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Abstract: A micro-meso-macro analysis framework based on the multi-scale method was employed
to analyse the mechanical behaviour of marine GFRP stiffened panels. The study aims to establish a
procedure for assessing the impact of material composition and weave on the ultimate strength of
GERP stiffened panels. The ultimate strength assessment was an essential step in the design process,
and the investigation of construction materials has a great benefit to the lightweight design of marine
composite structures. The micro- and meso-scale RVE models of components used in GFRP materials
are established, and their failure criteria and stiffness degradation models are created using the
user-defined material subroutine VUMAT in ABAQUS. The equivalent material properties at the
micro-scale (meso-scale) obtained by a homogenisation method are used to define the meso-scale
(macro-scale) mechanical properties in the finite element analyses. The multi-scale method assesses
the macro-mechanics of composites, and it is shown that the ultimate strength of GFRP stiffened
panels is mainly determined by the failure of CSM fibre bundles and WR yarns. Parametric study of
the meso-mechanics of composite materials can provide an analysis tool to obtain the optimal macro
ultimate strength of the composite stiffened panel.

Keywords: GFRP composite; multi-scale method; RVE model; VUMAT subroutine; ultimate strength

1. Introduction

Glass-fibre reinforced polymer (GFRP) stiffened panels have been widely used for
various kinds of structures in marine engineering, especially for the hull of special service
crafts [1,2]. The GFRP stiffened panel has been also used in the superstructure of high-speed
ships and large passenger ships. The GFRP materials are often fabricated by the chopped
strand mat (CSM) and woven roving (WR) laminates. The damage mechanics of composite
materials are complicated, involving anisotropy, inhomogeneity, failure mode, etc. These
characteristics affect the strength of composite structures, and their analyses provide the
method for assessing the complex material design on the strength of composite stiffened
structures of ships and offshore platforms.

The ultimate strength of the GFRP stiffened panel is the fundamental aspect in the
structural assessment of ship hull girder strength, but the sensitivity of material parameters
on the structural strength is unknown. The macro-scale material properties of compos-
ites are relevant to the micro- and meso-mechanics of their components. A multi-scale
method can establish the relationship among the micro-, meso-, and macro-scale models
for composite structures [3,4].
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In the GFRP composite plates, CSM laminates are made of fibre-reinforced composites,
and WR laminates are made of braided composites. These are the two main composite
models to design composite laminates.

The fibre-reinforced composites combine two materials, and the reinforcing phase,
i.e, fibres, is embedded in the matrix phase. Their failure behaviours at the micro-, meso-
and macro-scale have been investigated by the multi-scale finite element analysis using
representative volume element (RVE) models [5-10]. The reasonable progressive damage
model has to be established to obtain accurate results in the multi-scale analysis [11-15].

Ivancevic and Smojver [16] compared the accuracy of various failure criteria for
evaluating the ultimate strength of laminated composite structures. Li et al. [17] pro-
posed a multi-scale failure criterion to determine the fibre and matrix failure modes at
the microscopic level, establishing stress transfer, damage determination, and evolution
methods. To generate random fibre distribution for unidirectional fibre-reinforced com-
posites, Liu et al. [18] conveniently created the microstructures with different fibre volume
fractions by distributing every fibre with inter-fibre distance arrangement.

The braided composites are produced by interweaving two or more fibre yarns with a
certain braiding angle. To better simulate the mechanical behaviour of braided composites,
a reasonable multi-scale model has to be developed [19-21]. The accuracy of the multi-scale
model relies on the correct establishment of the meso-scale model. Zhang et al. [22] used an
RVE model considering yarn contact and interference, combined with periodic boundary
conditions, to simulate the progressive damage behaviour of a 3D woven composite.
Shen and Gong [23] developed a meso-scale numerical modelling approach to analyse the
material’s macroscopic properties based on the braiding process and force analysis of yarn.

Based on the mechanical analysis, the influence of material parameters such as braiding
angle, fibre volume fraction and pore size on mechanical properties was studied [24-27]. In
addition, Smilauer et al. [28] used concurrent multi-scale analysis to predict the fracture
energy and adequate length of the fracture zone of two-dimensional three-way woven
composites. Zhao et al. [29] established a multi-scale simulation framework for micro-,
meso- and macro-scale unit cell models to analyse the impact failure behaviour of triaxial
woven composites. The framework was used to determine the equivalent properties of
fibre bundles, predict the equivalent properties of the unit cell, and simulate the impact
failure behaviour of woven composites. Based on multi-scale analysis, the effect of pore
defects on mechanical properties of 3D braided composites was studied [30-33].

