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Abstract. The buckling instability and post-buckling carrying capacity are major concerns in the engineering
design of composite stiffened panels and are inﬂuenced by a series of design parameters. This work investigated
the rule and mechanism of the stiffener ﬂange widths effects on the buckling instability and post-buckling
response of composite I-stiffened panels under axial compression. With the compression experiments, the
buckling instability and post-buckling response of the composite I-stiffened panels were obtained and further
used in the validation of the ﬁnite-element (FE) model. A parametric study was then implemented in analyzing
the effects of stiffener ﬂange widths on the structural buckling instability and post-buckling response. The results
indicate that skin-stiffener debonding and intra-laminar damage are the main failure modes. The structural
buckling instability, carrying capacity and failure behavior are sensitive to the parameters of stiffener ﬂange
widths. The bottom ﬂange width wb linearly affects the critical buckling load, but has no effects on the buckling
mode. The top ﬂange width wt simultaneously affects the critical buckling load and buckling mode, and an
obvious buckling mode change occurs around a critical wt value. Both the bottom and top ﬂange widths affect
the structural damage process, failure mode and carrying capacity obviously.
Keywords. Composite I-stiffened panels; buckling and post-buckling; ﬁnite-element method; compressive
experiment; parametric study; stiffener ﬂange width.

1. Introduction
Composite materials have been widely used in aerospace
industry due to their high speciﬁc properties and advantages
in design ﬂexibility. Composite stiffened panels are typical
structures that have been extensively adopted in practical
engineering with the aim to increase structural efﬁciency
and reduce weight. Under axial compression, composite
stiffened panels maintain strong post-buckling carrying
capacity after the initiation of structural buckling. Postponing the buckling initiation and increasing the postbuckling carrying capacity are major concerns in the
engineering design of composite stiffened panels. Investigations have been widely implemented on composite
stiffened panels under axial compression. It is necessary to
understand the panels’ loading response, especially the
buckling and post-buckling behavior in order to enhance
the structural mechanical performance.
Different buckling modes appear at composite stiffened
panels with different boundary conditions, and the buckling
instability further induces interface debonding and interlaminar damage in the post-buckling process [1]. Local
damage such as ﬁber breakage, matrix cracking and
*For correspondence

delamination are commonly observed in the collapse of the
panels, together with the skin-stiffener debonding, which is
caused by the mismatch in stiffness between skin and
stiffener [2–4]. Research projects have been extensively
implemented in studying the damage relationships and
characteristics through different methods.
Finite-element method has been widely applied in predicting the buckling and post-buckling behavior of composite stiffened panels due to its advantages in analyzing
efﬁciency and low cost. It is important to validate the
prediction accuracy of the FE models in improving the
post-buckling carrying capacity and mechanical performance of the composite stiffened panels [5, 6]. In order to
capture the important response details, improved techniques such as the improved shell elements [7], the
improved ABAQUS user subroutines [8], the equivalent
damage model [9], the progressive failure model [10], and
the progressive stiffness degradation model [11] have been
utilized in the investigations.
Experimental methods are important in understanding
the failure behavior of composite stiffened panels, and from
the data and observed phenomenon, the failure mechanism
and process can be studied in detail [12]. Furthermore,
experimental results can also be used in validating theories
and FE models developed for the composite stiffened
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Table 1. Properties of materials.
T300/CMS prepreg

