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Fig.3 Exploded view of loading equipment and clamp equipment
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Fig.4 Strain gauge positions on curved hat-stiffened composites panel

58 MisshiEHiA - 202045 63 & 55181

2 11 AN | LA N N 1 AN 1 AN AN
o I sl e 2 [T o {1 ey
[T e (e
|||l
TSI N
o[l (e s w
U< R ]
O IR ISR~
=<t i [ e [T = [l ey
S|l o]l e
S| I= =R o
AAITAITATITATITA

E5 WIEHET60kPakt S &4 14t EiEH
TN BEAR RO ER 8] RZ S 43 7R
Fig.5 Hoop strain distribution of composites
curved hat-stiffened panel under 60kPa
internal pressure

ZERILE 6, H k6 (a)~ (¢) MK
Hradar — iR AEHh e, 1 6 (d )~ (h )
SR AT ) 552 1 19 28amr — b 1) oz A%
o AIE I, TEE/NVT 1900kN i,
R AT RIS B 0 2 ey — 7 AR il 2R 26
PG, 2 ey 3 1940kN )5,
R AMTHNZE K 1350 328 A — oz A i 2k
KA (2 RPR A T HRE
AR ), R G 50 A7 1) e il 22K iy 24
1940kN. M 5 45 T & , 76 il e 2%,
faf 2000kN i , 128 46 14 & 2E Ja il (2L
Jer AR R K A AR A
3 BEHTELRE

W = Bl R B A 2k fr 7R T
5 By i iy 0 A 2 SR DL L 7, e ]
7 (a)~ (c) R K A7y — A8 i
B 7 (d)~ (g) FEAMTE SR
ot — e LA £, AT 7E
RIS REIR AT, KATANSE fe 5 T0 I
() JEE i, A R R AVE T, —
T8 2 52 B AR H T I A5 B A 1)
i PR JEE T 2 g o 224 i AR A i 2 3
2019KN I}, 3050 14 At LR A 7
TRI AR IR (s (o 08 1 e K2k
far 30% BRI A RIS R ) o



Mechanics of Composite Materials E%Mﬁﬁ%

Strain/pe

Strain/pe

Strain/pe

Strain/pe

©
=
=
8
&
Il Il Il ] _3000
500 1000 1500 2000 0
Compression load/kN
(a) KA1
©W
=
£
S
&

500 1000 1500 2000
Compression load/kN

(c) KA 4

W

=

=

&

3

35005 500 1000 1500 2000
Compression load/kN
(e) Kt 2 5EAMT 3 2l

W
=
=
<
3

500 1000 1500 2000
Compression load/kN

(g) A7 5 HIAMT 6 Z M5B

500 1000 1500 2000
Compression load/kN

(b) KAfr 2 FIHKAT 6

500 1000 1500 2000
Compression load/kN

(d) KMt 1 5KAM7 6 ZIH5E MK

500 1000 1500 2000
Compression load/kN

(F) A7 3 H51KAi 5 25

500 1000 1500 2000
Compression load/kN

(h) KA 6 S I-AMT 7 Z 5B

BEl6 & &k i TR TR 55 BE AR A st 06 1) R TeT— R 2 B %

Fig.6 Axial load-strain of curved hat-stiffened composites panel under axial compression

20204E 5563 L 55 1810) - Wi AT I B A

59



PR .
—— IR oru

©W W
=1 =1
£ £
s S
7] 7]
L L L Il . _3000 L L L Il
0 500 1000 1500 2000 0 500 1000 1500 2000
Compression load/kN Compression load/kN
(a)KAfi1 (b) A7 2 FikAH7 6
@ W
= =
£ £
IS S
7] 7]
0 500 1000 1500 2000 0 500 1000 1500 2000
Compression load/kN Compression load/kN
(c) KAfi4 (d) KA 1 5 KM 2 Z 5
L
NS
-500 \‘0\: Tl R
-1000 | §
m «w —1500
= =
3 5 —-2000
s P _2500
-3000 -
-3500
_40w 1 1 1 1
0 500 1000 1500 2000