Although the multi-scale method of composite materials has been widely applied
to analyse the aerospace structures, it is rarely applied in marine engineering. The load
and structural types are different between aerospace and marine structures. Establishing
the procedure to analyse marine structures is essential since improving the strength of
composite vessels relies on the composite material design method. The present work aims to
establish the multi-scale analysis procedure for assessing the effect of material composition
and weave on the ultimate strength of marine GFRP stiffened panels. It is focused on the
numerical method for analysing the micro-meso-macro mechanics in marine composite
structures and the way is open for testing future materials. The investigation is beneficial
to the lightweight design of marine composite structures. The micro- and meso-scale
RVE models of components used in GFRP materials are established. Their failure criteria
and stiffness degradation models are created using the user-defined material subroutine
VUMAT in ABAQUS. The homogenisation method is used to obtain the equivalent material
properties at the micro- and meso-scale, defining the mechanical properties in the meso-
and macro-scale finite element analyses. Parametric analysis of the meso-mechanics of
CSM and WR composite components is carried out to evaluate the effect of processing
technology of composite materials on the ultimate structural strength.

2. Description of the GFRP Stiffened Plate

The GFRP stiffened plate is often used in the deck structure of high-speed ships. Here,
the selected stiffened plate dimensions are shown in Figure 1. The longitudinal length
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of the plate is 1200 mm (frame spacing), the transverse width is 1700 mm, and the plate
thickness is 10 mm. The stiffeners are T-bar 130 x 12/100 x 12 mm, and the stiffener
spacing is 300 mm c/c. The composite laminates are designed according to the LR rules [1].

Unit: mm

Figure 1. Scantlings of the GFRP stiffened panel in ship deck.

The GFRP composite plates are fabricated using the CSM and WR laminates (see
Figure 2), and their thicknesses are 1.250 and 0.979 mm, respectively. The weights of CSM
and WR are 600 and 800 g/m?, respectively. The mechanical properties of CSM and WR
laminates given in LR [2] are summarised in Table 1.
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Figure 2. Composite plates with (a) 10 mm and (b) 12 mm thickness.

Table 1. Material properties of different composite materials [2].

Material Properties CSM600, fc = 0.33 WRS800, fc = 0.5
Ultimate tensile strength [MPa] 91 190
Tensile modulus [MPa] 6950 14,500
Ultimate compressive strength [MPa] 122 147
Compressive modulus [MPa] 7200 14,000
Ultimate shear strength [MPa] 64 78
Shear modulus [MPa] 2801 3090
Poisson’s ratio 0.24 0.3
Thickness [mm] 1.250 0.979
Angle [°] - 0/90
2.0%

Ultimate elongation -
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3. Multi-Scale Analysis

The multi-scale analysis procedure was established to assess the mechanical behaviour
of GFRP composite stiffened plates, as shown in Figure 3. The finite element method
based on the RVE model was used to analyse the micro- and meso-mechanics of CSM and
WR composite materials. The micro-scale RVE models defining material micromechanical
properties were used to predict the equivalent mechanical properties of the fibre bundle
in the CSM and the yarn in the WR laminate by a homogenisation method proposed by
Omairey et al. [34]. Afterwards, these equivalent mechanical properties were applied in
the meso-scale RVE models to estimate the equivalent mechanical properties of the CSM
and WR laminates, respectively, by the homogenisation method. Finally, these analysed
properties were used as inputs for structural analysis of GFRP stiffened plates at the
macro-scale. The multi-scale methodology is described in the following sections in detail.

Macroscopic
stiffened
panel

Input of material

parameters
CSM WR
monolayer monolayer
plate plate

Mesoscopic H Mesoscopic Mesoscopic ! Mesoscopic
homogenization f progressivé  homogenization | i progressive
solution damage solution i damage
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Figure 3. Analysis procedure of multi-scale method.

3.1. Micro- and Meso-Scale RVE Models

In the multi-scale analysis, the RVE models must be appropriately selected to build
the structural form of composite materials. The material components with respective
dimensions and mechanical parameters should be well defined to describe the mechanical
behaviour in the RVE models.
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At the micro-scale, the RVE models of the fibre bundle in the CSM and the yarn in the
WR laminate are idealised using the solid unidirectional circular fibre composites with a
specific fibre volume fraction [35]. The micro-scale RVE model of the fibre bundle in the
CSM laminate consists of C-glass fibre and polyester resin matrix, and the micro-scale RVE
model of yarn in the WR laminate consists of E-glass fibre and polyester resin matrix. The
fibre is assumed to be transversely isotropic, and the matrix is isotropic [36]. Moreover,
it is assumed that the fibres are perfectly bonded to the matrix, not considering voids
and micro-cracks.

