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Prediction of interlaminar stress in composite sandwich joints
A method development for Volvo Buses

LOVE ROOS

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

Volvo Bus Corporation is one of the worlds largest bus manufacturers and has a long history
of using traditional construction materials, such as steel and aluminium alloy. In efforts to
meet the demands on reduced emissions and maintained passenger capacity, the company
has identified curved composite structures as candidates for weight reductions in future ve-
hicles, where traditional materials today are used. To fully take advantage of the anisotropic
properties of composite materials in these applications, new simulation methods able to
capture the failure behaviour of these structures are needed.

The current study addresses simulation methodologies for capturing the out j of j plane load-
ing and failure behaviour of curved composite structures subjected to bending moments.
Previously developed modelling strategies are discussed and a solid element simulation
methodology is chosen. A benchmarking of available numerical software using a reference
case is performed, where Abaqus is chosen as solver moving forward. Numerical models of
curved composite beam structures are constructed, along with a physical testing protocol
for verification of the numerical models. A set of failure criteria are presented and imple-
mented in the numerical models.

The methodology development shows that the first hand use solver MSC Nastran can not be
used with the available pre and post processors for solid element models where orthotropic
material models are used. Results from the numerical simulations using Abaqus show that
all beam models without a sandwich design, as well as one beam model with a sandwich
design, fail in an out j of j plane matrix interface delamination mode. Two further sandwich
beam models predict failure in an in j plane matrix mode, subject to transverse tensile load-
ing of 90° plies. The physical testing shows that failure is not initiated in the junction be-
tween the foam core and upper/lower laminate facings, and that the numerical models are
somewhat accurate but too stiff. The results are discussed and future work based on the
developed solid element simulation strategy is suggested.

Keywords: CFRP, NCF, orthotropic, carbon fiber, curved composites, sandwich structures,
LaRCO05, Abaqus, MSC Nastran
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Introduction

The present chapter gives an introduction to the thesis, presenting Volvo Bus Corporation as
a company while addressing the background to the problem at hand. The aim of the thesis
is further presented along with a scope and a set of delimitations.

1.1 Background

Volvo Bus Corporation (VBC), a part of Volvo Group, is one of the worlds largest bus manu-
facturers, producing about 10 000 vehicles yearly while operating on a global market. VBC
has a vision of presenting a premium product, being a world leader within sustainable trans-
port solutions and ensuring that end customers reach their destination every day.

One way of contributing to this vision is to develop new vehicles with the aim of reduc-
ing fuel consumption, while maintaining passenger capacity and focusing on structural in-
tegrity. This can be done by enabling weight reductions on load carrying structures through
an introduction of new materials and optimised simulation methodologies. For heavy duty
vehicles (HDVs) such as city buses and long distance coaches, reducing the vehicle weight
by 100kg can imply emission reductions of up to 6.9gCO »/km [1]. Reducing emissions of
greenhouse gases in new vehicles is furthermore a key target of the European Commission
climate & energy framework for the year 2030 [2].

An introduction of lightweight materials previously unused in a large scale by VBC, such as
Carbon Fiber Reinforced Polymers (CFRP), can facilitate weight reductions with unchanged
or improved durability, compared to traditionally used materials such as steel or aluminum
[3]. New challenges however arise, with questions on how CFRP materials can be used in
the best way to redesign current components, in order to take full advantage of the materi-
als anisotropic nature.

VBC has identi ed that candidates for weight reduction in future vehicles, using CFRP ma-
terials, include curved load carrying components with complex geometries. These com-
ponents can be composed of at sandwich sections, with CFRP laminates on top of a core
material, joined together with a curved CFRP section without a core. A schematic image
of such a structure, where two sandwich panels taper down to a curved laminate without a
core, can be seen depicted in Figure 1.1. This type of design utilizes the increased second
moment of inertia of the component, obtained through the use of sandwich panels, while
reduces the manufacturing complexity, since the foam cores do not have to be cut to tthe
curved section.
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! _CFRP skin
. Foam core

CFRP skin \

9100 Weo

Figure 1.1: Schematic image of sandwich and monolithic cross section in a 90° bend.