Compression load/kN
(e ) Ktfy 2 H5AT 5 Z 5K
09

Strain/pe

Compression load/kN
(f) KA1 5 H5KAMT 6 ZIHI5

500 1000 1500 2000
Compression load/kN

(g) KA 6 KM 7 ZI5E R

BE7  S&H e E R0 A BEAR P E-fh R BX A e 06 B e SR 2R %
Fig.7 Axial load-strain curves of composite curved hat-stiffened panel under combined internal pressures and axial compression

60 RiZEhEEA - 20204E 55638 551810



Mechanics of Composite Materials Eﬁﬂﬂﬁ%

— Oy
JE th 5t Ly Lo L Ly E15 Uo q
aarsmmERez R (b b2 e b bs) v m,
kAR WEE e, e b b L Lepno m, =0 (4)
IR E E A e e ket [he Le e La L]y
=18 — NO@W 2N0 aW +NO@
WS, Wik, g maiisk s Lo bes be Lesd LW @ NeTat 2Ny oo+ By 52
HilS I f AR E e .
PRI B BB R | e Tls Uorn
%N 8 R Bk x B R | 2 2 B 2 Vo
AL y IS I FUER T, N, il 113 123 133 134 135 Yam | =
eER I A K R, oy | M e e PR B 1
A EREIL(2) Ts T Tz Tys Tss +Ngma;[ Ngnbz Win
Up = ZUOm cos—sm% Uy
Qym
vy = ZUOm smwcos n;;y m,, .
27 cos%sm YL (2) o mnpq
" b mz nz 32N, __mnpg
) Gam ==~ M ==~ Mym + Z_:Z_;(m —pH-g¥) ™
27ymsm—cos Ey
. MzX . nzy
W= w_ SIn——SIN——
Z m a b

A, Ugs vgy s yy FIW R SUAEES
gl%g[’ Uom~ Dom~ Yxm~ Yym ﬂlwmﬂ‘jﬁk

(LR PR 3 IR BT, m R 675 Rk
T RA TRl B8, a b 73l 52
S am SR R . ) U AL bR
B e 4 S SRR A
DU i 2 g s R R W3 ) o L P,
mz X -1
mzX n V7Y —
mzan;qun cos sin 7Y . >
= 33 Gy sin " cos Y g '
— e mn b //V
1n=1 — > ©
m, = ZZ mxmncos—sm by (3) —
m=1n=1
© m //y
m, = mzlnz_; My SIN cos— — o
/Y
Zz Uy S smm
m=1n=1 b T T
it*,qx\qy\mx\myiﬂqzﬂvr“lﬁﬁ?rﬁ

£, Qo Goy My s My, Fl1 Oy HT SLHIFS
PRI /30 21 m.n A IFEk
ISP, FAm Hf = E8 S&aHH M EIER M RN E-HERSHEERA TRKTEREZ HE
}Ef:( 2)MC3)F t/\i M *}Wﬁ Ju Fig.8 Force diagram of skin between the two stiffeners of curved hat-stiffened composites panel under
e RS FE(4), A5 ), combined internal pressure and axial compression

