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Fig.1 Preparation process for the CFRP I-beam specimens
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Fig. 2 Experimental setup and specimen configuration
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Fig. 4 Comparison between the experimental damage and simulated progressive matrix damage
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Fig.5 SEM images of the fracture surfaces and macroscopic comparison between the experimental and numerical results

1 6 Sy i SRl -2 A T 2O FL . 4
WAL 25 AT I AR i 205 R AR LBl ]
SCIPSIR R RS EE NS /R S A T i i b T
FEVESHERTE. OA B RISH 1 B Bii i fod 2,
HE R LM P RAL T oA TR, 27 4k 5 5

PRORI IR ) 456 R4, Ty 32 28 ph_E3EGHURE,
B Bfiy g, b3 GLRTE AR OT 245 vh 35t
T LR AR 1) L, R PR R GRS AB B
XEREER 2 B B4 i B2 , i 28ir 2240 T A -
FER RPN AN AR Be o T I AR



208 FIL TR ARFER (FhEL)

TSR A AR R, FE AR M R X )N, 1
MRATS P 28 for A R 36 25 F 3 2%, MO 7k 28 A
FRek ot H ik LA rikss . -1 2%
LA OINE LRl E A I LA 2 R AR A SN
TR S LR YRS | i A= N 480, Bl 2y
EHE WY . BC BERE 3 BB il 72
FREL g fE R R 4l 5 5L 240 2R
IREIG AR, B AN FEREA A5G b 28t , i 58 4
ek RE 7, 2T T3 1 N i e A B
HH & 6 3 PN BBl T i R R i 1 851.0 N,
I 1 757.1 N, PIE X R ZE R 5.34%. HF
T A8 i v £F AR R AN Y AE AR FLBR A I 23
A5 I A8 38 I AL

F R ERCR ARSI fr IR R AR
HEAT A TE AR ERUE (] 7)o FIE] 7a AT, 24 RHE
w30 000 B, #hfar AR Ak T A2, B K w22
1R 1.66%. B, 2R AL 35 230 A~ HRIT#k T

2000

1600+

SFRERATN
®  w
8 §

=~

(=3

(=]
T

(=}

5770 15 20 25 30 35 40 45 50
[ At /10°
a  [AgEL

% 25 %
2000 —
— Bl '
F— :
1600} :
- 1
B
Z 1200f
g0l I C
[ A
100}
ol
00 2 4 10 12

6 I SEMB TS E
Fig. 6 Comparison between the experimental and

numerical load—displacement curves
HAE, AN, K 7h AR TSR AR S R
BT I AR 2. 25525 IR ] 5ok
JE BB 2 3o Al o OB E RIS Kl
0.001 s, BN ] 2P R N R RIEARIRECH 100, St
[FALHCH 2.

2000

1800}
Zl 600 F
iE
#1400t
o
B1 200}

1000k ] A 0.001 s

800

2 35 & 5
Bt 454

b AR S AT B4 R ] 2K

&7 ISCELEIE

Fig.7 Independence verification

g5 b AR AT A SO CFRP T 5 27 DU A5
A T 80 B R S AR e 07 FEE T
TR, AR A] g AR 25 R B T A
I, A BB i e B P e O T A
R RERfG R R
3 )2 AR Y A I e Y

s

F R4 2 A BE X CERP T 225 itk R Y
SO TELRA 75 RS I R M s h s e
LAY |, 2% Chen 25"/ Shen 252 $2 H () dL 4
W20 2 B T B2 53 518 [90/45/—451.,..
[90/071 4. [45/—45/90],. #1[0/90] . i) 4 Ff CFRP
TG IR RS A I E R . K] 8a ok 4 FhiEl
JEIGF T 1 3 far -5 8% i 25 LI, T 8b kg