The meso-scale RVE model of CSM laminates consists of C-glass fibre bundles and
polyester resin matrix, and the fibre bundles are distributed randomly in the XY plane.
The diameter of fibre bundles is 0.188 mm, and the fibre volume fraction is 0.33. This RVE
model is generated by the random sequential adsorption (RSA) technique [37].

The meso-scale RVE model of WR laminates consists of E-glass fibre yarns and
polyester resin matrix, and the warp and weft yarns are mutually orthogonal to form
the woven structure [36]. The yarn width, thickness, and spacing are 1.88, 0.15, and 2.0 mm,
respectively, and the fibre volume fraction is 0.5.

In the micro- and meso-scale RVE models, unified periodical boundary conditions
proposed by Xia et al. [38] are applied. Each RVE in the composite has the same deformation
mode, and there is no separation or overlap between the neighbouring RVEs. It is defined
using the EQUATION keyword in ABAQUS. The voxel meshing model adequately creates
the periodical mesh.

3.2. Elastic Properties of Composites

For the constitutive model of fibre-reinforced composites, it is necessary to determine
nine elastic constants. These constants can be calculated by the finite element method based
on the RVE model by applying the simple stress/strain states.

The micro-scale RVE model of CSM material defines the micromechanical properties
of C-glass fibre and polyester resin matrix. For WR material, E-glass fibre and matrix
properties are defined (see Table 2). The basis material parameters are supplied by the
manufacturer. The micro-scale finite element analyses, combined with the analytical
homogenisation method, are used to predict the material elastic properties of the fibre
bundle in CSM and the yarn in WR laminates, respectively.

Table 2. Material parameters in the micro-scale RVE models.

Parameter C-Glass Fibre E-Glass Fibre Polyester Resin Matrix
in CSM in WR in CSM and WR

Density [kg/ m?] 2520 2580 1300

Young’s modulus [MPa] 69,000 72,000 2000

Poisson’s ratio 0.2 0.22 0.35
Yield strength [Mpal] 3300 3400 40
Fibre diameter [pum] 145 145 -
Fibre volume fraction 0.71 0.8 -

The RVE models with six sets of different loads and constraints are developed to
predict the Young’s moduli (Eq1, Epp, Es3), Poisson’s ratios (V12, V13, V23), and shear moduli
(G12, G13, Gp3) under uniaxial loading and corresponding constraints, respectively (see
Figure 4). The elastic parameters are calculated by:

FL ERH BEW

Eji=-—2 Ep=-—2 Ejg=-—>— 1

W= AHW "2 7 AW 78 7 AHL )
AL AsL AsH

Vip = 22, Vi3 S V= o ()

AW BT AW
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where the lengths of the RVEs in X, Y, and Z directions are L, H, and W, respectively; Fq, Fp,
and F3 represent the corresponding forces caused by the applied uniaxial displacements
A1, Ay, and Az in X, Y, and Z directions, respectively; Fs;, Fsp, and Fg3 represent the
corresponding forces caused by the applied shear displacements Ag;, Asp, and Ags.

E11 Young modulus E>, Young modulus Es3 Young modulus
V42 and Vi3 Poisson's ratio V>1 and V3 Poisson's ratio V31 and V3, Poisson's ratio

(b)

G2 shear modulus G13 shear modulus Gos shear modulus

(d) (e) ()
Figure 4. Boundary conditions of the calculations of equivalent elastic constants.

The homogenised micro-scale material properties are used to define the fibre bundle
in CSM and the yarn in WR laminates for the meso-scale finite element analyses, respec-
tively. The same homogenisation method is used to analyse the homogenised meso-scale
material properties.

3.3. Failure Criterion and Stiffness Degradation Model

It is essential to select the appropriate failure criteria for assessing the material failures
in the micro- and meso-scale. The stiffness degradation of material components is realised
through the damage evolution model. The stiffness degradation model should be selected
appropriately based on the fibre characteristics to realise the progressive damage process
of the RVE model.

The failure criterion and the stiffness degradation model of the micro- and meso-scale
components are coded and implemented as a user-defined material subroutine VUMAT for
Abaqus/Explicit (Figure 5). The VUMAT subroutine can be used to define the mechanical
constitutive behaviour of a material and to update solution-dependent state variables. For
example, in the subroutine for defining the fibre bundle of the meso-scale RVE model of
CSM, 19 basic material parameters, including elastic moduli and strengths, are input in
the GUI (graphical user interface). The variables are judged, calculated, and updated in
the VUMAT subroutine, and the updated variables are returned to the main program for
computation. The steps to judge the element stress state and calculate and update the
damage parameters are the most important to realise the failure criterion and progressive
damage evolution in the VUMAT subroutine.
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Figure 5. Implementation of the damage evolution model using VUMAT subroutine in ABAQUS.