Skin-stiffener interfaceproperties

E11/GPa
E22/GPa
125
7.7
XT/MPa
XC/MPa
2700
1400
t0n = t0s = t0t /MPa
80

panels’ analyses [13]. Various experimental techniques and
optical methods [14–18] such as 3D-digital image correlation, acoustic emission, vibration correlation, infrared
thermography, electronic strain gaging and digital fringe
projection proﬁlometry have been utilized in capturing the
buckling and post-buckling response of composite stiffened
panels with stiffeners of different shapes.
Having the advantages in simplicity and usability, analytical methods have also been introduced to predict the
panels’ buckling and post-buckling behavior. Different
analytical formulations [19–21] based on different theories
such as energy principle and the Ritz theory have been
utilized in studying the linearized local skin buckling load
and nonlinear post-buckling behavior of composite stiffened panels subjected to axial compression load, and the
ability of the formulation in assessing the panels’ buckling
and post-buckling responses have been revealed through
experiments.
The buckling behavior and post-buckling response of the
composite stiffened panels are inﬂuenced by many factors
[22–26] such as the boundary conditions, the stiffener
conﬁguration and stiffness, the skin thickness, the existence
of damage and damage locations. For composite stiffened
panels with I-shaped stiffeners, important design parameters such as the skin thickness, stiffener ﬂange widths [27]
and web height have obvious effects on the structural
buckling instability, post-buckling carrying capacity and
failure modes. The effects of geometric parameters on the
bearing characteristics of composite stiffened panels are
complicated. Although previous relevant research projects
have been widely implemented, more detailed numerical
research projects and experiments are still needed in satisfying the engineering design considering different material systems, different boundary conditions and different
stiffener styles of the composite stiffened panels. Rules of
the effects need to be concluded, and mechanisms of the
effects need to be revealed in providing reference in the
engineering design process.
With the assistance of ﬁnite-element method and
experiments, the goal of this work is to conclude the rule
and analysis the mechanism of the stiffener ﬂange widths
inﬂuence on the buckling and post-buckling behaviors of
the composite stiffened panels with a lateral support
boundary condition under axial compression.
The buckling instability, post-buckling carrying capacity
and failure mode of composite I-stiffened panels are ﬁrst
investigated through experimental and numerical methods.

G12/GPa
4.5
YT/MPa
75

G13/GPa
4.5
YC/MPa
350

G23/GPa
m12
q/(kgm-3)
3.0
0.323
1560
S12/MPa
S23/MPa
132
42
GCn = GCs = GCt /(Nmm-1)
0.3

Based on the validated FE model, a parametric study is then
implemented. The effects of stiffener top and bottom ﬂange
widths on the buckling and post-buckling behavior of the
composite stiffened panels are investigated respectively in
detail, with the rule of the effects concluded and the
mechanism of the effects analyzed.

2. Objects and methods
2.1 Material and geometry
The specimens tested in the investigation are composite
I-stiffened panels made of T300/CMS carbon-epoxy prepreg with a ply thickness of 0.19 mm. The stiffener is
integrated on the skin through co-curing method. A lateral
rib support is connected to the middle part of the panel
through rivets. Mechanical properties of the laminate are
listed in table 1. The monolayer stiffness and strength
include the elasticity modules in the 0° direction and 90°
direction E11, E22; the shear modules G12, G13; the Poisson’s ratio m12; the tensile and compressive strengths in the
0° direction XT, XC; the tensile and compressive strengths in
the 90°d irection YT, YC, and the shear strengths S12, S23.
The interface properties include the normal interface
strength t0n, the two tangential interface strengths t0s , t0t , the
normal interface critical strain release rate GCn , and the two
tangential interface critical strain release rates GCs , GCt .
The composite stiffened panel is 1280 mm in length and
220 mm in width. The specimen conﬁguration together
with detailed section parameters are shown in ﬁgure 1. The
end regions of the specimens are put into metal boxes and
potted with resin to provide uniform distribution of the
applied axial compression load. The ply sequences of the
top and bottom ﬂanges, the skin and the web as shown in
ﬁgure 1 are listed in table 2.

2.2 Compression experiments
The compression experiments on the composite stiffened
panels were conducted on an electronic universal testing
machine with a maximum loading capacity of 200 kN, as
shown in ﬁgure 2. Two clamping pieces were connected to a
frame which was ﬁxed on the base of the testing machine.
With the lateral rib support of the specimen connected to the
clamping pieces, the practical boundary condition in which
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Figure 1. Conﬁguration and dimensions of the composite stiffened panels.

Table 2. Ply sequences of regions in the composite stiffened
panels.
Region
Top ﬂange
Web
Bottom ﬂange
Skin layup

Ply sequence
[45/0/-45/90/0/45/0/-45/-45/45/
0/90/-45/0/45]
[45/0/-45/90/0/45/-45/-45/45/0/
90/-45/0/45]
[0/0/0/-45/45/0/90/-45/0/45]
[45/90/-45/0/90/45/-45/0]s

were tested in the experiments. The compression load was
applied under displacement control of 1 mm/min, and the
load-shortening curve was automatically recorded by the
testing machine. Resistance strain gauges were placed backto-back on speciﬁc positions of the specimen along the
compressive direction in monitoring the buckling behavior
and measuring the critical buckling load. Locations of typical measurement points are speciﬁed in ﬁgure 1.