H2ER AT 5 RN LU, B 9 a4y o 2 &
ANE 2T TR

1 8 mTAL, 2T 2 [0/90].. [45/—45/
9015.[90/0 15 F[90/45/—45 |, WikA4: , WA 28k A 43
Mk 1851.1881.1919.2 066 N, %7 #5331 M
11.81.11.07.10.64.10.07 mm. LA[0/907,, ki,
Hogy 3 Pl 200 iy 0 B 28 for 40 B4R 55 T 1.62%
3.67%. 11.62%, & 0 B 4 B FEAR T 6.27%.
9.91%.14.73%. 45825 0°/90° 42 [A] 7= 1
SYUIREG RN, ATRE A il 2 1R FH T 193843 1E 8 )
REAL S 2 AR T N BY VIS A AORE B RE
252, P aE g 1) B AR LS R 1 50 4% 3 , TR
R 1 4Erh . BAR[90/45/—45], FI[45/—45/90],
Bk 457 0°F 90 TR A Al )25, (H[90/45/—45 ], 1)
90 FHZFE TG T 1m0, v R A5 o KR 2k



% 3

B4 pk4E : CFRP T2 00 i 25 W & (B 2 By 209

AE T, WO th PRI T [45/—45/90 1o MHEETF
[90/0]15,[90/45/—45 ], W B £ 90°HFIZ 15| AR T
TP T w5 A e it BE s SR HES 1 07
90° 2T WAL B 500, , 38 3k £ e MR 4 4R 2
BH 3.

2000
1600f
Z1200:
£
= 800 ——[90/45/—-45],,
L —[90/0],,
100k —[45/— 45/90]25
[ —[0/90],,
R R S S R U
v #%/mm

o HH-RIEIL

Al O AT : 4552 05 ) A 2 far T 2y b ]
MR B A Z T, [90/0 1, F1[0/90 14 1)
B 4 4 00 X A R R Ah 452 [90/0] 4
[90/45/—45 1, [45/—45/90], F[0/90 ] (IR FF

Y M R A 48 48 4773 DX S 2R T 1 R
2 200 14
R T
2 100[2 026 0 R {13
2 000f
z 1919 118112 £
$2 1 9001 8811 071 g5 2
ig 64 s
Jg; 1 800- ) 17 10‘13
1700+ K
1600+ 19
8

1 500
[90/45/-45], [90/0], [45/—45/90], [0/90],
20

b IR AR 5 R

B8 4FHREIUF T B0 #h 2 RIEE R 5 R UL IT L

Fig. 8 Load-displacement curves and comparison of the peak loads and failure displacements of

specimens with four stacking sequences

l_c_, w.wiulmlj % |__L| . 15° 474477

'hu--n-

|
|

sz

B9 HEFRTERARBFEREIF X GNRGEE
Fig. 9 Schematic of the fiber orientations and damage

contours of specimens with different stacking sequences

4 JE B BE S P O S RE Y
E/ﬂﬂ

Fy IS AR = X CEFRP T3 22 25 il M g
SR, CE R IESS A LS e 38R = Jﬁfﬁwﬂﬂiiﬂﬁ
S 3 it il = 85 DI i SR B AT T, 2% Deng 17
WF5E o T R i RS E ] (R s 3 S5 R 2
FLKF 1:20), B3t 1 AR &5 43 00 16,1820,
22 mm f¥ 4 FpE CERP T2, 37 8 DU &5 25 iy
BB, & 10 a Ay 4 FRIEAR & B T il 1 28 fr -
RS 2 HL IR, ] 10b Sk I (R 26 g 15 2 2800 B %o
FelE . B 1T ARG AR s BT 1 ) B A4 e i 6
Him .

Al 10 AT, BEAR = R 16.18.20.22 mm 11
B, WA AR 4> Wk 1851.1 877.1 940.2 027 N,

2000f ——§g mm
18 mm
I mm
1600}
712001
%E L
# soof
100F
O IIIIIIIIIIIIII
2 4 6 8 10 12 14
v F/mm
a -tk
2 200 16
I e (T 2
2100} B 4% 0 |
ez 2097 15 -
= - -
z 2000} 1 940 3.9, E
#ElQOO-l 851 1877 B o
& 2 2.59 113
£ 1 800} L7 E=d
g 1.81 $ 12X
17001
1600} {11
15005759 18 20 2210
JE AR 15 fmm

b WEE AT S R

E10 4FIERSE MRHNBFT- B HER
IE(E T 5 R AR RT L

Fig. 10 Load-displacement curves and comparison of

the peak loads and failure displacements of

specimens with four web heights

SR RS 45k 11.81.,11.97 .12.59.13.93 mm. LU
JI8 M = B 16 mm A FEUE W 2 A 4 AR S T



210

FIL TR ARFER (FhEL)