3.3.1. Fibre Failure

In the micro-scale RVE models, a maximum stress criterion is used to describe the
failure of fibres. Fibre failure occurs when one of the three principal stresses reaches the
ultimate strength.

o1 02 03
Xy 7= @
where 01, 03, and o3 are the principal stresses; X, Y, and Z take the ultimate tensile or
compressive strength.

In the meso-scale RVE models, the three-dimensional Hashin criterion captures the
damage of fibre bundles and yarns. The material failure is classified into four damage modes.

Fibre tension failure:

a1\ T+ ’
Z1 2 - 13 ) _—1¢ > 5
(XT> +< 5%2 ) oro; >0 (5)

Fibre compression failure:

max {

9V i fore <0 ®)
Xc) !

Matrix tension failure:

=1forop+03>0 7)

2 2 2
<02 + 03) T — 0203 | Ty + Ti
2 2
Yr 533 St

Matrix compression failure:
2
Yc
()

where 01, 03, and o3 are the principal stresses; 713, T13, and T3 are the shear stresses;
Xt and Y are the axial and transverse tensile strengths, respectively; Xc and Y are the
axial and transverse compressive strengths, respectively; S1; and Sp3 are the in-plane and
out-of-plane shear strengths, respectively.

2 2 2 2
02+03 (72+¢73> T3 —0203 ‘1’124*‘[’13 _
—Ye + ( 2523 + 5 + Sty Lfor (8)
o +03<0
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3.3.2. Matrix Failure

In the micro- and meso-scale RVE models, a von Mises criterion is used to describe the
failure of the pure matrix.
p
(Teq Il
— =1 9
<asa> 5 ©

where 0¢q is the equivalent von Mises stress; I is the first stress invariant; Uecfl and I
are the material constants calculated from the ultimate tensile and compressive strength,

respectively; and the exponent 1, is taken as 1.0.

3.3.3. Stiffness Degradation

Stiffness is degraded in the process of progressive damage of the RVE model. The
material degradation model assumes that the stress—strain relation is linear before the
damage, and the stress is degraded instantaneously once the damage occurs.

In the micro-scale RVE model, the reduction factor used in the maximum stress
criterion is taken as 0.1. When the fibre failure occurs, the elastic modulus E1; and the
Poisson’s ratio V1, are degraded; when the matrix failure occurs, the elastic modulus Epp
and the Poisson’s ratio V1, are degraded; when the shear failure occurs, the shear modulus
G1p is degraded.

In the meso-scale RVE model, the reduction factor used in the Hashin criterion is
taken as 1. When the fibre failure occurs, the elastic modulus Eq1, shear modulus G;; and
Poisson’s ratio V1, are degraded; when the matrix failure occurs, the elastic modulus Ej,
shear modulus Gi, and Poisson’s ratio V1, are degraded; when the shear failure occurs the
elastic modulus Ej1 and Epp, shear modulus Gy, and Poisson’s ratio V1, are degraded.

4. Micro- and Meso-Scale Analysis Results
4.1. Micro-Scale Results

The homogenised micro-scale material properties are summarised in Tables 3 and 4.
The equivalent stress-strain curves of micro-scale RVE models of the fibre bundle in CSM
under various loads are plotted in Figure 6. The tensile, compressive and shear loads at
three directions are applied to the RVE models, respectively. Their von Mises stress plots of
fibre and matrix at the limit state are also given in Figure 6. The X-axis is along the fibre
direction (axial direction), and Y- and Z-axis are the direction perpendicular to the fibre
direction (transverse and vertical direction).

Table 3. Micro- and meso-scale elastic properties in CSM and WR materials.

Material Property

Eqq Exn E3; G12 G13 G23

[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] '122 Vi3 Vas

CSM Fibre bundle 34,343 7434 6705 3376 2915 2585 0.25 0.26 0.42
Yarn in WR 37,257 7794 7445 3376 3022 2554 0.26 0.26 0.37
CSM laminate 9722 3337 3226 1355 1154 1078 0.35 0.29 0.43