20204E 5563 & 55 18M] - Bt hER AR 61



—— wk

FORUM
=K, Hr, Aij\ Bij\ Dij\ Cij I3RS B n2 2
2 2 2.2 PrARIEE R WU SE S I EE B8 T2 RR =
T11_A11m AYse z DIRIE o 2 2 _,
A4S IRTT G0y M, m, FT g, A 0, TiaTos + T Ths — :12T15T25 “Ts (10)
mnz’ P SRS Uy g, 75, BT W ST (TuTe2 -T2
T =(Ap+ A\sa) o -
FRHORAF A6 T 100 05 B 7 4 T 40 1
T 27z2 B n?z? T T Ty T i, 52 B 3R ) 32 40, 5 BN i s 7
13 =B+ B b2 T Tp Ty Ty A AT A R, 58 52 30 1) 32 % %
g Ty Ty T3 Ty KT ae e, =X(10) A4
Ty =Ty= (312+Bee) Ty T Ty Ty m. n, X R A/ IME B AT A 200
e it 28407
T Ay ME %ﬂ%z fe e e e e S ELRIFEARH N2 LB E)
b? T FAYHSIBL o T AR 1 52 )
m2ﬂ_2 n2ﬂ_2 T25 lj_j.%jjjrlbﬁ( 11 )o
T,4 = Bgg Y +B,, b2 Toe NSZO (11)
) ) T =0 (6) (1) fLA(8) F {520
Tys = Dy T2+ Dy 12—+ C SR ot Bl P 7 175 90 52 5 P i A , DX
b N o TNy — (12)
a b °
mnz? L N . mir
Tou = (Byz + Dgg) — PSRRI, Uh 8D R =5 Ny=
), ), HI Kirchhoff &%, % 7,=0, »,=0 ft A , ,
Tu=Du X ip, T ic,  EHIRS).R6) WL Tulet Tels = 2haleles g -,
a b (7)85(8), (T11T22 _le)
T15:_A12 mﬂ_Bll m3;r3 _ Tll le T15 /&\R‘j‘]f, Dle\Dzsj‘jO,fﬁ( 12)
R a T, Tp Ty AL AR T 5245 1 L] J2 AR
(B, + 2B,) ™M 2 2 sk, 0Lk [16]. (12)
ab’ Tis Tos Tos+ N7 2 My S48 5 R ma n, % HR B/ ME RN
thé§—4aﬂa%a A e e
) 3 s 3 FEAN [ 2 fip Py I 1] 28 £ A e
mr B, Z =0 (7)) 4 NS B2 PR T
aBlb I o BEARAYSE 3L Z 1A (13).
Tss :_?2?_ . V' p2 N?=P,R (13)
e (13 ) A 8) AT 15 F Bk
(Dyp+ 2Dge) = 5~ LAV L DR AR 52 5 0 7 , 05X
b b (14)
By, 7 ©
T _——2—_-D +2D,
* R . ) TiaTos + TooTis — 211515 Tos T N© m’z’ +P.R n’z® _
_ ¢ A -
m’nz®  n’z® (TMT22 —Tlg) s (8) a’ b2
a’b “ b T11T225 +T22T1§ — 2T, Ths

2 2
T55:i+2_2m7r+522n7z N
R? R a’ R b?

4_4
m*z
{Dn_azl +2(Dy, +2Dg)

4 4
nz
+D,, b4}

62 iR

nt it 7'

a’h?

« 20204F 5563 % 5 1810]

2 HA R8s Py (PN EMIE)
R 250, T O 53 B AR 14 552 1 52
A(9),

N?=0,N%=0 (9)

f509) FAF(8) Al 15 2 ]
T 77 48 15 190 52 Bz 1) ek il 2, DG
(10),

)
Aorfr, N BFR A4 51 4 PR A
1E, i 14) AT, IR RIFEH]
?ﬁTm%%ﬁm e, Py
i€, 20 14) INZZERS my o 3EH
*r/ NEEIBIEEEIL R =7



Mechanics of Composite Materials Eﬁﬂﬂﬁ%

ZR53FEE

T35 A REIE TR I A7 B Al e
HIERERE A e = ) e N
FERIMR S5 R TT, 5 B BT 8 B b il
WHIEBOT A 3R (1) BUKAHTN
) B 5 (2 ) Bt Zk v BE O R T 42
JaE A RE A P A AR AT Sk AT [
FE) 5(3) ARAMTAMElFE LA 9,

MG AN [ 52 B T B O 125, Hh
A (10) AT TSl 1% B0 T AH R Y
525 MR TETE R n R Al A e i
Fofar, THAEE R S0 25 R AT EE DL
3¢ 3 (i th#ms |5 355 WA R R E
MR cm, n) . ATEH, R
2 (MgHeib) 15 20 89 s th 38T 5
IR ZE R

W = R G #m E T &2
B WA Rk i TR TR 0 A7 B A ) S i 2%
far 55 AT e WL 4 (i ph 27 5
T NEEFR R B RS mon),
Jeth pHh A A T AR R 2 T e Y
it & A= R A R Z i (H R
= KA Hom R R 195 A A
Wk ETTE . W 4 A, TR
SEHS T I 2 0 AR 2 B N 1 25
o XoF a6 A2 b e o ey ) 2 R A
.