3. Results and analysis
the composite stiffened panels worked was modeled. As the
clamping pieces were limited within the tracks, the lateral rib
support maintained only the translation degree of freedom in
the compression direction. Three specimens numbered 1 to 3

3.1 Load-shortening response
Strain-load curves and load-shortening curves of the three
specimens are compared in ﬁgure 3. Strain-load curves of

Figure 2. Loading system and boundary conditions.
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Figure 3. Comparison of experimental results from different specimens.

the same measurement point from different specimens
basically correspond well, so do the three load-shortening
curves. The collapse loads of the No. 1, No. 2 and No. 3
specimens are 152.7 kN, 160.9 kN and 163.3 kN, respectively and the average collapse load is 159.0 kN.
With the good correspondence of the experimental
curves and the deviation of the collapse loads from -4.0%
to 2.7% comparing to the average value, the experimental
results present good repeatability.
The experimental curves from the No. 2 specimen correspond well with the results of the other specimens and the
collapse load of the No. 2 specimen is close to the average
collapse load value of 159.0 kN. In order to simplify the
following analysis, the results of the No. 2 specimen are
chosen as representative results in the following discussion.
The load-shortening curve of the No. 2 specimen is
illustrated in ﬁgure 4. At the initial loading stage, the load
increases linearly with the shortening displacement. As the
critical buckling load is reached, buckling behavior initiates
and an inﬂection Point A appears on the load-shortening
curve. In the post-buckling process, the compression load
increases nonlinearly with the shortening displacement and
the slope of the load-shortening curve decreases slightly
and continually, indicating the continuous decrease of the
structural compressive stiffness. The specimen collapses at
160.9 kN, indicating a strong post-buckling carrying
capacity of the specimen.

on the skin and buckling waves are formed. The off-plane
displacement induces stretched and compressed deformation on the front and back faces of the skin respectively.
Strain-load curves from different measurement points
bifurcate due to the strain states’ change introduced by the
buckling initiation. The buckling deformation of the
whole specimen is shown in ﬁgure 5(a). The strain-load
curves of Point 1, Point 2, Point 3, and Point 4 on the skin
bifurcate at the load of 31.0 kN, and this bifurcation load
is taken as the critical buckling load of the specimen, as
shown in ﬁgure 5(b). After the bifurcation point, the
strain-load curves of Point 1 and Point 2 conform well to
curves of Point 3 and Point 4 respectively, indicating that

3.2 Buckling mode and strain results
Buckling behavior is detected at Point A in the loadshortening curve from ﬁgure 4 and is reﬂected more
clearly through the measured strain results. As the critical
buckling load is reached, off-plane displacement occurs

Figure 4. Experimental and numerical results of load-shortening
curve.
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Figure 5. Deformation state of the composite stiffened panel and strain responses at certain measurement points.

the four buckling waves distribute anti-symmetrically on
the skin, and the deformation degrees of the waves are
basically the same.

3.3 Failure mode
In the post-buckling process of the composite stiffened
panels, the compression stiffness decreases continually

until the collapse load is reached. As the specimen collapses, the I-shaped stiffener separates from the composite
skin. Intra-laminar damages of ﬁber and matrix are also
detected on the skin and the stiffener. The skin-stiffener
debonding and intra-laminar damage mainly exist on the
anti-nodal line at the upper part of the specimens. The
failure behaviors of the composite stiffened panels are
shown in ﬁgure 6(a). In order to investigate the postbuckling response of the composite stiffened panels in
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Figure 6. Failure mode of the composite stiffened panels.
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Table 3. Failure criterion and material property degradation scheme [29].
Failure type
Fiber tensile failure
Fiber compressive failure
Matrix tensile failure
Matrix compressive failure

Failure criterion


2

r11 2
s12
1
X T þ S12

r11 2
1
XC
  s 2
r22 2
12
1
Y T þ S12
 
    
2
2
2
r22
r22
YC
1
þ 2S
þ Ss1212  1
YC
2S23
23

detail, a numerical analysis based on ﬁnite-element method
is implemented.

