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Abstract: Owing to their excellent physical characteristics of lightweightiness, compactness and
rapid deployment, the inflated membrane structures satisfy the demands of maritime salvage and
military transportation for long-distance delivery and rapid response. Exploring the failure behaviour
of inflated membrane structures can greatly contribute to their widespread applications in ocean
engineering. In this research, the main objective is to comprehensively investigate the bending and
failure behaviour of inflated membrane structures. Thus, the Surface-Based Fluid Cavity method is
employed to set up the finite element model (FEM) which is compared to the experimental results
to verify its reliability. In parallel, the effects of internal pressure and wrinkles are discussed. An
empirical expression of the ultimate bending loading was fitted by face-centred composite designs
of the Response Surface Methodology. The results of experiments and FEM show that the bearing
capacity of the inflated membrane structure is positively correlated with the internal pressure but
decreased obviously with the occurrence and propagation of wrinkles. The deformation behaviour
and the stress distribution are similar to those of the traditional four-point bending beam, and the
local instability induced by wrinkles will cause structural failure. In addition, the numerical model
and the proposed expression showed deviations below 5% in relation to the experimental measures.
Therefore, the FEM and proposed expression are high of reliability and have important engineering
guiding significance for the application of inflated membrane structures in ocean engineering.

Keywords: inflated structure; composite fabric membrane; fluid cavity model; model test; bending
stiffness; ultimate strength

1. Introduction

Inflated membrane structures are commonly fabricated using continuously woven or
braided composite fabrics, which are inflated with a sufficient quantity of gas to maintain
their shape and structural rigidity [1]. The excellent physical characteristics including
lightweightiness, compact transportation volume and rapid deployment widen their appli-
cation in the civilian and aerospace fields [2]. Additionally, inflated membrane structures
also exhibit fail-safe tendencies (reversible wrinkling) which endow them to recover the
original shape and loading capacity once the load is removed [3].

In recent years, due to the requirements of maritime rescue and military logistics for
long-distance delivery and rapid response, as shown in Figure 1, the U.S. military took the
lead in proposing floating inflated structures including the Lightweight Modular Causeway
System (LMCS) [4,5] and the Rapidly Installed Breakwater (RIB) [6]. The inflated structures
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provide unique solutions for temporary structures in marine engineering. These new-type
structures possess significant load-carrying capacities per unit weight and the efficiency
of storage, transportation and deployability is improved by the application of inflated
bladders. However, nonlinear material characteristics and fluid-structure interactions meet
significant challenges in designing these structures. In particular, the difficulty would
be enlarged when analyzing the failure behaviour of inflated structures because of their
pressure-dependent natural characteristic. Therefore, research on the bearing capacity
of the inflated structures is one of the key factors to guide the design, and it also has
great significance for promoting the application of the inflated composite fabric membrane
structure in marine engineering.

(b)

Figure 1. New-type floating inflated structures: (a) LMCS prototype; (b) RIB.

Inflated membrane structures play the role of flexural members in engineering appli-
cations; thus, researchers always simplify them as “beams”. Up to now, some researchers
have studied inflated beams’ bending behaviour. For instance, Wielgosz and Thomas [7,8]
proposed a finite element model of the inflated beam based on the Timoshenko beam theory
and simplified the inflated gas pressure as a following force. Apedo et al. [9] proposed a
3D FEM utilizing the virtual work principle to predict the bending deflection of orthotropic
braided beams. The accuracy of the method was verified by comparing it with experiments.
Subsequently, Nguyen et al. [10] improved Apedo’s model [9] by associating the equation
with the state of inflated prestress. Furthermore, Elsabbagh [11] improved the model of
Apedo [9] to analyse the effect of the internal pressure and the diameter on the wrinkling
load of the inflated beam, and compared the result with the calculation example of Apedo,
founding that the deviation in the linear state was satisfied. However, the above methods
have not presented satisfying accuracy in the post-wrinkling stage.

Apart from the global bending behaviour, the structural failure induced by local
wrinkling has also gained particular interest. Wrinkling refers to the formation of small,
localized folds or creases in the fabric of the inflated membrane structure. It could occur
as a result of changes in the tension or shape of the fabric [12]. Stein and Hedgepeth [13]
proposed the membrane model to predict the wrinkling load, assuming that fabric compres-
sive stresses were not admissible. The wrinkling and failure loads were only dependent
on the internal pressure and the mean radius [14]. Furthermore, Veldman [15] developed
a thin-shell model and accounted for the material properties to analyse wrinkling loads.
Wang et al. [16] improved the thin-shell model of Veldman and proposed the concept
of the wrinkling factor to estimate the critical wrinkling load. Then, Ji et al. [17] estab-
lished a multi-scale wrinkling analysis model to investigate the bending stiffness and
load—deflection behaviour of inflated beams subjected to bending loads and validated
the accuracy of the prediction model by comparing it with experimental results. Wang
et al. [18] conducted a series of experiments to investigate the interaction between gas and
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PVC coating