Micro

Meso

WR laminate 14,257 14,200 5083 2055 1511 1511 0.12 0.38 0.38

In the CSM fibre bundle under X-tension (Figure 6a), the matrix elements fail first, and
the damage volume increases with the tensile load. Subsequently, the fibre elements begin
to fail, and the initial damage of fibres occurs mainly at the fibre surface or the lower tensile
strength of fibres. When a fibre element is damaged, the load will be carried by its adjacent
fibre elements, and it causes the stress in these elements to be larger than the stress in other
fibre elements. When the stress reaches a critical condition, the fibre damage will extend in
this direction. When the fibre damage propagates through the whole fibre bundle, it causes
the complete failure of the RVE model. The ultimate tensile strength of the fibre bundle
mainly depends on the fibre’s yield strength.
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Table 4. Micro- and meso-scale strengths in CSM and WR materials.
Material Propert Micro Meso
perty Fibre Bundle in CSM Yarn in WR CSM Laminate WR Laminate
X-tensile strength (MPa) 1523 1650 108 151
X-compressive strength (MPa) 1547 1686 184 92
Y-tensile strength (MPa) 117 211 50 123
Y-compressive strength (MPa) 221 237 51 92
Z-tensile strength (MPa) 139 163 - -
Z-compressive strength (MPa) 175 293 - -
XY-shear strength (MPa) 33 31 42 43
XZ-shear strength (MPa) 27 29 24 57
YZ-shear strength (MPa) 61 107 24 58

In the CSM fibre bundle under X-compression (Figure 6b), extensive damage to the
matrix occurs when the equivalent strain reaches 0.02. Afterwards, the fibre starts to fail
when the equivalent strain reaches 0.05. The break of fibres leads to the loss of the load-
carrying capacity of the RVE model, and the fibre damage causes the ultimate compressive
strength of the fibre bundle.

In the CSM fibre bundle under Y-tension (Figure 6¢), the damage is mainly located at
the stress concentration zone caused by the transverse tension. When the matrix between
the fibres fails, the fibres and the matrix are separated. Currently, the RVE model is trans-
versely damaged and cannot withstand transverse loads. The fibre bundle is essentially
undamaged during the transverse tension, and the matrix damage on the fracture surface
causes damage to the fibre bundle.

The matrix damage is randomly distributed in the CSM fibre bundle under Y-compression
(Figure 6d) but mainly occurs near the compressive fracture surface. Afterwards, extensive
damage occurs at the matrix, and the fibres are almost undamaged under transverse compres-
sion. The damage accumulation in the matrix causes eventual damage to the fibre bundle.

The RVE model under Z-tension (Figure 6e) shows a similar damage mode to the one
under Y-tension (Figure 6¢), and the RVE model under Z-compression (Figure 6f) shows a
similar damage mode to the one under Y-compression (Figure 6d).

Similar stress-strain curves and damage modes are obtained in the CSM fibre bundle
under XY-shear and XZ-shear (Figure 6g,h). The matrix damage occurs first, followed by
the extension of matrix damage in the shear plane, resulting in a nonlinear stress-strain
relationship. When the equivalent strain reaches 0.01, the matrix fails at the fracture zone,
and the interface cannot carry the force transmission between the fibres and the matrix.
It results in permanent damage and the separation of the fibres from the matrix. The
permanent shear damage of the fibre bundle is mainly due to the matrix damage on the
fracture surface.

The matrix damage €s mainly located at the shear surface in the CSM fibre bundle
under YZ-shear (Figure 6i). The equivalent stress drops abruptly when the matrix between
the fibres fails on the shear surface. It indicates that the matrix damage strongly affects the
stress-strain relationship. With the increase in matrix damage, the fibres and the matrix
separate, determining the shear damage. The structure cannot continue to withstand the
shear loading. The fibre bundle is essentially undamaged under YZ-shear. The shear
damage of the fibre bundle is caused by the matrix damage at the fracture surface and the
separation of the fibres and matrix.

For the micro-scale RVE models of yarn in WR under various loads, the equiv-
alent stress-strain curves and damage modes of micro-scale RVE models are plotted
in Figure 7. Their characteristics are very similar to the ones in CSM, and thus they are not
described here.
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Figure 6. Equivalent stress-strain curves and von Mises stress plots of micro-scale RVE model of
the fibre bundle in CSM under (a) X-tension, (b) X-compression, (c) Y-tension, (d) Y-compression,
(e) Z-tension, (f) Z-compression, (g) XY-shear, (h) XZ-shear, and (i) YZ-shear.
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Figure 7. Equivalent stress-strain curves and von Mises stress plots of micro-scale RVE model of

yarn in WR under (a) X-tension, (b) X-compression, (c) Y-tension, (d) Y-compression, (e) Z-tension,
(f) Z-compression, (g) XY-shear, (h) XZ-shear, and (i) YZ-shear.