1.2 Problem description

Because of the complexity of the structures introduced above, where materials with different
properties are used in a curved geometry, careful consideration has to be taken to how mod-
elling is performed to ensure that failure can be predicted in a satisfyingly accurate way. As
of today, VBC does not employ a standardised or veri ed modelling method for failure pre-
diction of curved composite structures. It is thus unknown at what loads these structures
may fail, how changes in design parameters may affect failure behaviour and what failure
modes that are most likely triggered.

VBC believes that critical parts may consist of either the curved laminate, which can be sub-
jected to large bending moments causing delaminations, or the tapering end of the foam
cores with adjacent laminates, which can be affected by manufacturing defects giving stress
concentrations. Both these theories are however yet to be proven, and further knowledge
on the failure behaviour of the structure is needed. Ensuring that VBC can employ a veri ed
and suf ciently accurate simulation methodology for failure prediction of curved composite
structures can thus be crucial to the development of future vehicles, where reduced emis-
sions and maintained passenger capacity are both key features.

1.3 Aim

The aim of this Master's Thesis is to develop, verify and deliver a simulation methodology
that suf ciently accurately predicts when and where failure occurs in curved CFRP sandwich
sections, subjected to bending moments.

2



1. Introduction

1.4 Scope and limitations

To address the problem at hand and clarify the intentions of the thesis, a scope and set of
delimitations are presented below.

The thesis shall present a numerical simulation methodology developed for failure predic-
tion of CFRP sandwich structures with a 90° curve, subjected to bending moments. The
methodology and developed models shall account for different geometries, laminate prop-
erties, mesh con gurations and mechanical properties of constituent materials. Pre, post
and solving software used shall be currently available to VBC. An investigation of relevant
failure criteria and the possibilities to automate the model generation shall be made. The
thesis shall verify results from the numerical simulations through physical testing and dis-
cuss possible differences in results. Only the foam core and laminates in closest proximity
to the curved section will be evaluated. The veri cation methodology, containing a descrip-
tion of coupon manufacturing and test rig setup, shall further be provided.

The scope of the thesis is delimited by the time available in the present course, with 30 uni-
versity credits available, corresponding to 20 weeks of working time. The thesis will only
evaluate curved beams with similar geometrical con guration as that depicted in Figure
1.1, where the constituent material properties are known. Only Non Crimp Fiber (NCF) type
composite and closed cell foam core materials will be evaluated for failure and only rst ply
failure, not progressive damage, will be evaluated for the NCF material. The scope of the
physical testing will be delimited by availability of material at the time of coupon manufac-
turing as well as operator working time.
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Theory

The present chapter describes the theoretical background relevant to the study. Properties
of orthotropic NCF composites are presented along with failure criteria and a description of
an ASTM standard for destructive physical testing of curved composite structures.

2.1 Composite laminates

Composite materials consisting of long ber CFRP sheets can be made in an almost indef-
inite number of con gurations, with strength and stiffness properties dependent on con-
stituents materials, ber volume fraction, manufacturing methods and other parameters.

A layered composite sheet is commonly called a laminate and is a composition of several
thinner lamina , also called plies. The orientation of each lamina, which is consistent with
its main ber direction, is de ned by the plane spanned by the laminate and the rotation
angle about the out-of-plane axis. Figure 2.1 displays a schematic image of a laminate con-
sisting of eight plies, with symmetry about the mid-plane. This con guration is said to be a
[90/90/0/0] s layup, with O° plies oriented along the x-axis and 90° plies rotated in a positive
angle about the out-of-plane z-axis.