membrane, and they found the wrinkling load of the inflated beam was sensitive to the gas-
membrane coupling relationship. In the previous works, the coupling effect of internal gas
and structures due to the external load of the inflated membranes is ignored. In fact, most
of the above-mentioned studies simplified the inflated gas pressure by considering it to be
a uniform surface pressure. However, the mechanical characteristics of inflated composite
fabric membranes, unlike the traditional composite structure, exhibit high nonlinearity due
to internal pressure dependence [19]. Moreover, the internal pressure increases significantly
with an increase in the load [20]. In this study, thus, the fluid cavity method is adopted to
simulate the coupling effect between internal gas and structure, allowing for an accurate
prediction of the structural response under external loads.

The purpose of this work is to investigate the bending and failure behaviour of inflated
composite fabric membranes and to characterize the effect of pressure, membrane material
and the coupling effect of internal gas and structures. Thus, four-point bending experiments
were conducted to reveal the structural response behaviour of the inflated membranes
subjected to bending load. In parallel, the fluid cavity method was adopted to establish
a FEM with the material properties determined from the tensile tests. Subsequently, the
bending and failure behaviour was analysed by both experiments and FEM, and the effects
of the internal pressure and wrinkles were also discussed. Once the FEM reliability has been
verified by comparing it with the experimental result, a simulation plan would be designed
by design-of-experiment (DoE) to fit an empirical expression of the ultimate bending
loading. Finally, the empirical expression was adjusted and compared with numerical
predictions to verify its reliability.

2. Materials and Methods
2.1. Methods for Experimental Tests
2.1.1. Experimental Samples

The inflated samples were fabricated from coated composite fabric membranes that
exhibit desirable characteristics such as low elastic modulus, exceptional extensibility and
high tensile strength. As depicted in Figure 2a, the membrane’s typical configuration
consists of substrate and coating [21], where the former serves as the structural layer with
commendable mechanical characteristics which is composed of two mutually orthogonal
yarn families. The yarn is manufactured from polyester threads. The longitudinal direction
of weaving is referred to as the warp (axial) direction, while the transverse direction is
termed the weft direction. The warp yarns are straight, while the weft yarns interlace
around the warp yarns in an alternating fashion [22]. The coating, made of polyvinyl
chloride (PVC), imparts self-cleaning, durability and impermeability to the membrane, and
is also referred to as the functional layer. In order to manufacture the PVC membrane, the
coating material is sprayed onto the substrate using specialized equipment.
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(b)

Figure 2. (a) Typical configuration of the fabric membrane; (b) Photo of the inflated sample.

A photograph of the inflated sample was presented in Figure 2b, which was in the
form of a straight thin-walled beam. The nominal dimensions of the sample were a length
of 4 m and a diameter of 400 mm. However, it would be noteworthy that the actual diameter
of the sample underwent variations with changes in internal pressure across all cases. For
instance, at an internal pressure of 10 kPa, the real diameter of the sample was measured to
be 413.81 mm, while it was 415.75 mm at 20 kPa.
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2.1.2. Setup

A four-points bending experimental configuration was designed under simply sup-
ported boundary conditions to investigate the bending behaviour of inflated samples. The
diagram of the test setup was shown in Figure 3.

Loading system \h
g
e — , ‘

Spreader beam

Load cell : LVDTs

’ [
| Inflated beam

500mm

—‘
750mm

1500mm

Figure 3. Four-points bend test setup diagram.

The loads were applied using an electric jackscrew and distributed evenly to a pair of
load frames through the I-beam. As illustrated in Figure 4a, the load frames, which were
50 mm wide and separated by a distance of 1.5 m, transferred the forces to the samples for
testing. The inelastic strap was hinged on the frame to eliminate potential knife-edge effects
on the load process and permit follower-type reactions whereby the force vectors were
allowed to rotate as the inflated samples deflected. Furthermore, the support consisted of a
wooden saddle equipped with two wheels that were designed to match the diameter of the
tested samples and provide end support (refer to Figure 4b). To prevent the saddles from
tipping, straps were tightly fastened over the top of the sample at each end. This simple
support system enabled the sample ends to rotate freely and move horizontally during the
test. The span from center to center of rollers was 3 m.