4.2. Meso-Scale Results

The homogenised meso-scale material properties are given in Tables 3 and 4. The
analysed equivalent stress-strain curves of meso-scale RVE models under axial tension,
axial compression, transverse tension, transverse compression, in-plane shear, and out-of-
plane shear loadings for CSM and WR laminates are shown in Figures 8 and 9, respectively.
In all of the stress plots of CSM and WR materials, the stresses are mainly concentrated
around the fibre bundles, i.e., the fibre bundles are the principal load-carrying component.
Their von Mises stresses at the ultimate loading are also plotted in Figures 8 and 9.
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Figure 8. Equivalent stress-strain curves and von Mises stress plots of meso-scale RVE model of
CSM laminate under (a) X-tension, (b) X-compression, (c) Y-tension, (d) Y-compression, (e) XY-shear,
(f) XZ-shear, and (g) YZ-shear.
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Figure 9. Equivalent stress-strain curves and von Mises stress plots of meso-scale RVE model of
WR laminate under (a) X-tension, (b) X-compression, (c) Y-tension, (d) Y-compression, (e) XY-shear,
(f) XZ-shear, and (g) YZ-shear.

4.2.1. CSM Material

In the RVE model of CSM material under X-tension (Figure 8a), the pure matrix does
not suffer any failure at the initial stage. A decrease in equivalent stress is observed at the
equivalent strain of 0.006 due to matrix tensile failure in the fibre bundles. As the stress
increases, the pure matrix fails, and the fibre bundles show fibre tensile failure, causing
material stiffness degradation. Finally, permanent damage to composite material occurs,
indicating the ultimate tensile strength. The damaged evolution of fibre bundles and pure
matrix leads to a decrease in load-carrying capacity.

In the RVE model of CSM material under X-compression (Figure 8b), only a small
amount of matrix compression damage occurs in the fibre bundle at the initial stage, which
does not affect the global equivalent stress. The ultimate compressive load is reached
because extensive matrix compression damage occurs in the fibre bundles.

In the CSM material under Y-tension (Figure 8c), only a tiny amount of damage occurs
initially at the pure matrix, slightly affecting the global equivalent stiffness. When the
equivalent strain reaches 0.019, the stiffness decreases due to extensive damage at the
pure matrix. With the increase in the equivalent strain reaching 0.027, the tensile damage
of the matrix occurs in the fibre bundles, and the ultimate tensile load is reached. The
damage evolution of the fibre bundles and pure matrix leads to the reduction of structural
load-carrying capacity.

The pure matrix suffers compressive damage in the CSM material under Y-compression
(Figure 8d). When the equivalent strain reaches 0.02, the compressive damage of the ma-
trix occurs in the fibre bundles decreasing the material stiffness. The compressive matrix
damage in the fibre bundles expands with the increase in equivalent strain, and the RVE
model loses its load-carrying capacity when the equivalent strain reaches 0.027. The
evolution of matrix compression damage in the fibre bundles leads to the reduction of
load-carrying capacity.

In the CSM material under XY-shear and XZ-shear (Figure 8e,f), the damage occurs at
the pure matrix first, mainly concentrated around the shear fracture plane. When the mean
strain reaches 0.012, the pure matrix between fibre bundles fails on the shear fracture plane
leading to the stiffness reduction. As the pure matrix damage increases, the fibre bundles
and pure matrix separate, determining the RVE model’s shear failure. The damage mode
under YZ-shear (Figure 8g) is similar to that under XZ-shear (Figure 8f).
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4.2.2. WR Material

In the RVE model of WR material under X-tension (Figure 9a), the stress-strain re-
lationship is strongly nonlinear due to the random distribution of pure matrix damage.
When the equivalent strain reaches 0.0075, the pure matrix continues to damage, resulting
in stiffness reduction. When the equivalent strain reaches 0.008, the matrix tensile damage
occurs at the yarns in the fibre bundle direction and permanent damage to the RVE model
occurs. The permanent damage is located at the cross of the warp and weft yarns.

The pure matrix damage distribution is random in the WR material under X-compression
(Figure 9b). When the equivalent strain reaches 0.009, the matrix compression damage occurs
in the warp yarns parallel to the X-direction. With the increase in equivalent stress, the matrix
compression damage of the warp yarns extends to the weft yarns. The permanent damage of
the RVE model occurs at the cross of warp and weft yarns.

The RVE model under Y-tension (Figure 9c) shows a similar damage mode to the one
under X-tension (Figure 9a), and the RVE model under Y-compression (Figure 9d) shows a
similar damage mode to the one under X-compression (Figure 9b).

In the WR material under XY-shear (Figure 9e), the initial damage occurs in the pure
matrix. An abrupt change in stiffness occurs at the equivalent strain of 0.00023, and the
stress is mainly concentrated in the yarns. With the increase in equivalent stress, fibre shear
damage occurs in the yarns, and the stress is mainly concentrated at the cross of the warp
and weft yarns. When the equivalent strain reaches 0.00062, the RVE model suffers shear
damage and cannot withstand the shear load.