4. Finite element analysis
4.1 Finite element model
The composite I-stiffened panel was numerically modeled
and analyzed through ﬁnite-element methods. The geometry and material properties of the FE model were consistent
with the specimen as shown in ﬁgure 1, table 1 and table 2.
As skin-stiffener debonding had remarkable inﬂuence on
the structural ﬁnal collapse, interface cohesive elements
were utilized in the FE model in simulating the skin-stiffener debonding. Sufﬁcient amount of elements are needed
in discretizing the structure to model the details of the
composite stiffened panel. The minimum size of the element is determined referring to the size of the strain gauge
in order to acquire the calculated strain results. With the
considerations of both the calculation precision and the
calculation efﬁciency, 8022 elements were ﬁnally used in
the FE model. 7314 elements were continuum shell elements of SC8R, which modeled the composite skin, stiffener and the rib support. 708 elements were cohesive
elements of COH3D8, which modeled the interface
between the skin and the stiffener. The connection between
the lateral support and the composite panel skin was simulated by ‘Tie’.

Property degradation
E11 = 0.07E11
E11 = 0.14E11
E22 = 0.2E22, G12 = 0.2G12, G23 = 0.2G23
E22 = 0.4E22, G12 = 0.4G12, G23 = 0.4G23

provided a good opportunity for the comparison of all the
participant failure theories against experimental results. All
the theories have been ranked according to their abilities in
predicting a wide range of experimental results. In the
present work, Hashin failure criterion [28] was utilized in
determining the initiation of the intra-laminar damage for
its wide application and ideal performance. The stiffness
degradation method [29] was utilized in modeling the
damage evolution. The intra-laminar damage initiation and
evolution model summarized in table 3 were conducted by
using the ABAQUS User deﬁned ﬁeld subordinate
(USDFLD). Stresses in the longitudinal, transverse and
shear directions of r11, r22 and s12 are used in determining
the damage initiation.
The cohesive elements which modeled the skin-stiffener
interface take an elastic-linearly softening traction-separation law [30], as is shown in ﬁgure 7.
Debonding initiation is determined by t0, which represents the cohesive strength of the skin-stiffener interface:
 2  2  2
htn i
ts
tt
þ 0 þ 0 ¼1
tn0
ts
tt
The normal and the two shear tractions tn, ts, tt are used
in the determination of debonding initiation. The Macaulay

4.2 Damage initiation criteria and evolution
model
In the present model, intra-laminar damages in skin and
stiffener and inter-laminar damage between skin and stiffener were both considered. With the development of several decades, well-known failure criteria on composite
materials have been obtained and widely used in engineering practice. The world-wide failure exercise (WWFE)

Figure 7. The bi-linear traction-separation law for cohesive
elements.
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bracket hi implies that a compressive normal stress does not
contribute to the debonding initiation.
The propagation of the debonding is determined by a
power law which is based on the strain energy release rate:
     
Gn
Gs
Gt
þ
þ
¼1
GCn
GCs
GCt

Figure 8. Energy level monitored in the quasi-static nonlinear
explicit analysis.

The interface cohesive energy is presented as G and the
critical strain energy release rate of the interface is presented as GC. Subscript n, s and t refer to the normal and
two shear directions respectively.
As fracture values used for skin-stiffener interface are
remarkably inﬂuenced by the technique applied in integrating the skin and stiffener, they are always relatively
small comparing to the results tested from laminates.
Referred from [19], the cohesive properties used in this
paper are chosen in consideration of the co-curing bonding
integrating technique and are taken as the same in the n,

Figure 9. Comparison between the experimental and calculated strain-load curves.
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s and t directions. The properties are listed in table 1 and
are validated in the subsequent analysis.

4.3 Model validation
With the above FE model, a linear buckling analysis was
ﬁrst carried out. The critical buckling load was calculated
from the eigenvalue, and the corresponding buckling
deformation mode was also obtained.
Considering the deformation of the specimen is relatively
small at the initiation of the structural buckling, the method
of linear buckling analysis is suitable in predicting the
structural critical buckling load and buckling deformation
mode. The numerical results give a conﬁrmation on this
point. In the linear buckling analysis, the calculated critical
buckling load is 32.7 kN. The ﬁrst buckling mode obtained
from the linear buckling analysis is shown and compared
with the experimental buckling deformation mode in ﬁgure 5(a). The critical buckling load from the linear buckling
analysis has a 5.5% deviation compared to the experimental
result of No. 2 specimen and the calculated buckling mode
corresponds well with the experimental buckling deformation mode which is reﬂected by the strain results.
In the subsequent nonlinear analysis, to avoid the convergence problem in modeling the progressive skin-stiffener debonding, the explicit analysis method was used. The
ﬁrst buckling mode obtained from the linear analysis was
imported into the nonlinear quasi-static explicit analysis as
the initial imperfection of the structure. To ensure the
quasi-static state of the explicit solution, the kinetic energy
was monitored and kept less than 5% of the internal energy
of the system, as is shown in ﬁgure 8.
The structural deformation response and failure mode
were simulated. The results in ﬁgure 4 indicate a good
agreement between the numerical and experimental loadshortening curves. Furthermore, the calculated strain results
of Point 1, 2, 3 and 4 are compared to the experimental
results in order to validate the FE model in detail, as is
shown in ﬁgure 9. A good agreement of the strain results
has been obtained, indicating the capability of the FE model
in predicting the structural buckling and post-buckling
behavior.