V4
[

X

Figure 2.1: Schematic image of a laminate with a [90/90/0/0] s layup.
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2.2 Orthotropic properties

Governed by the generalized Hooke's law, CFRP materials are anisotropic in stress-strain re-
sponse, meaning that they have different properties in different directions. While individual
carbon bers by themselves are said to have transversely isotropic properties, manufactured
CFRP materials may posses orthotropic properties. This means that the materials have three
orthogonal symmetry planes for which the elastic response is independent of normal vector
sign. In other words, reversing the sign for the surface normals ofthe X3 X5, Xo X3 and X1 X3-
planes does not change the elastic response for the material.

With a starting point in Hooke's generalized law, taking symmetry in stress and strain for
anisotropic materials as well as thermodynamic arguments into account, the stress tensor
for orthotropic materials can be written as Equation (2.1), in Voigt notation.

2 3 2 3223

sy‘k C11 Clz 013 0 0 0
Yay Ci2 Cyp» Cyz3 O 0 0 2y
Y Ciz C3 Cz3 0 0 O 2;

AE 2.1
(.Jyz 0 O 0 C44 0 O ° yz ( )
éxz 0 0 0 0 Css O ° xz
éxy 0 O 0 O 0 066 ° Xy

With the constitutive relation between stress and strain for the three symmetry planes being
independent on normal direction of the planes, nine independent elastic parameters are
thus needed to describe the constitutive relationship, C11,C»,...,Cgs and C12,C13,C23[4]. In
practice, this means that Young's moduli, shear moduli and Poisson's ratios are needed in all
three directions to model composite materials with orthotropic properties. As an example,
Figure 2.2 displays a test volume of an orthotropic material where Young's modulus is differ-
ent in all three directions.

Es
34
Ex
2 /
=

Figure 2.2: Orthotropic properties, with different Young's modulus in all three directions.

2.3 Woven fabrics and the effect of crimp

Among CFRP materials that are commonly used in the industry, we nd  woven fabrics.
These materials include carbon ber tows, which consist of bundled individual carbon bers,
interlaced to each other in either a 2D or 3D-pattern. For a weaving process in 2D, two sets

of tows are interlaced perpendicular to each other to create the desired pattern. Tows that

6



2. Theory

run in the length-wise direction of the fabric are called  warp tows, while the tows in the
transverse direction are called weft tows. These can be either pre-impregnated by resin or
kept dry during the weaving process. [5]. Woven fabrics are often used because they offer
simplicity in the production process, with regard to draping of complex geometries. This
simplicity does however come at the cost of ber misalignment.

Since traditional CFRP fabrics with a woven structure involve interlacing of warp and weft
tows, ber misalignment and crimp is introduced in the material architecture. Crimp is de-
ned as the quotient between the length of the tow in the fabric and the length of the fabric
itself, as described by Equation (2.2) [6]. Fiber misalignment adversely affects both the in-
plane strength and stiffness properties of the material [7], mainly affecting the longitudinal
compression strength due to formations of kink-bend initiations [8].

leils N |, is the tow length
t where t d

CE I ¢ |+ is the fabric length

(2.2)

2.4 Non-Crimp Fiber materials

Similarly to woven fabrics, Non-Crimp Fiber (NCF) materials are composed of ber tows,
but unlike regular woven fabrics, NCF materials are made in such a way that the ber tows
do not interlace. Fiber misalignment is thus minimized and strength as well as stiffness
properties may be kept higher, compared to a traditional woven fabrics. To hold the ma-
terial together, tows are stitched through the thickness by threads in the warp and/or weft
directions. These threads are often made of glass ber or thermoplastic materials. An in-
dustrially used NCF can be seen depicted in Figure 2.3. Here, the warp-weft con guration is
of uni-weave type, meaning that all ber tows are oriented in the 1-direction of the ply [9].

Figure 2.3: Uni-weave NCF bulk material, picture courtesy of Bru. et al. [9].