Furthermore, the concentrated force, the internal pressure and the deflection were
measured by the pressure transducer, the precise barometer and the linear variable differ-
ential transformers (LVDTs), respectively. In addition, to pay attention to examining the
response of the midspan region, the Digital Image Correlation system was employed to
capture the deflection and strain exactly in this region.

2.2. Numerical Modeling Verification
2.2.1. Calculation Method of Inflated Membrane Structure Based on Fluid Cavity Model

The load—deflection response of the inflated membrane is highly dependent on in-
ternal pressure; nevertheless, the volume variation caused by structural response will
change the magnitude of internal pressure [1,23]. Thus, one crucial aspect of modeling
inflated membrane structures is accurately simulating the variation in internal gas pressure
throughout the loading process within the numerical model.

The conventional approach involves approximating the internal gas as uniformly
distributed pressure on the surface of the membrane, which fails to describe the complex
coupling effect between the gas and the structure. Surface-based Fluid Cavity Modeling [24]
can effectively solve the problem of fluid-structure coupling relationships under hydrostatic
conditions. For this method, the fluid pressure is calculated by the volume of the fluid cavity,
so that the variation of the cavity volume caused by the external load can be considered. It
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is widely used in the airbag inflation process [25], the airship structural response analysis,
and the mechanical property analysis of the inflated string dome structure [26]. The method
relies on the principles of the ideal gas theory, and its underlying state equation is presented
in Equation (1).

PV =nRT, 1)

where P is the absolute pressure, V is the gas volume, 7 is the number of internal gas
substances, R is the gas constant and T is the thermodynamic temperature.

A typical fluid cavity element F3D4 is demonstrated in Figure 5, which is a 5-node
pyramid element. The fluid cavity wall node is located at the bottom of the element, and
the top node is the fluid cavity reference node which should be located in the interior of
the cavity.

Figure 4. Four-points bend test setup configuration: (a) loading frame; (b) roller support; (c) Digital
Image Correlation measure system; (d) air pressure gauge; (e) s-type load cell; (f) LVDT.

?AT—Cavity reference node
I\

Figure 5. F3D4 element.

2.2.2. Numerical Model

A nonlinear finite element model was developed by the commercial finite element
software Abaqus. The total length and the diameter of the model were 4000 mm and
400 mm respectively. As shown in Figure 6, the bladder was modelled by the 4-node
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membrane element. Two symmetrical concentrated loads were applied to this model, the
loading point was 750 mm away from the midspan and the 4-node shell element was
employed to model the loading straps. Moreover, the support saddles were modelled by
the 8-node solid element. In order to prevent relative sliding, the contacts between each
component were all restrained by bonding.

Inflated beam Loading straps

AN e

z
I—»X Support Support
Uy=Uz=Rx=Rz=0 Ux=Uy=Uz=Rx=Rz=0

Figure 6. Numerical modeling.

To simulate simply supported boundary conditions, the X-axial displacement of the
right support and Y-axis rotation of the two support ends were released, while other degrees
of freedom were constrained.

2.2.3. Material Property

The membrane material was considered as the orthotropic material; thus, the four
material parameters Eqy, Ep1, U321, and Gip should be ascertained to define the material
properties of the numerical model. The stress-strain relationship is as follows:

€12 1/E1ip —vi2/E12 0 omn
€1 o= |—v2/Ep 1/Ex O 022 ()
Y12 0 0 1/G1p T12

The mechanical parameters of the membrane material were obtained by the three-
orientation uniaxial tensile test (see Figure 7). The tensile test configuration was devised in
accordance with the ASTM D4851 standard [27].

Data
acquisition

Specimen

Central area

Figure 7. Uniaxial tensile test of the fabric membrane: (a) schematic diagram of samples (b) longitu-
dinal strain contours of the samples.
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2.3. Methods for Parametric Analysis and Fitting of Design Expression
2.3.1. Simulation Plan

The Response Surface Methodology (RSM) is an analysis method integrating the
experiment and FE model, in which the regression analysis is used to establish the mathe-
matical model of design variables and target response values [28-30]. Figure 8 showed the
simulation scheme that was designed by employing the combination of two face-centred
composite designs of experiments (CCF-DoE). Each group of designs included a center
point, 2X “corner points” and 2k “star points”. The distances from the project center to the
“corner points” were equal to £2 and £1 coded units respectively.

-2, +2 0, +2 +2, +2
4 100kPal e — ¢ 12 ®' )
// \\\
/ \
80kPa 1, +1‘ O, +1) (+1, W)
/ -7 o~ |
// / \\\ \\
/
okpa (22 01 (-1, 0) ©, 0) \+1, 0) 12, 0)
P \ /] I
\ \ / /
-1 -1 AN 0 /—1§ (+1 1
40kPa < o— ——0 |
\\ //
\\ //
-2, =2 Thes 0, =~ +2, =2
>0kPal ° 0, ¢ )
294 441 588 735 882
D/t >

Figure 8. Coded scheme of the design of the experiment for the plan of simulations.