Figure 10. The investigated stiffener ﬂange widths parameters.

Figure 11. Load-shortening curves of models with different top
ﬂange widths.

Figure 12. Effects of stiffener top ﬂange width on structural
buckling load and failure load.

In ﬁgure 6(b), scalar stiffness degradation (SDEG) of the
skin-stiffener interface elements is presented in describing
the interface damage and deformation result (U, Magnitude) is presented in describing the skin-stiffener debonding. Furthermore, predeﬁned ﬁeld variables (FV) are used
in describing the intra-laminar damage, with FV 2 represents the ﬁber compressive damage and FV 4 represents the
matrix compressive damage. The simulated failure behaviors of skin-stiffener debonding and intra-laminar damage
in the skin and the stiffener shown in ﬁgure 6(b) basically
correspond to the experimental results in ﬁgure 6(a). The
numerical collapse load of 157.8 kN has a -1.9% deviation
comparing to the experimental collapse load of 160.9 kN
from specimen No. 2. The detailed failure process of the
numerical analysis shown in ﬁgure 16(b) indicates that

9

Page 10 of 19

Sådhanå (2021)46:9

Figure 13. Buckling mode difference in FE models with different stiffener top ﬂange widths.

Figure 14. Off-plane deformation difference in FE models with different stiffener top ﬂange widths under the compression load of 110
kN.

slight intra-laminar damage is ﬁrst detected on the skin and
stiffener. Skin-stiffener debonding initiates and propagates
subsequently, leading to the ﬁnal collapse of the composite
stiffened panel.
With the above results, the FE model is well validated in
the aspects of strain-load curves, load-shortening curves,
critical buckling load, buckling deformation mode, collapse
load and failure mode of the composite stiffened panels.
Therefore, the FE model has the capacity in predicting the

post-buckling response of the composite I-stiffened panels
under axial compression load.

5. Parametric analyses
In order to study the inﬂuences of the stiffener ﬂange
widths on the structural stability and post-buckling
response, a parametric investigation based on the FE model
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Figure 15. Skin-stiffener interface stress of FE models with different top bottom ﬂange widths under the compression load of 110 kN.

described in section 4.1 was conducted. In the investigation, the buckling mode and critical buckling load were
calculated through linear buckling analysis in consideration
of both accuracy and efﬁciency. The post-buckling process
was simulated through explicit nonlinear analysis. The
investigated parameters included the width of the stiffener
top ﬂange wt and the width of the stiffener bottom ﬂange
wb, as shown in ﬁgure 10. The values of wt and wb are
24 mm and 50 mm in the specimens respectively, which
are chosen as the medians in the parametric analysis. For
the parameter of wt, as the minimum value is limited to
0 mm, models with wt from 0 mm to 48 mm have been
analyzed. Considering the interference limit of the lateral
rib support, the maximum value of wb is 80 mm. With the
median of 50 mm, the investigated value range of wb is
20 mm–80 mm. Weighing the calculation cost and the
sample size, the sampling interval of the ﬂange widths is
determined as 2 mm.

5.1 Effects of top ﬂange width
In the parametric analyses, results from FE models with wt
from 0 mm to 48 mm have been obtained. The loadshortening curves of models with the minimum wt of 0 mm,
the wt median of 24 mm and the maximum wt of 48 mm are
compared in ﬁgure 11. The positions of the inﬂection points
on the curves indicate that the buckling initiation of the