In the WR material under XZ-shear (Figure 9f), when the equivalent strain reaches
0.0004, the stresses are concentrated at the yarns, and the stiffness changes abruptly. After-
ward, the yarn damage increases, leading to the complete shear damage of the RVE model
when the equivalent strain reaches 0.0005. The damage mode under YZ-shear (Figure 9g)
is similar to that under XZ-shear (Figure 9f).

4.2.3. Mean Material Properties for Macro-Scale Analysis

In the macro-scale CSM materials, the fibre bundles are distributed randomly in the
XY- plane, and the CSM material is regarded as a quasi-isotropic material in the macro-
scale. The macro-scale WR materials with 0/90° braiding are transversely isotropic. CSM
and WR materials can be considered the same elastic constants, tensile, and compressive
strength in X and Y directions. In addition, it is considered the same shear strength
in XZ and YZ directions. Thus, the macro-scale material properties of CSM and WR
materials (Tables 5 and 6) can be obtained by averaging the corresponding meso-scale
analysis results (Tables 3 and 4).

Table 5. Mean macro-scale elastic properties of CSM and WR laminates.

. Enn Ep; Es3 G2 Gi3 G2
Equivalent Property [MPal  [MPa] [MPa] [MPa] [MPal [MPa] '© Vis Vs
CSM laminate 6530 6530 3226 1355 1116 1116 0.35 0.36 0.36
WR laminate 14,229 14,229 5083 2055 1511 1511 0.12 0.38 0.38
Table 6. Mean macro-scale strengths of CSM and WR laminates.
Equivalent Property CSM Laminate WR Laminate
X-tensile strength [MPa] 79 137
X-compressive strength [MPa] 118 92
Y-tensile strength [MPa] 79 137
Y-compressive strength [MPa] 118 92
XY-shear strength [MPa] 42 43
XZ-shear strength [MPa] 24 57.5

YZ- shear strength [MPa] 24 57.5
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The mean material properties (Tables 5 and 6) define the macro-mechanical properties
of the CSM and WR materials in the GFRP stiffened plates. The macro-mechanical strengths
of CSM and WR materials obtained from the meso-scale analysis follow LR’s material
properties [2]. The rules require that the calculated values of material properties cannot
be larger than the given values. This requirement is satisfied when comparing the values
from the meso-scale analysis (Tables 5 and 6) with the rule values (Table 1). It proves the
accuracy of the multi-scale analysis method.

5. Macro-Scale Analysis of GFRP Stiffened Panel
5.1. Numerical Modelling

The finite element model is generated using rectangular four-node shell elements
(54R) selected from the ABAQUS element library. The element size is selected at about
25 mm, and this mesh density is sufficient to accurately capture the global and local
buckling of plates and stiffeners. The finite element model consists of 6811 nodes and
6384 shell elements.

The mean mechanical properties of CSM and WR materials (Tables 5 and 6) are used
as the input parameters for the finite element analysis of the ultimate strength of the GFRP
stiffened panel. Quads criterion is used to judge the interface debonding failure, and the
two-dimensional Hashin criterion is used to judge the fibre and matrix failure. Bonding
between the stiffener and the plate is simulated using cohesive elements, and the properties
of cohesive elements are shown in Table 7. The energy-dependent damage evolution model
is also defined, and the defined values are given in Table 8. The authors validate the way to
define material properties by comparing experimental results given in Ref. [39] with an
error of 8% in ultimate strength prediction.

Table 7. Properties of cohesive elements.

Material Property Unit Value
Kon MPa/mm 100,000
Kss MPa/mm 100,000
Kt MPa/mm 100,000
Friction coefficient - 0.2
Stress, normal only MPa 60
Stress, shear-1 only MPa 80
Stress, shear-2 only MPa 80
Total displacement mm 0.352

Table 8. Parameters defined in the material damage evolution model.

Longitudinal Tensile Longitudinal Transverse Tensile Transverse
Parameter Fracture Energy Compressive Fracture Fracture Energy Compressive Fracture
[N/mm] Energy [N/mm] [N/mm] Energy [N/mm]
Value 45 40 0.165 0.8

The definitions of boundary conditions are shown in Figure 10. For the loaded edge,
the Z-displacement and X- and Z-rotation are constrained, and for the reactive edge, the
X- and Z-displacement and X- and Z-rotation are constrained. The Y- and Z-displacement
and Z-rotation are constrained at all the nodes along the unloaded edges. A uniaxial load
is applied at all the nodes along the loading edge, and the ultimate load of the stiffened
panel is determined from the peak value of the uniaxial load. This boundary condition is
widely used in the ultimate compressive analysis of stiffened panels [40-43].