In this study, two regression variables (k = 2) were considered, X1: D/t and X2: p, with
ranges of 294 < D/t < 882 and 20 kPa < p < 100 kPa, respectively (D was the diameter of
the model, t was the thickness of the membrane and p was the internal pressure). Thus, the
uncoded and coded values from each regressor level were summarized in Table 1.

Table 1. Design of experiments for the parametric analysis plan of simulations.

Block Type X1 X2 (kPa) D/t p (kPa)
1 2k -2 -2 294 20
1 2k +2 +2 882 100
1 2k -2 +2 294 100
1 2k +2 -2 882 20
2 *) 2 0 294 60
2 *) 0 -2 588 20
2 *) 2 0 882 60
2 * 0 +2 588 100
2 *) 0 0 588 60
3 2k -1 -1 441 40
3 2k +1 +1 735 80
3 2k -1 +1 441 80
3 2k +1 -1 735 40
4 *) -1 0 441 60
4 *) 0 1 588 40
4 *) 1 0 735 60
4 *) 0 +1 588 80

Nomenclature type: 2k—Corner point; (*)—Star point.
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2.3.2. Parametric Analysis

To evaluate the contribution of each regressor variable and their interactions, a para-
metric analysis was conducted utilizing a multiple linear model analysis of variance
(ANOVA) which was further optimized using the least-squares method (LSM).

2.3.3. Design Expression

The empirical response surface model of the ultimate loading was established by
multiple linear regression which considered k = 2 regressor variables, X1: D/t and X2: p, by
the regression coefficients §j =0, 1, - - -, k).

k k k k k k
F(X)) =B+ L BiXi+ Y BXG + 30 3 BuXiXp+ Y BXp +3 Y BuXiXj+) Y BuyXiX;, ()
=1 =1 =1 '

i<j=2 i<j=2 i<j=2

where B, Bji, Bjjj were the expected first-order, second-order and third-order effects in the
ultimate loading F(X;), respectively, from the changes of regression variables X; when the
rest of the variables X; were constrained. Bj;, f;;;, Bjjj represented the interaction between
regression variables X; and X;.

Substituting the regression variables in Equation (3), the cubical model of ultimate
loading F(X;) was conducted.

F(D/t,p) = Bo+pB1(D/t)+ Bap+ B3(D/t)p + P (D/t)2 + Bsp* + Pe (D/f)zp +B7(D/t)p* + Bs (D/t)3 +Bop®, (4

The final expression would depend on the result of the parametric analysis, and part
terms of Equation (4) would be disregarded as the p-value > 0.01.

3. Results and Discussions
3.1. Experimental Results and Numerical Model Verification
3.1.1. Four-Points Bending Experimental Results

Five measured points’ load-deflection curves for the inflated sample with 30 kPa
internal pressure were plotted in Figure 9. The load—deflection curves of the symmetric
measured points (e.g., 1/6 spam and 5/6 span or 1/3 spam and 2/3 span) were almost
coincident, which proved that the bending load system was symmetric and there was no
torsion load during the test process.

1800 -
1500
oo &
z §
N
2 900 - %)
S
o &
— y 1/6 span
600 - N —— 1/3 span
—=—1/2 span
300 —— 2/3 span
Residual —+—5/6 span
O | 1 1 1 1

1
0 20 40 60 80 100 120 140 160
Deflection (mm)

Figure 9. Load—deflection curves for the inflated sample with 30 kPa internal pressure.

The load-deflection curves exhibited an initial linear response, which was succeeded
by a softening behaviour. Likewise, the inflated samples presented two typical deflected
states with the increase of load. Under the initial load (as shown in Figure 10a), the
deflected curve transits smoothly along the axis of the samples which just seemed like a
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common beam. With the increase of load, the deflection curve developed into the trilinear
model (as shown in Figure 10b), loading points were inflection points of the trilinear and
the loading section of the inflated sample (between the two loading points) was almost
straight. Theoretically, the bending moments in the loading section are equal and gradually
decrease from the loading point to the adjacent boundary, which leads mainly to this typical
deformation behaviour of the thin-walled inflated beam.

Figure 10. Deflected process of the inflated sample: (a) initial loading; (b) close to ultimate load.