composite panels is postponed with the increase of wt, and
the critical buckling loads have been increased. The difference of the curves’ slopes and peak points indicate that
the compressive stiffness of the panels together with the
carrying capacity have been enhanced with the increase of
wt. The top ﬂange width has effect on the structural damage
process, which is reﬂected by the load-shortening response.
In the post-buckling process of the FE model with the wt
value of 24 mm, intra-laminar damages initiate at the top
and bottom end regions of the composite stiffened panel
within a limited scale, causing the load-shortening curve
slightly ﬂuctuates before the structural ﬁnal collapse.
The variation of the structural critical buckling load and
collapse load with the rise of wt is illustrated in ﬁgure 12. It
is indicated that the structural stability and carrying
capacity have been enhanced with the increase of the top
ﬂange width. It is obvious that as the cross section area
increases with the rise of wt, the corresponding decrease of
compressive stress level under the same compression load
will delay the damage initiation and enhance the carrying
capacity. In the following analyses, the effects of wt on the
structural buckling deformation mode, the structural torsional stiffness and the skin-stiffener interface stress state
have been investigated in revealing the mechanism of the
above inﬂuences of wt.
In ﬁgure 13, the ﬁrst buckling modes of panels with typical different wt values from linear buckling analyses are

9
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Figure 16. Damage process of composite stiffened panels with stiffener top-ﬂange widths (a) wt = 0 mm; (b) wt = 24 mm; (c) wt =
48 mm.

listed and compared. As the wt increases from 30 mm to
32 mm, there is an obvious buckling mode transition of
the panels. Changes of the locations, number and states
of the buckling waves are detected on the skin. With
further investigations, an approximate intermediate
buckling mode is detected when wt equals to 30.5 mm.
As the ﬁrst buckling mode is taken as the initial
imperfection imported in the post-buckling analysis, the
choice of wt further inﬂuences the post-buckling response
of the composite panel with its effects on the structural
buckling deformation mode.

The increase of wt also has effects on the structural
stiffness. Results in ﬁgure 11 indicate that the compressive
stiffness of the composite stiffened panel is enhanced with
the rise of wt. Furthermore, the structural torsional stiffness
is also inﬂuenced by wt. In ﬁgure 14, off-plane deformation
results of models with different wt values corresponding to
ﬁgure 11 in the post-buckling process under the same
compression load of 110 kN are listed and compared. The
load of 110 kN is taken as a typical compression load in the
composite stiffened panels’ post-buckling process. With the
increase of the panels’ torsional stiffness, off-plane

Sådhanå (2021)46:9
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Figure 16. continued

deformation on the skin is obviously reduced, and this
further leads to the ease of stress concentration in the
skin-stiffener interface. In ﬁgure 15, interface stress states
of models with different wt values under the same
compression load of 110 kN are listed. The ease of
interface stress concentration partly contributes to the
further carrying capacity enhancement of the composite
stiffened panel.
As the variation of wt affects the stiffener cross section
area and the skin-stiffener interface stress state under the
same compression load, it further inﬂuences the failure
process and failure mode of composite stiffened panels.

Failure processes and failure modes of FE models with the
wt values of 0 mm, 24 mm and 48 mm corresponding to the
load-shortening curves in ﬁgure 11 are compared in ﬁgure 16(a)-(c).
In ﬁgure 16(a), as wt = 0 mm, the stiffener strength
resisting the intra-laminar damage and the structural torsional stiffness resisting the off-plane deformation are both
weak. Intra-laminar damage and skin-stiffener debonding
initiate at the compression load of 125.4 kN, which is lower
than collapse loads of models with larger wt values. When
wt increases to 24 mm in ﬁgure 16(b), the stiffener is
strengthened by the increase of cross section area. The

9
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Figure 16. continued

Figure 17. Load-shortening curves of models with different
bottom ﬂange widths.

Figure 18. Effects of stiffener bottom ﬂange width on structural
buckling load and failure load.
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Figure 19. Off-plane deformation difference in FE models with different stiffener bottom ﬂange widths under the compression load of
110 kN.

Figure 20. Skin-stiffener interface stress of FE models with different stiffener bottom ﬂange widths under the compression load of 110
kN.

structural torsional stiffness is enhanced by the ease of skinstiffener interface stress state. The skin-stiffener debonding
is postponed after the initiation of intra-laminar damage,

and the structural collapse load is increased. For the FE
model with the wt value of 48 mm, the post-buckling carrying capacity is further enhanced and the failure position

9
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Figure 21. Failure modes and debonding extents of FE models with different stiffener bottom ﬂange widths.

has changed due to the variation of buckling mode, as
shown in ﬁgure 16(c).