% 25 %

1.40%.4.81%.9.51% , KA R 73 53 m 1 1.35%.
6.60%.17.95 % MEAMR = BRI SE T FRH R T T
SRR AR X IR P R FERE R 1 o AE A il 2 fr VR
T, Z A RS 5 R Z R 45 5 55 VIR A7, IR
WOR TR I AR I S W A i . iXRR oA X
WA AE Z2 TR b DL Ry A
AR —FhEA G L, BT TR B
ZEPRIENE , A SR T 530

T 1L A OSR]I AR e B il fe & IR
TE Y MRS 38 2% 12 40 PR IRy 38 R 15 171 2
2, Pt A R 2 B A 1A I, 453473 IX e i 1) 3 2%
My J& o P ] L, TS R (I 0 Ay 45 R R AR B
Y15 3 5 AR B D5 R [ e . B g AR &
JE B AT 4G OB M R S o R T AR I A AR
T ACREARMARHE A B DI B A 2 (AT S 254
B T 55 B BR T, e R BRI T A 3 B — 4

L0 DX d it Y

OZHOBZ T
f

E11 AREERSE TGN RG=E
Fig. 11 Damage contours of specimens with
different web heights

5 ik

(DAFFEHE7R T CFRP T30 = Fr B i AL
il - BT IR AR B B, 2T 5 AR AR ME IR O R
PR B, Bty e 22 , 5 I ARUR ; i
LR IR B , 27 Ak I 24 RS (AT 24 SRR 3k ]
I SRR RE IS , AR AR T BRI AR 4 M R AL

(2)HRJZ N 255200 CFRP T R i 4k
B o B 90°H 20 B T3 SR/ 18 AR £ 47 )
SEPETRBLN S 5 45" Z AT BT = T fle it 2
i) BE AR ZE Mg 42 5] A 138 5 A () A 36 Al J= S 97 il
— B RRTIREREST .

(3) JE A v JE2 494 e e 3 R A e 5% P = 9
5 T CFRP T3 REAHT 2 PR RE 5 AH M, I A Ak B
LIRS SRR AT HE R 2ERERE , A RHIRPT S Hh 2K
AL T R A (2RISR A B
SR REEREME LIRSS T

S22 LR

(1]

[2]

(3]

(4]

(5]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

X Gk, AEE, K, F. AL RE T Lt
R AL AALE P o R R[T]. A a4, 2025, 54(11):
68-70.
Yildirim C, Ulus H, Sas H S, et al. Evaluating the in-
fluence of service conditions on the out-of-plane and in-
plane loading performance and damage behavior of unidi-
rectional CF/PEKK composites for aerospace applica-
tions[J]. Composites Part B: Engineering, 2025, 304:
112637.
HA Ty . P LI 3R AR AL S AR Y B R AT
RE[T]. AL, 2025, 53(7): 202-207.
AR B/ R AR RLEMA LT R T W
PAEFTA[D]. L RAEKRF, 2025.
FokAE . BRI AMH T FRERT s (D]
M PR ITFR, 2023,
Bouman N, Marques S S 1., Sebbe N P V, et al. Ad-
vancing sustainability in aerospace: Evaluating the per-
formance of recycled carbon fibre composites in aircraft
wing spar design [J]. Journal of Composites Science,
2025, 9(8): 384.
RkAE, MidE, TTR, ¥ AT FRAT S
BAEAATLT]. S AR, 2022, 39(2): 12-19.
x g, T AR T F REMBGT S AT(Cl//F
BAFFEa . PEAFRE-2021+1# L& (FHM).
2022: 87-101. DOI:10.26914/c.cnkihy.2022.072049.
Min W, Tao L., Yan Z, et al. Feasibility verification
and bending property of web-reinforced foam sandwich
composites prepared via thermal expansion molding pro-
cess[J]. Composite Structures, 2022, 294: 115720.
MRF, BEEE, BRI, F . LT RS TA
vh B EARALLT ] M FRE SR, 2023, 39(6): 92-96.
Othman R, Khashaba U. A new analytical model for
progressive damage in CFRP composite beams under
low-velocity impact [J]. Polymer Composites, 2026,
47(6): 5126-5144.
Ding J S, Tong K T, Zhang J L., et al. Experimental
and analytical investigation of the flexural behavior of
steel-bamboo composite I-beams with composite con-
nections [J]. Journal of Building Engineering, 2024,
98: 111374.
Long SC, Zong H, Liu T, et al. Soft impact behavior
of composite I-beams [J]. Composite Structures,
2023, 304: 116477.
XuW C, ChenlJ, Cui X F, et al. Low-velocity impact
analysis and multi-objective optimization of hybrid car-
bon/basalt fibre reinforced composite laminate [J].
Composite Structures, 2024, 343: 118305.