Besides, the inflated samples would not recover when unloaded completely, and the
residual deformation increased with the increase of the internal pressure. The reason for
the phenomenon was related to the crimp interchange of the woven substrate and the
viscoelasticity of the polyester fabrics [31]. The residual deformation would fade away
with time or the occurrence of inflating and deflating alternately.

In addition, when the load reached the limit value, the compressive stress caused
by the bending moment would counteract the tensile stress induced by internal pressure,
which would result in significant local deformation (shown in Figure 11). Especially, it
would compress the membrane sheet along the axial direction on the compressive part and
trigger the local membrane to generate strangulation or wrinkles. This wrinkling behaviour
would lead to buckling which was similar to that of the circular tube subjected to pure
bending load [32]. Nevertheless, as a result of the support provided by the internal pressure,
the formation of wrinkles did not lead to immediate structural buckling failure but instead
degraded the structural stiffness of the inflated beam, which was also validated by Malm’s
experiments [33]. This was also reflected in the load—deflection curve, which exhibited a
softening effect in the post-wrinkle stage (see Figure 9). The weaker local carrying capacity
in the wrinkling region would also enhance the trilinear deflected pattern.

Figure 11. The local deformed pattern of the inflated sample close to ultimate load: (a) bending
region; (b) loading point.



J. Mar. Sci. Eng. 2023, 11, 800

10 of 19

3.1.2. Material Level Test Results

The stress—strain curves for fabric membrane straps were illustrated in Figure 12.
The stress—strain curves represented high nonlinearity during the loading process [34].
Nevertheless, stage 1 of the stress—strain curves could cover the range of this study and
this part of the curves could be considered linearity; thus, the elastic moduli of warp and
weft were obtained by fitting the slopes. The details of the main material parameters were
summarized in Table 2.

140 T T T T T T T

120 - q

f\,l\
E 100 4
£
=
Z 0k i
2]
wn)
[}
;/‘3) 60 - -
< warp
X 40 - 4
<
Lo weft 8450
Y A A T
Stage 1
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Strain (%)

Figure 12. Stress-strain curves for fabric membrane strap.

Table 2. Main material parameters of fabric membranes.

Properties Values
Base fabric material Polyester
Type of coating PVC
Thickness (mm) 0.68
Density (kg/ m3) 1650
Tensile strength (warp/weft/45°) (N/50 mm) 4116/3453/3126
Breaking elongation (warp/weft/45°) (%) 22.27/35.80/70.11
Elastic modulus (warp E1p/ weft Ep;) (MPa) 1019/232
Shear modulus Gy, (MPa) 19.29
Poisson’s ratio vyp 0.81

Where p is the density, Ej» and Ej; are the elastic moduli in the longitudinal and
latitudinal directions, respectively, and vy, is Poisson’s ratio. G is the shear modulus
obtained from Equation (5) [35]. E45 and vys5 are the elastic moduli and Poisson’s ratio in
the 45° direction, respectively.

Eys
Gp==——"—, 5
2 2(1+ vgs) ©)

3.2. Numerical Modeling Verification
3.2.1. Mesh Properties

Figure 13a showed the midspan load—displacement curves of the 60 kPa internal
pressure model under the mesh sizes of 40 mm, 30 mm, 20 mm and 15 mm, respectively.
It could be seen that the slopes of curves in the linear stage were almost the same under
different mesh sizes, which meant that the mesh size within the selected range did not
affect the calculation accuracy of the structural bending stiffness. However, the variation in
mesh size would change the ultimate bearing capacity. Moreover, a reduction in mesh size
to 20 mm resulted in an ultimate loading value that was almost indistinguishable from that
obtained with a mesh size of 15 mm. Meanwhile, as shown in Figure 13b, the calculation
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time of the model with the mesh size of 15 mm had reached 43 h which was the maximum
one. Considering the calculation accuracy and efficiency, the mesh size of 20 mm was

finally selected.
4000 . . 1 u r 50 ‘ ' ' '
Size 40mm
Size 30mm — "
3200 - Size 20mm 7 A40 i 1
Size 15mm| \ =
Q
~2400 | 3600 . E30 i
a ~—
o] 3500 /’ g
=] S
o -
— 1600 |- B =0k ] i
3400 §
<
800 - 3300 7 “ 10
190 200 210 220 230 B 7
.\
n
0 L 1 1 1 1 0 | | 1 1
12 1 24
0 60 (;) q 80 0 300 360 0 20 30 40
eflection (mm) Mesh size (mm)

(@) (b)

Figure 13. The effect of mesh size on the accuracy and efficiency: (a) Load—deflection curves with
different mesh sizes (b) Calculation vs mesh size.