NCF composites are found to have orthotropic properties, with strength and stiffness dif-
fering from each other in the in-plane transverse and out-of-plane directions. Studies have
shown that the out-of-plane strength in tension for NCF composites can be approximately
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half of the in-plane transverse strength [10], it can however be argued that this is dependent

on manufacturing methods, the amount of crimp or other factors. Even though the amount
of crimp is kept low in NCF composites, yarn stitching may disturb the ber alignment and

thus affect compression strength in an adverse way [8].

The NCF composite evaluated in the current study is a uni-weave NCF with of 205g/m
areal weight. The bundles are held together by glass/polyamide yarns and during manufac-
turing infused with Huntsman LY556 epoxy resin. This material, hereinafter called NCF205,
is well characterized by experimental methods, with respect to strength and stiffness prop-
erties in all three directions [9]. NCF205 is furthermore subject to several recent studies ([8],
[11]) and is currently available to VBC and RISE for physical testing purposes. Experimen-
tally determined elastic and strength properties for NCF205 can be found in Table 2.1 and

2.2 respectively.

Table 2.1: Elastic properties of NCF205 [9].
* parameters calculated as averages of tension and compression

El1205 | E22205 | Eas205 | G12,205 | G13.205 | G23,205 | ©12,205 | © 13,205 | 32,205
GPa GPa GPa GPa GPa GPa - - -
1136.0 [92 [80 [43 [37 [28 [029 [029 [043 |
Table 2.2: Strength properties of NCF205 [9].
* conservative choice between monotonic and cyclic loads.
** assumption based on S 3.
XT,205 | Xc,205 | YT1,205 | Yc,205 | ZT,205 | ZC,205 | Si2.205 | S13.205 | S3.205 | ®0,205
MPa MPa MPa | MPa | MPa MPa MPa MPa MPa deg

| 1787 | 631 [ 292 [ 130 | 147 | 203 | 73

| 537 | 537 | 62 |

2.5 Sandwich constructions and foam materials

The use of sandwich structures is not an entirely new feature in the heavy duty vehicles in-
dustry, load carrying panels are currently used in both buses and trucks, in various con gu-
rations. Sandwich structures with glass or carbon ber reinforced plastics used as face sheet
are furthermore common in similar industries, such as the sports, wind power and defence
industries [12]. The advantage of using sandwich structures in heavy duty vehicles such as

buses, is the ability to construct relatively stiff components without the weight penalty of a

fully homogeneous material, enabling improved passenger capacity or reduced emissions

[1].

Core materials for sandwich structures come in four different types; corrugated, honey-
comb, balsa wood and cellular foam [12], all which have different advantages and disad-
vantages. The current study focuses on cellular foams with closed cell structures. Closed
cell polyethylene terephthalate (PET) foams, such as Divinycell P100, are shapeable by hot-

cutting or milling, resist water penetration due to the cell structure and provide better insu-

8
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lation than other core types, such as honeycomb. The insulating properties give multifunc-
tionality to load carrying components and thus offer possibilities in weight reductions. P100
further meet the required re, smoke and toxicity demands for use in buses [12], [13]. The
drawback of cellular foams, in comparison to corrugated or honeycomb core materials, is
lower mechanical properties.

Materials with similar closed cell structure as P100 act linear elastic in stress-strain response
up to 2 i 4% engineering strain, while subjected to compressive loading. Past the elastic
region, and under quasi-static loading conditions, stress response may plateau up to ap-
proximately 40% engineering strain [14], after which a progressive densi cation and stress
increase takes place. The micro mechanics of closed cell foam failure include buckling of cell
walls, formation of plastic hinges and other non-uniform phenomena[15]. Size dependency
for compressive modulus has further been observed, with larger cross sections accounting
for higher modulus [16].

Modelling of the stress response in closed cell foam after the yield point, especially in the
densi cation range, thus require detailed information on load rate dependency for the ma-
terial and may further require computationally heavy simulation methods, such as Repre-
sentative Volume Element analysis. Results in this region should therefore be interpreted
with caution [16].