FH T 18 B AT 9 465 44 4 05 2 (7]
P 1R R B RRUE MR Y
JE R Aar i — 2D P2 S R AR e ks A
TSR 3oy Rl e 2 i A X (141 10)
FERE W R LN B N 7S iga st/ P 1
IMFEN - R G 2 T 2 A4
Ak T T 2 I A5 B A i S A A 2y
B TR, W15 ),

P =(S,E+S:Esp) & (15)
Ao, P N - Bl ER & 2
FHR 524 PRk i T R R I A3 B Al i
SRR BT 5 S M AR EHIT TR
TE M REAR 53¢ B IR AT s E R
52 A AR T TR 0 A5 RE A S R
o ) SRR A 5 S R B A R
T W JE o 5 B AR A AT B AR T AR g,
A R Rk it T R R Jn 5 e AR A AT

F Bl 1) S5 28 SRR PR s 6 SRR
fH T T2 A9 A A e 4 15 3/ FH
AR, AL P e S S AR
HIHE

(15 ) A9 S 20k B S Jon]

S5 SCHR [16] 15, A58 7R 1 R
457 FHAE R 3200pe , 30 i
4 T 3R 38 Ar 5 056 1 HL B L3R 4,
AL LAE A A R e 25 R A
£2/3 I

: ST :
Jrik2
k3

B9 HEEEHIUREE
Fig.9 Sketch of skin element width

F3 HEERE SV EER A BRI T 5 A R R
Table 3 Comparison of theoretical and experimental buckling load of curved hat-stiffened
composite panel under axial compression

Je it e Fik 1 ik 2 Jik3
P T kN 2956 (6,1) 1898 (5,1) 1324 (4,1)
6 e A /KN 1940

BR2E 1% 52 2 32

E10 MIE-HERKA IR0 AR

Fig.10 Failure of the specimen under combined internal pressure and axial compression

R4 AE-HEBRSHEEATESMHHERENGERITESRSINEERILER
Table 4 Comparison of experimental and calculation result of curved hat-stiffened composite
panel under combined internal pressure and axial compression

Jet i 28 o 5 A R A i {E /kN 122 1%
Jrik 1 ik 2 ik 3
RS JE h 2k fr —
3599 (7,1) 2476 (6,1) 1873 (6,1)
Tofk g SR 28 2129 5
TR A 2 2019 —

20204E 55635 5518 1] - Bt hE AR 63



PR .
—— IR oru

Zig

(1) N R a] £ = 2 A AR
A T TR o 0 e A i e e AR

(2) BT E A ME W7 fa e
e, R HHE A — BL2%15F Kirchhoff
iz T th T2 AR R IE
FfRE AR AR e il N R - R
0T Jest i 28 Ay 9 i AT A, DR A
TR G 45 B9 X L, IR T AT
IERME.

(3) 3 2ok %5 52 A 04 F} i T i T2
O3 R R ) 55 ) R L B BT
I B 43 AT 2 11— P . — il
5 50T B T i PR 2 ey ) T ARG BB
2 XA R AR 25 R T Tk
B APRFRM R SR RY)
G, eI X G, TR A M
ARk T AT AR A T

& £ x #t

[1] ek, . RN AL E L
Ly BEMR S5 B i (9], T E B E R
2016(12): 85-86.

MA Wenbo, YU Kang. Design and
analysis on middle and rear fuselage panel of
civil aircraft[J]. China Science and Technology
Information, 2016(12): 85-86.

[2] ZIMMERMANN R, ROLFES R.
POSICOSS—improved postbuckling simulation
for design of fibre composite stiffened fuselage
structures[J]. Composite Structures, 2006, 73(2):
171-174.

[3] DEGENHARDT R, ROLFES R,
ZIMMERMANN R, et al. COCOMAT—
improved material exploitation of composite
airframe structures by accurate simulation
of postbuckling and collapse[J]. Composite
Structures, 2006, 73(2): 175-178.