3.2.2. Deformation Behaviour and Failure Mode Analysis

The typical deformed patterns of the FE model of the inflated membrane structures
were shown in Figure 14. In comparison with Figure 10, it was apparent that the overall
deformed patterns based on the FEM were consistent with the experimental results.

()

(d)

Figure 14. The deformed patterns of the FE model: (a) initial loading; (b) close to ultimate load.

Besides, it was found that the bearing capacity of inflated structures decreased sig-
nificantly with the appearance of wrinkles in the experiment. Then, the development of
wrinkles would induce a special failure mode of inflated structures which was the structural
instability caused by local buckling. This phenomenon had also been verified in the numer-
ical simulation. When the load reached the inflexion point where the load-displacement
curve changed from straight to curved, wrinkles occurred on the upper surface of the
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model in the bending region. As the applied load intensified, the wrinkles underwent a
progressive transformation from multiple creases to a singular groove, culminating in the
creation of the wrinkling hinge, as shown in Figure 15, the structure lost its bearing capacity
at this moment. Therefore, the appearance of wrinkles would weaken the bearing capacity
of the inflated membranes, and the further evolution of wrinkle hinges would lead to the
failure of this structure [36].

Figure 15. The local wrinkle under ultimate loading.

As shown in Figure 16, the FE model results could match the patterns of the exper-
imental load—deflection curves under the internal pressure conditions of 10 kPa, 20 kPa,
30 kPa, 40 kPa and 50 kPa, and they were nearly consistent under the initial stages with the
same internal pressure especially. In addition, with the increase of internal pressure, the
failure load and the structural stiffness were significantly improved. Therefore, increasing
the internal pressure was an effective way to strengthen the bearing capacity of inflated
membrane structures.

3000

2500

2000

Load (mm)

1000

500

0 50 100 150 200 250 300
Deflection (mm)

Figure 16. Numerical and experimental comparison for the load—-deflection response of midspan of

inflated structures.

For quantitative analysis, the ultimate load and the structural stiffness were two
important parameters to characterize the load-bearing performance of inflated membrane
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structures. To quantify the differences between numerical predictions and experimental
measurements, the Expression (6) was utilized to determine the deviations.

F,

FE I;EM ]’ ()
K

KC — I;EM ]‘

As shown in Table 3, the ultimate load increased with the increase of internal pressure.
Nevertheless, the deviations between the FEM and experimental values of the ultimate
load in all cases were less than 5%. Furthermore, the initial response of the inflated
membrane structures, especially in the pre-wrinkle stage, is of interest because the inflated
membrane structures would likely be designed to stay within the linear portion of the load—
displacement response on a mission. Thus, the linear stage of the load—deflection curve
was fitted and the slope of the fitted line was calculated to present the equivalent structural
stiffness in the linear stage. The comparative results of the FEM and the experiment showed
that the minimum deviation was less than 3% while the maximum value was not more
than 5%. Therefore, the FEM has high reliability for the prediction of the ultimate load and
the equivalent stiffness for the inflated membrane structure.

Table 3. Values and deviations for numerical and experimental results of the ultimate load and the
equivalent structural stiffness.

Internal Ultimate Load (N) Equivalent Structural Stiffness (N/mm)
Pressure (kPa) Exp. FEM Deviation Exp. FEM Deviation
10 651.99 622.22 4.57% 12.00 12.58 4.83%
20 1201.73 1184.44 1.44% 14.53 15.27 4.75%
30 1803.55 1748.00 3.08% 16.21 16.56 2.16%
40 2320.45 2282.22 1.65% 17.32 17.95 3.64%
50 2887.52 2808.89 2.72% 18.19 18.52 1.81%

3.2.3. Comparative Analysis of Stress or Strain Response

The stress state of the inflated structure under the bending load was extracted from
FEM. The axial tensile stress was basically equal everywhere under the effect of internal
pressure load, which was in good agreement with the stress distribution law obtained
from net theory [37] (due to geometric variation, the stress had a gradient distribution
at both ends of the membranes, which was not within the scope of this study). As the
load increased, the tensile stress in the upper part of the model gradually decreased (see
Figure 14). Especially, the stress concentration would occur in the local loading region,
which would eventually lead to model failure with further development.