Mechanical properties for P100 representing the manufacturers minimum guaranteed quan-
tities are given in Table 2.3. Young' modulus and Poisson's ratio marked by an asterisk rep-
resent values used in the numerical simulations due to an input error.

Table 2.3: Material properties of P100 foam [13].
* Used in numerical simulations.

o] o]
Ep100 | Ep1gp | °P100 | ®p10o | GP100 | Y#100 | Yaicp100 | Yau,T,P200 | Yai,sP100

MPa | MPa ; i MPa | kg/m3 | MPa MPa MPa
| 60 |58.82]0363]/0337] 22 | 110 | 11 | 135 | 069 |

The mechanical properties for Divinycell PN115 (PN115), which is the foam used for manu-
facturing of the sandwich coupons, are given in Table 2.4. As described in Section 3.5.1, this
material is chosen due to a limited availability of P100 at the time of coupon manufacturing.
PN115 is similarly to P100 a PET-based foam with closed cell structure.

Table 2.4: Material properties of Divinycell PN115 foam [17].

Epn11s | Gpni11s | YPN11s | YacpNiis | Ya,sPN115
MPa MPa | kg/m3 MPa MPa

| 8 | 23 [ 115 | 135 | 08 |
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2.6 Failure criteria for the structure

The curved structures subject to the current study consist of sections with different elastic
properties, being the foam cores that are assumed isotropic, as well as the NCF laminates
that are orthotropic. Different failure criteria will be applied to these parts, respectively.
The entire structure is assumed to fail on the rst load step in which either a foam or NCF
criteria is exceeded. Sections 2.7 and 2.8 address relevant failure criteria for isotropic foam
type materials and NCF laminates, respectively.

2.7 Failure criteria for foam materials

Failure prediction of closed cell foam materials is a complex matter, since high delity pre-
dictions require experimentally determined information about the rate dependency of the
constitutive relation within the plastic region. To simplify the modelling procedure in the
present study, the foam is assumed to be isotropic in the elastic region, with perfectly plastic
behaviour in the plastic region. An elastic-perfectly plastic modelling approach is found to

be the method of choice in similar studies, where sandwich beams are subjected to bending
moment in quasi-static load conditions [14].

2.7.1 Von Mises yield criterion

The von Mises stress equivalence ¥ v is based on the second invariant of the deviatoric
stress tensor, meaning that it is independent of hydrostatic pressure [18]. In the present
study, the choice is made to evaluate von Mises effective stress against the minimum guar-
anteed shear stress limit %3 & due to lack of material data. Failure is thus considered to be
present when the von Mises equivalent stress exceeds the shear stress limit.

1£
Yeum /Eﬁ_i (Fax i 374yy)2 A (Fayy i 37422)2 A (Yazi %(X)ZA

.2 .2 .2 01/2 o
6(Jyz A 6é7x A 6ny LY S

(2.3)

2.7.2 Theyield criterion for isotropic materials, accounting for the effect
of hydrostatic pressure

The yield criterion for isotropic materials, accounting for the effect of hydrostatic pressure,
hereinafter called the Hydrostatic Criterion (HC), is originally developed for soil, but also
used for polymers and polymeric foams [19]. The criteria takes the effect of hydrostatic
pressure on yield strength into account based on experimental results, and assumes a lin-
ear combination of von Mises equivalent stress and hydrostatic pressure to describe when
yielding takes place. The hydrostatic pressure can be written as Equation (2.4).

Yax AVay AY.
Yo fE A X zy %z (2.4)

Using von Mises equivalent stress of Equation (2.3) and the hydrostatic pressure of Equation

10
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(2.4), the Hydrostatic Criterion can be formulated as Equation (2.5). Failure is considered to
be present when the equation reaches unity. Here, Aand B are constants that can be written
in terms of known strength parameters, where %ﬁj is the ultimate tensile strength of the
material and :%E c is the compressive strength.