% 3

B4 bR%5: . CFRP T F 52 U 5

5 AL 5B 211

[15]

Li D, Xiong JJ. Progressive fatigue damage modelling
and life prediction of 3D four-directional braided com-

posite I-beam under four-point flexure spectrum load-

used in wind turbine blades and marine vessels via
three-point bending and four-point bending tests [J].
Polymers, 2026, 18(4): 481.

ing[J]. Chinese Journal of Aeronautics, 2025, 38(3): [19] Chen G, Liu H, Zhang J Y, et al. Energy dissipation

103389. theory performance of different layup patterns CFRP/
[16] Lalisani A, Sadighi M, Goudarzi T, et al. Stiffened aluminium alloy hat-shaped hybrid beams under three-

composite plates as equivalent structures for sandwich point bending conditions [J]. Thin-Walled Structures,

panels under low-velocity hail impact [J]. Mechanics 2023, 187: 110695.

Based Design of Structures and Machines, 2025, 53 [20] Shen L. L., Su S, Zhou X, et al. Interlaminar dam-

(8): 5485-5512. age evolution in CF/PPESK composites : Interactive
[17] Paramasivam A. Investigating the failure behavior of effects of fiber layup angles and temperature [J].

over-molded thermoplastic composites: Experimental Composites Science and Technology, 2026, 273:

testing and numerical modelling [J]. Applied Compos- 111427.

ite Materials, 2025, 32(4): 1659-1687. [21] Deng L X, Shao Y B, Jiang D, et al. Elastic analysis
[18] Mertgenc Yoldas D, Atakok G. A comparison of dam- of I-girders with tubular flange and corrugated web[J].

ages occurring on the bonding surface of carbon and

glass fiber-reinforced polymer composite materials

Journal of Constructional Steel Research, 2024, 213:
108407.

Numerical Analysis of CFRP I-Beams under Four—Point Bending

YIN Jinlin, LIAO Zirong, ZHONG Yi, YANG Wenhao, WU Ye, CUI Ligang
(Jiangxi University of Water Resources and Electric Power, Nanchang 330099, China)

Abstract; A numerical model incorporating the three-dimensional (3D) Hashin failure criterion and cohesive elements was
developed using ABAQUS. After the model was validated against four-point bending tests of carbon-fiber-reinforced polymer
(CFRP) I-beams, the failure mechanisms of the specimens under four-point bending were analyzed. The effects of stacking
sequence and web height on the mechanical performance of the specimens were further investigated. The results showed that the
simulated macroscopic damage patterns and load - displacement curves agreed well with the experimental results, with a relative
error of only 5.34%, confirming the reliability of the model. Under four-point bending loading, [90/45/—45],, was identified as
the optimal stacking configuration. The outer 90° plies enhanced both the compressive and tensile strengths, while the inner
+45° plies effectively redistributed stresses throughout the structure. Their synergistic effect markedly improved the flexural
performance of the specimens, revealing the intrinsic relationship between the fiber stacking architecture and the damage
mechanisms under bending loads. Increasing the web height significantly improved the flexural performance of the specimens.
Compared with the specimen with an 18 mm web height, the specimen with a 24 mm web height exhibited a 9.51% increase in
the maximum peak load. Moreover, the peak load was jointly determined by the overall structural strength and the material
strength of the web.

Keywords: finite element analysis; composite [-Beam; failure mechanism; stacking sequence; web height
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