5.2. Numerical Results

The load-displacement curve of the GFRP stiffened plate is shown in Figure 11. The
plots of the von Mises stresses and the complete debonding failure of the bonding layer at
the ultimate load are also given in Figure 11.
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Figure 10. Boundary conditions of the macro-scale stiffened panel.
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Figure 11. Load-displacement curve and von Mises stress plot at the ultimate load.

The stiffened panel collapses due to global buckling and local damage. The stiffened
panel loses its carrying capacity when reaching the peak force. It is shown that the bonding
layer of the stiffeners and plate is the weakest region, and the damage process involves
matrix damage, fibre damage and debonding failure. Fibre damage is the most important
factor leading to stiffened panel collapsing.

6. Parametric Analysis

Material parameters of meso-scale components strongly affect the ultimate strength of
macro-scale composite stiffened panels. Twenty sets of meso-scale RVE models are analysed
with different volume fractions and diameters of the fibre bundle in CSM, braiding angle
and cross-sectional area of yarn in WR. The material parameters of meso-scale components
are given in Table 9. The effect of meso-scale material parameters on macro-stiffened panels’
ultimate strength is shown in Figure 12.
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Table 9. Parametric modelling parameters.
Parameter Fibre Bundle Content [%] Diameter of Fibre Braided Angle of Yarn [°] Cross-Sectional Area
Bundle [mm] of Yarn [sq. mm]
Value 27,30, 33, 36, 39 0.15,0.17,0.19,0.21, 0.23 35, 40, 45, 50, 55 0.19,0.2,0.21, 0.22,0.23
—&—  Fiber bundle content
20%r —e— Fiber bundle diameter
—4&— Yarn braiding angle
—w— Yarn cross-sectional area
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Figure 12. Effect of meso-scale material parameters on the ultimate strength of macro-scale
stiffened panels.

It can be seen that the ultimate macro strength increases with the volume fraction
of the fibre bundle in CSM since the damage of fibre bundles mainly causes the ultimate
strength of the macro stiffened panel (black line in Figure 12). However, it is not easy to
achieve the high-volume fraction of fibre bundles in the fabrication due to the reduction
of matrix proportion. If the matrix cannot be well bonded in the fabrication, the load
transmission of the matrix will be reduced in the composite materials.

The larger diameter of fibre bundles in CSM implies the higher load-carrying capacity
of the macro stiffened panel (read line in Figure 12). However, when the volume fraction of
the fibre bundle is fixed, the larger diameter of fibre bundles implies a smaller number of
fibre bundles. It causes a decrease in the ultimate macro strength. Therefore, a reasonable
fibre bundle diameter (0.21 mm) should be selected to obtain the optimal macro ultimate
strength in the current study.

In WR materials, warp and weft yarns are interwoven at a certain angle to form a
woven structure. For the macro-scale stiffened plate under compression, the braiding angle
affects the angle of the yarn with the compressive direction. The yarns are easier to collapse
under the combined compressive and shear load, and it reduces the material load-carrying
capacity decreasing the ultimate macro strength (blue line in Figure 12). However, the
economic cost of small-angle braiding is high, and a reasonable braiding angle needs to be
selected, keeping the balance of economic cost and mechanical property.

When the number of yarns is the same for WR materials, the larger cross-sectional
area of yarns leads to higher macro ultimate strength, and the relationship is almost linear
(green line in Figure 12). Nevertheless, it reduces the effect of bonding and load transfer of
the matrix.
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7. Conclusions

The multi-scale analysis of composite materials has been carried out to assess the
ultimate strength of GFRP stiffened panels, and the effect of material composition and
weave on the ultimate strength of marine GFRP stiffened panels has been investigated.
The investigation is beneficial to the lightweight design of marine composite structures by
selecting the optimal construction materials.

The micro-meso progressive damage model can be used to evaluate the micro-meso
mechanical response and damage evolution process. The fibres are the primary load
carrying material, and the matrix plays the role of stress transfer. The damage of fibre
bundles mainly causes the macro composite stiffened plate damage.

To analyse the effect of meso-scale material parameters on the macro ultimate strength
of composite structures, four sensitive parameters have been assessed: the volume frac-
tion and the diameter of the fibre bundle in CSM, the braided angle, and cross-sectional
area of yarn in WR. The parametric analysis can be used to select the optimal macro ulti-
mate strength of the composite stiffened panel fabricated by rational material processing
technology. Furthermore, the established analysis procedure can be applied to propose
the composite material design method to improve the ultimate strength of GFRP panel
structures in composite vessels.
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