In order to verify the strain response of the inflated model under the bending load,
the Digital Image Correlation (DIC) system was employed to measure the strain field in
the midspan region of the experimental sample. Figure 17a showed the typical strain
nephogram of the midspan region under 30 kPa internal pressure. The upper part was
compressed with the lower part tensioned, which was proved by the FEM result. The strain
data of midspan measuring points t and b were probed to quantify the loading—strain
response in the loading process, which were plotted in Figure 17b. It was found that
the curves of the FEM results were in good agreement with the experimental ones which
meant that the FEM results of the strain response were responsible. Nevertheless, the
strain of the measuring point t was followed with the measured values through most of the
loading process but then deviated after wrinkles occurred. The reason could be that the
membrane element M3D4R without bending stiffness was used for describing the inflated
structure behaviour in the FEM, which would lose its bearing capacity immediately when
encountering axial compressive stress [19], whereas the actual membrane material had the
compressive stiffness which could withstand a certain axial compressive stress. Thus, the
bearing capacity of the inflated structure in the FEM was smaller than that of the actual
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structure in the post-wrinkling stage; it also led to a smaller FEM compressive strain value
than the test result after the wrinkle occurred.
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Figure 17. The axial strain-loading response of the midspan region: (a) the strain nephogram from
the DIC; (b) the loading-strain curves.
3.3. Parametric Analysis and Fitting of Design Expression Results

Based on the CCF-DoE design method, 17 groups of experiments were designed, and
the ultimate load was calculated using the fluid cavity simulation method. Some results
were shown in Table 4.

Table 4. Results of the ultimate load from RSM and FEM.

Order X1 X2 (kPa) D/t p (kPa) Fren (N) Frspy (N/m) Error (%)
1 -2 -2 294 20 230.22 229.75 —0.20
2 +2 +2 882 100 20,800.00 20,784.32 —0.08
3 -2 +2 294 100 730.40 736.82 0.88
4 +2 -2 882 20 3802.00 3778.69 —0.61
14 -1 0 441 60 1445.67 1464.01 1.27
15 0 -1 588 40 2512.22 2448.88 —2.52
16 +1 0 735 60 7111.11 7363.11 3.54
17 0 +1 588 80 4987.00 5065.68 1.58

The ANOVA results of the cubic model were shown in Table Al. The Model F-value
of 4580.94 presented the model was significant and there was only a 0.01% chance that an
F-value this large could occur due to noise.

Besides, in this case, X1, X2, X1 X», X;2 and X;2X, were significant model terms due to
their p-values of less than 0.01. Moreover, p-values greater than 0.10 indicated the model
terms were not significant; thus, these terms, including X2, X1X52, X3, and X3, could be
reduced to improve the prediction model. Table A2 showed the results of the reduction
cubic (RC) model, the Model F-value of 10921.12 and the p-values of all the terms less than
0.0001 presented the model was significant.

Furthermore, the Predicted R? of 0.9997 was in reasonable agreement with the Ad-
justed R? of 0.997, and they were all significantly closer to 1. The signal-to-noise ratio of
377.96 far greater than the specified value 4 was desirable. These all indicated that the
regression model had an adequate signal. The final expression of ultimate load F(D/t, p)
was denoted by the RC model,

F(D/t,p) = 339.990 — 0.748(D/t) + 35.325p — 0.2484(D/t)p — 1.96 x 10*4([)/t)2 +5.09 x 107* (D/t)zp, @)

where 294 < D/t < 882 and 20 kPa < p < 100 kPa.
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Additionally, cubic and RC model predictions for the F values were plotted in Figure 18.
All of the predicted points were close to the actual line and there was no further deviation
of the RC results from the cubic ones. Thus, the RC model was applicable to represent the

response surface of the ultimate load F(D/, p).
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Figure 18. Cubic and RC models predictions for the F values.

Figure 19 presented the response surface of the ultimate load for the RC model.
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The oval isoheights from the contour plot (Figure 19a) represented that the interaction

between the regression variables D/t and p were significant. Additionally, from the three-

dimensional response surface hyperplane (Figure 19b), it was found that the design points
sat basically on the response surface, which indicated that the predicted values of the

regression model were in good agreement with the actual values. The deviation values for

the RC model and FEM of each design point (Table 4) were less than 5%, which indicated
that the RC model was highly authentic. Therefore, the proposed design expression had
the potential to serve as a feasible alternative to the FEM for assessing the ultimate loading
of the inflated composite membrane structure within the interesting range.
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Figure 19. Response surface of the ultimate load for RC model: (a) contour plot related to the
CCF-DoE design points; (b) 3D hyperplane of F about the design points within regressor variables

space domain.
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4. Conclusions

In this research, the bending and failure behaviour that the inflated composite mem-
brane structure represents is investigated by experimental and numerical methods used in
marine engineering. The reliability of the numerical model was verified by comparing it
with the experimental result, then a simulation plan was designed by design-of-experiment
(DoE) to develop an empirical expression for the ultimate bending load. The main conclu-
sions are obtained as follows:

(1) Strong agreement was achieved between numerical results and experimental
measurements for both global and local analyses. The FEM exhibited remarkable precision
in characterizing the response of the inflated composite membrane structure under bending
loads, with ultimate loads and equivalent structural stiffness of deviation ranging from
1.65% to 4.57% and 1.81% to 4.83%, respectively, relative to the experimental measurements.