[4] GHILAI G, FELDMAN E, DAVID
A. Cocomat design and analysis guidelines
for CFRP-stiffened panels in buckling and
postbuckling[J]. International Journal of
Structural Stability and Dynamics, 2010, 10(4):
917-926.

[5] ABRAMOVICH H, WELLER T,
BISAGNI C. Buckling behavior of composite

64 RiZEREEA - 20204E 55638 551810

laminated stiffened panels under combined
shear—axial compression[J]. Journal of Aircraft,
2008, 45(2): 402-413.

[6] CORDISCO P, BISAGNI C. Cyclic
buckling tests under combined compression and
shear on composite stiffened panels[J]. AIAA
Journal, 2009, 47(12): 2879-2893.

[71 CORDISCO P, BISAGNI C. Cyclic
buckling tests under combined loading on
predamaged composite stiffened boxes[J]. AIAA
Journal, 2011, 49(8): 1795-1807.

[8] CORDISCO P, BISAGNI C. Design,
testing and validation of a composite box under
combined loading up to collapse[J]. International
Journal of Structural Stability and Dynamics,
2010, 10(4): 853-869.

[91 AMBUR D R, ROUSE M. Design
and evaluation of composite fuselage panels
subjected to combined loading conditions[J].
Journal of Aircraft, 2005, 42(4): 1037-1045.

[10] ROUSE M, YOUNG R, GEHRKI
R. Structural stability of a stiffened aluminum
fuselage panel subjected to combined
mechanical and internal pressure[C]//
Proceedings of 44th AIAA/ASME/ASCE/AHS/
ASC Structures, Structural Dynamics, and
Materials Conference. Virginia, 2003.

[11] Al , FER, Tk . PLEpEE
R A A 588 BRI 7 ERFIE (3] AU
2015, 37(5): 972-977.

ZANG Weifeng, DONG Dengke, ZHANG
Haiying. Research on test method of fuselage
panel subjected to internal pressure load[J].
Journal of Mechanical Strength, 2015, 37(5):
972-977.

[12] ARNOLD R, PAREKH J. Buckling,
postbuckling, and failure of flat and shallow—
curved, edge-stiffened composite plates subject
to combined axial compression and shear
loads[C]//Proceedings of 27th Structures,
Structural Dynamics and Materials Conference.
San Antonio, 1986.

[13] SHUFRIN I, RABINOVITCH O,
EISENBERGER M. Buckling of laminated
plates with general boundary conditions under
combined compression, tension, and shear—
A semi-analytical solution[J]. Thin—-Walled
Structures, 2008, 46(7-9): 925-938.

[14] ROGER A F, RICHARDS W
L. Combined loads test fixture for thermal-

structural testing aerospace vehicle panel
concepts[R]. Washington: NASA, 2004.

[15] STEEN E, BYKLUM E, VILMING
K G. Computer efficient non-linear buckling
models for capacity assessments of stiffened
panels subjected to combined loads[M]//Thin-
Walled Structures. Boca Raton: CRC Press,
2018: 581-588.

[16] PEM=VTR . ZEME L
FUEME I HITEEE [M]. JE3T « iz Tolk bk
2002.

Chinese Aeronautical Establishment.
Strength analysis of composites aircraft
structures [M]. Beijing: Aviation Industry Press,
2002.

[17] PER=TER . EEM RS
BHFE [M]. AL iz Tl iRt , 2001

Chinese Aeronautical Establishment.
Handbook of composites structure design[M].
Beijing: Aviation Industry Press, 2001.

[18] SCHUHEHT - REFES . WL
BRSBTS 00T [M]. LI iR
Ref it 2011

CHRISTOS Kassapoglou. Design
and analysis of composite structures with
applications to aerospace structures[M].
Shanghai: Shanghai Jiao Tong University Press,
2011.

[19] CHEN Q Y, QIAO P Z. Post—
buckling analysis of composite plates under
combined compression and shear loading
using finite strip method[J]. Finite Elements in
Analysis and Design, 2014, 83: 33-42.

