
able 3 Parameters of PCFST pier models
— L L 1 1 L | biv]
80960 -40 -20 0 20 40 60 B L | A/mm | D/mm | /mm| g A R, a
KA mm Gty
B 10 3R B 5 BRI 43T 1 76 1] il 28 % e M1 | 1500 300 8 |0.33 ] 0.375 | 0.051 | 0.10
Fig. 10 Comparison of hysteretic curves between test and M2 1500 300 8 0.55 | 0.375 | 0.051 | 0.10
FEM analysis M3 1500 300 8 0.00 | 0.375 0.051 | 0.10
?%%f?ﬂ‘xj7kx|zﬁffgﬁﬁ,ﬁgﬂq*|:‘ PCFST *ﬁﬁiﬁﬂ& M4 1500 298 6 0.33 | 0.375 0.067 | 0.10
Tl on T o oo o o
U 5 5 Y B . . . .
2.3 *ﬁiﬁﬁﬁ: = ?ﬁ[ﬁ’]ﬁﬁﬂi g M7 1500 302 10 0.33 | 0.375 0.041 | 0.10
EEJ:IF‘)?JZE,(w{%j:iéi?ﬁﬁ\kélﬂtt\%ﬁzht'i M8 1200 300 8 0.33 | 0.300 0.051 0.10
SR TG LA B RO R W PCFST B PR 1R fE M9 | 1500 | 300 8 0.33] 0.375 | 0.051 | 0.20

% B2 PR R, IR AT R MG IR 9% 57 P RE AR R
B i EL A o R 48 e A4 3 2547 18R 26 0 B S
SHTIESE . PRI AR SO R 2 AR T PCF ST B0 7
AR B b ST R KA LU T LG A AR R LE A E
BB SR, LRI RS T d 09 ~(12)
Eﬁ%[%]

B="h./h (D)
P
a= a (10
o, A,
2h o,
A=— z (1D
r

Ca) e

3 PCFSTHEBIRBEESMHRERZ
M) & 2% 43 #
3.1 AR
7 P45 2 7 rb S A B T R R A b, 4
#89 PCFST M B B TE 7K 37 1] 8 FT 71 18 6 2 7K -
FE MG, K& S &5 TR RV 95% L)
N 0T 6 % hn 25 2 v By K S -1 7 Tl 2k G
Bl 12 B3 , T A R 750 1 Vi ] 3R 2 M 0% | W R A s L L
A RIFERERE ST -

11)(/%13(%7 -1.0)

4.566%10"!
47185%10"!

(b A BRITE R

11 PCFST i (e X i 560 B0 5 54 BRI 7 B 445 2%

Fig. 11 Test phenomena and finite element analysis results in the bottom area of PCFST specimens

e — I A BT S B0 PCEST B 5 w144
fE P RZ R, X O AN AR Y (%) i ] ph 2 BCR 2Rl 4%, #5 R
RTS8 AN BB AR Ma, K 13

PR

A 13 B AR M 2 A SR 4 1T PE RACS & H S 80N

F R HL AN EON PCEST 15 (1 4 4 27 45 A [



58 AEE S A TICVOMAER 930 AME R RO RBIKAEFRER S E 173

400 400 - 400
200 200+ 200 +
z z z
< = <
R ot R of R o}
% % ES
-200} -200 =200 +
-400 ' ' ' s -4 ‘ ‘ ‘ ) -400 ‘ ‘ ‘ ;
-100 =50 0 50 100 09100 -50 0 50 100 -100 -50 0 50 100
IKEA % /mm KA /mm TR 5 /mm
(a) M1 (b) M2 (c) M3
4001 400 400 -
200+
. _ 2o —— 2001
2 o < <
B 3 of oo
% A %
-200} ® *®
=200+ =200
060 50 0 50 100 -400 ‘ ‘ ‘ ' -400, ‘ ‘ ‘ :
IR AL /mm -100  -50 0 50 100 -100  -50 0 50 100
IR F /mm IR % /mm
(d) M4 (e) M5 (H M6
400 1 400 1 400 1
200 200 200 [
e 2 .
R oop R oof R of
B % %
=200 r -200 -200 |
-400 ' - ‘ ‘ ‘ ' - ‘ ‘ ‘ ‘
-100 -50 0 50 100 40—01()0 -50 0 50 100 4091()0 -50 0 50 100
IR /mm IKFEA S /mm KA imm
(g) M7 (h) M8 (1) M9

B 12 K 3K B i [l i £k

Fig. 12 Horizontal force-horizontal displacement hysteretic curves

400 400 -
200 200 |
5 5
R 0t R ot
< B=0.00 %
=200 + —B=0.33 =200 ¢
---B=0.55
-400 . . . . -400 . . s
-100 =50 0 50 100 -100  -50 0 50 100
KL /mm KA /mm
() 14 (b 42
400 ¢ 400
200 + 200
= N
. 0
% ---R=0.041 * 00,05
00t —R=0.051 -200 —a=0110
200 : - R=0.067 =020
-400 LR, ' . -400 . . .
-100  -50 0 50 100 -100  -50 0 50 100
TRV A /mm IR /mm
(o) #5341 (A 54

P13 2% LAY i K T 2K S0 B i A il 26
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