5.2 Effects of bottom ﬂange width
Series of models with the wb values from 20 mm to 80 mm
have been established in investigating the bottom ﬂange
width effects on the panels’ buckling and post-buckling
behavior. The load-shortening curves of models with the
minimum wb of 20 mm, the wb median of 50 mm and the
maximum wb of 80 mm are compared in ﬁgure 17. From
the numerical results, intra-laminar damages initiate at the
top and bottom end regions of the models within a limited
scale, causing the load-shortening curve slightly ﬂuctuates
before the ﬁnal collapse. The results indicate that by
increasing the bottom ﬂange width, the critical buckling

load together with the collapse load and the structural
compressive stiffness have been raised.
The effects of bottom ﬂange width on the critical buckling load and collapse load of composite stiffened panels
are shown in ﬁgure 18. The results indicate that the buckling load varies linearly with the increase of wb. Comparing
to the effects of wt on the structural collapse load shown in
ﬁgure 12, enhancing the collapse load by varying the bottom ﬂange width is less efﬁcient.
According to the FE results, the value of wb mainly
affects the critical buckling load and has no effects on the
buckling mode. With the variation of wb, the torsional
stiffness of the composite stiffened panels is changed.
Under the same compression load of 110 kN in the postbuckling process, off-plane deformation results of models
with different wb values are shown in ﬁgure 19. Comparing
to the results in ﬁgure 14, the effects of wb on the panels’
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Figure 22. Brief summary of ﬂange widths effects on the buckling and post-buckling response of composite I-stiffened panels.

torsional stiffness is not as obvious as wt. But as wb in
addition changes skin-stiffener bonding area, it still has
effects on the skin-stiffener interface stress state. In ﬁgure 20, stress states of the skin-stiffener interface from
models with different wb values under the compression load
of 110 kN are compared.
The results indicate that by increasing wb, the skinstiffener interface stress is obviously reduced. The failure
modes and ﬁnal extents of skin-stiffener debonding of
models with different wb values are shown in ﬁgure 21. As
the skin-stiffener bonding area is increased, skin-stiffener
interface damage initiates at higher compression load and
skin-stiffener debonding is harder to propagate. Degrees of
intra-laminar damage in the skin and stiffener of composite

stiffened panels with lager values of wb are more serious
due to the higher collapse loads.
With the above discussion, the inﬂuences of wt and wb on the
buckling and post-buckling response of composite stiffened
panels have been well analyzed, and the detailed effects and
affected parameters could be summarized brieﬂy in ﬁgure 22.

6. Conclusions
In this paper, an experimentally validated FE model has
been developed to study the post-buckling behavior of
composite I-stiffened panels and the effects of stiffener
ﬂange widths. The main conclusions are as follows:
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(1) A linear bearing stage exists before the initiation of the
panels’ buckling behavior, and linear buckling analysis
method is suitable in predicting the critical buckling
load and buckling mode with the advantages in
accuracy and efﬁciency.
(2) The explicit analysis used in this work with the ﬁrst
buckling mode imported as the initial geometric
imperfection is applicable in predicting the post-buckling response of the composite stiffened panels, since
the results are validated by experimental results in the
aspects of load-shortening curves, strain-load curves,
buckling instability and failure modes.
(3) The failure mode of the composite stiffened panels
includes correlated failure behaviors of skin-stiffener
debonding and intra-laminar damage in the skin and
stiffener. The buckling instability, post-buckling carrying capacity and failure mode of the investigated
composite stiffened panels are sensitive to the parameters of stiffener top ﬂange width wt and stiffener
bottom ﬂange width wb.
(4) The parameter of wt affects the buckling mode and
critical buckling load of the composite stiffened panels,
and obviously inﬂuences the structural carrying capacity and failure process with its effects on the stiffener
cross section area, structural compressive stiffness and
structural torsional stiffness.
(5) The parameter of wb linearly affects the structural
critical buckling load and has no effects on the buckling
mode within the investigated value range in this work.
With the effects on the bonding area and structural
torsional stiffness, the variation of wb obviously affects
the skin-stiffener interface stress state and further
inﬂuences the structural collapse load, failure process
and degree of intra-laminar damage in the structural
ﬁnal collapse.
(6) In order to enhance the mechanical performance of the
composite stiffened panels in the aspects of buckling
stability and post-buckling carrying capacity, it is more
efﬁcient to adjust the parameter of wt under the same
weight cost.
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