[20] LOUGHLAN J. The buckling
performance of composite stiffened panel
structures subjected to combined in-plane
compression and shear loading[J]. Composite
Structures, 1994, 29(2): 197-212.

[21] =R, JeR, R . THES
BATAE T S G BRLZ G AR it A BE AR
J7¥E 9], BARRIAR , 2014, 31(1): 234-240.

YUAN Jianfeng, NI Zao, CHEN Baoxing.
Stress analysis of the buckling of composite
laminates under bending shear combination
loads [J]. Acta Materiae Composite Sinica,
2014, 31(1): 234-240.

BIREE : TEIE0K, E-mail: wanghoby@sina.com.,

(F#%817)



L LiviEs
Mechanics of Composite Materials E [=]

Characterizations of Coefficient of Thermal Expansion and Impact Strength of
Modified Nano-SiO, / Epoxy Resin

HU Bozhao', YUAN Yuhuan®, MA Jiwen', WU Zhanjun®, CHEN Duo’, SUN Tao’

(1. School of Aeronautics and Astronautics, Dalian University of Technology, Dalian 116024, China;
2. Faculty of Materials Science and Engineering, Dalian University of Technology, Dalian 116024, China;
3. State Key Laboratory of Structural Analysis for Industrial Equipment, School of Aeronautics and Astronautics,
Dalian University of Technology, Dalian 116024, China)

[ABSTRACT] Three common silane coupling agents KH550, KH560 and KH570 were used as modifiers to modify the
nano-silica respectively. The nano-SiO,/epoxy composite materials were prepared from the three modified nano-silicas. The
characterizations of the infrared test of the modified nanoparticles and the dynamic light scattering of the particle size have
been tested. The characterizations of the impact strength at normal temperature and coefficient of thermal expansion at low
temperature of the prepared composite material have been tested. The results showed that the average particle sizes of SiO,
modified with the three coupling agents are in the range of (200+50)nm.The distribution coefficient (PDI) of the modified
SiO, particles in ethanol is within the range of 0.30+0.05. The effect of different coupling agent modifications on the impact
strength of composite materials is small, the difference is not more than 7.37%, but it has the great influence on the CTE of
the composite materials. When the concentration of SiO, is 9%, and under -183°C , KH560 has the best effect on improving
CTE of SiO, / epoxy composite system among the three coupling agents, while under the same conditions, the CTE of the
SiO, / epoxy composite system modified by KH550 and KH570 are higher about 1.19% and 23.7% respectively.
Keywords: Nano-SiO,; Epoxy resin; Silane coupling agent; Coefficient of thermal expansion; Impact strength
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Buckling and Post-Buckling of Curved Hat-Stiffened Composite Panels Under
Combined Internal Pressure and Axial Compression

WANG Houbing, LI Xinxiang, WEI Jingchao, LEI Anmin, CHENG Linan

(Aeronautics Science and Technology Key Laboratory of Full Scale Aircraft Structure Static and Fatigue,
Aircraft Strength Research Institute of China, Xi’ an 710065, China)

[ABSTRACT] Experiments on curved hat-stiffened composites panel with 7 stringers and 4 frames were conducted
to investigate the buckling load, buckling mode, post-buckling carrying capacity and failure characterization under
combined internal pressure and axial compression. The results show that the axial buckling load of the curved hat-stiffened
composites panel is increased by the internal pressure when the panel is subjected to combined mechanical loads, and the
panel has no buckle before failure. Based on the linear stability theory of shallow composites shell, the analytical methods
for the buckling load of the curved hat-stiffened composites panel were presented by utilizing Rayleigh-Ritz method and
Kirchhoff hypothesis under internal pressure, axial compression, combined internal pressure and axial compression, an
empirical method was proposed to estimate the failure load of the curved hat-stiffened composites panel under combined
internal pressure and axial compression. The results by both the present methods and experiments agree very well, the
empirical method is clear and concise, which is easy to be applied in design of curved hat-stiffened composites panel.
Keywords: Composites; Curved hat-stiffened panels; Combined loading; Buckling; Post-buckling; Rayleigh-Ritz method
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