(2) The bending mode was described from different stages observed during the loading
process. Under the initial load, the deflected curve transited smoothly along the axis of
the inflated sample, which shifted into the trilinear model with the load increasing to the
wrinkling load. In parallel, the bearing capacity of inflated structures decreased significantly
with the appearance of wrinkles, and the evolution of wrinkles would induce a special
failure mode of inflated structures: that was, the instability of the structure caused by local
buckling. This behaviour was also verified in the load—deflection curves which exhibited
an initial linear response followed by softening behaviour.

(3) The conducted parametric analysis was based on the ANOVA of responses recov-
ered from a CCF-DoE plan of simulations for ultimate load, which adjusted the expected
model to a reduction cubic model by eliminating part of insignificant interaction terms. The
deviation values between ultimate loads in the RMSE and those obtained from FEM were
less than 5%. Therefore, the proposed design expression presented a viable alternative to
the FEM for evaluating the ultimate loading of the inflated composite membrane structure
for the interesting range.

In this study, we have solely focused on the ideal four-points bending conditions.
However, due to the application of inflated membrane structures in complex marine
engineering environments, diverse boundary and loading conditions require further inves-
tigation. Therefore, it is important to conduct further research on this matter to address the
challenges faced by these structures when subjected to real engineering conditions.
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Appendix A. ANOVA Results Tables for Regression Models
Table A1. ANOVA results of the cubic model.
Source Sum of Squares df Mean Square F-Value p-Value
Regression 4.58 x 108 9 5.08 x 107 4580.94 <0.0001
X; 2.82 x 107 1 2.82 x 107 2539.59 <0.0001
X, 5.64 x 10° 1 5.64 x 10° 507.79 <0.0001
X1X, 7.23 x 107 1 7.23 x 107 6514.61 <0.0001
X;2 1.89 x 107 1 1.89 x 107 1701.57 <0.0001
X,? 8979.02 1 8979.02 0.809 0.3983
X12X; 4.18 x 10° 1 4.18 x 10° 376.48 <0.0001
X1X52 168.54 1 168.54 0.0152 0.9054
X3 3540.28 1 3540.28 0.319 0.5899
X23 170.54 1 170.54 0.0154 0.9048
Residual 77,690.91 7 11,098.7
R-squared 0.9998
Factor Coefficient Estimate Standard Error 95% CI Low 95% CI High VIF
Bo-Intercept 3739.9 41.61 3641.52 3838.28
B1-D/t 5824.75 115.58 5551.44 6098.06 9.03
Bo—p 2604.58 115.58 2331.26 2877.89 9.03
Bs—(D/tp 4124.64 51.1 4003.8 4245.48 1
ﬁ4—(D/t)2 2607.66 63.22 2458.18 2757.14 1.1
Bs—p? 56.86 63.22 —92.62 206.34 1.1
/36—(D/t)2p 1756.6 90.53 1542.52 1970.67 3
Br—(D/t)p? 11.16 90.53 —202.92 225.23 3
Bs—(D/1)?3 80.04 141.72 —255.08 415.16 11.03
ﬁg—p3 17.57 141.72 —317.55 352.69 11.03
Table A2. ANOVA results of the reduction-cubic model.
Source Sum of Squares df Mean Square F-Value p-Value
Regression 4.58 x 108 5 9.15 x 107 10,921.12 <0.0001
X3 2.61 x 108 1 2.61 x 108 31,146.93 <0.0001
X, 2.09 x 107 1 2.09 x 107 2495.57 <0.0001
X1 X 7.23 x 107 1 7.23 x 107 8628.63 <0.0001
X2 2.11 x 107 1 2.11 x 107 2521.59 <0.0001
X12X, 5.13 x 10° 1 5.13 x 10° 612.44 <0.0001
Residual 92,174.63 11 8379.51
R-squared 0.9998
Factor Coefficient Estimate Standard Error 95% CI Low 95% CI High VIF
Bo-Intercept 3757.28 32.01 3686.82 3827.74
B1-D/t 5899.11 33.43 5825.54 5972.68 1
Bo—p 2616.8 52.38 2501.51 2732.09 2.46
Bs—(D/t)p 4124.64 444 4026.91 4222.37 1
,84—(D/t)2 2625.11 52.28 2510.05 2740.17 1
[35—(D/t)2p 1761.37 71.17 1604.72 1918.03 2.46
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