Yarc EAYeym A B3y - 1 (2.5)
A 4, T A ey‘ﬁ,c 37{,(: [ ?/‘ﬁ,T 2.6)
2%+ Y ¢ 2% 1 Y4 c '

2.8 Failure criteria for NCF composites

Failure criteria for composite laminates are most often evaluated  within each lamina, with
the stress state considered in terms of the local coordinates L, T and T T, corresponding to
the main ber, in-plane transverse and out-of-plane directions respectively. Normally only

rst ply failure is considered, meaning that the rst sign of a deterioration in load carrying
capability, through triggering of a failure criteria, is interpreted as a design limit for the lam-
inate. This approach implies that the laminate is considered to have failed at a load level in
which it may not yet have lost a considerable amount of its load bearing capability. Predic-
tions are thus, under some circumstances, conservative given that a relevant failure criteria

is used.

An alternative approach when evaluating failure of a laminate is to apply progressive dam-
age modelling after rst ply failure, by discounting some or all ply properties after the failure
criteria is triggered. This method is dependent on what speci c failure criteria that is im-
plemented and in order for the method to be accurate, physically based failure criteria that
are able to capture different failure modes has to be used [4]. Because of the complexity of
this approach, and since VBC currently wish to model failure of composites conservatively,
progressive failure modelling is not performed in the present study.

Various well documented failure criteria are currently available to VBC, all of which have dif-
ferent advantages and disadvantages with respect to prediction accuracy, veri cation pos-
sibilities and implementation complexity. Classic criteria for anisotropic composite materi-
als, such as Maximum Stress or Tsai-Wu, are easy to use due to the level of software imple-
mentation and the availability of reference cases, which can be used for model veri cation.
These criteria are however developed for uni-directional (UD) ber composites under the
assumption of transverse isotropy, a special case of orthotropy, and thus not fully suited for
NCF composites where the out-of-plane and in-plane properties are dissimilar. Maximum
Stress does furthermore not take load interaction into consideration, which makes it non-
conservative, while Tsai-Wu require experimentally determined parameters, which may be
cumbersome to calibrate [4], [20].

11
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More advanced failure criteria are based on experimental testing and take load interaction
into account, while describing failure by different modes, both on an intra- and interlami-
nar level. These include LaRCO05 [21] and the Orthotropic Criteria for Transverse Failure of
NCF-reinforced Composites [22], presented below.

2.8.1 Maximum Stress

The Maximum Stress criteria is a set of equations normally used to evaluate failure of trans-
versely isotropic UD lamina under the assumption of plane stress. The criteria can be ex-
pandedto 3D form, as presented in Equation (2.7), and used to evaluate failure of orthotropic
materials, such as NCF composites. This require that the full 3D stress state for the lamina
is known, as well as the strength parameters of the material. The criteria states that in-
tralaminar failure occur when the stress in one of the three local ply directions exceed the
corresponding ultimate strength, in tension, compression or shear. Load interaction or the
effect of physical failure modes, such as kink-bend failure during in-plane compression, are
not taken into account. The criteria is thus non-conservative, however easy to implement if
all strength parameters for the material are known [4].

i XcC% C Xy

i YceC¥r CYr

i ZcC¥r71 CZr
jelti € Siz
JeurTi € Si3
jerTTiC S

(2.7)

VAR ARRRRRN/ CO

2.8.2 Tsai-Wu for orthotropic properties

The Tsai-Wu failure criteria is developed for material characterization of, and design work
with, anisotropic materials [20]. The criteria employs a basic assumption that there is a fail-
ure surface in the stress-space that follows an ellipsoidal shape, which can be described by
a linear combination of stress terms. This assumption is based on a purely mathematical
approach, where load interaction is taken into account through curve- tting the failure sur-
face, without regard to physical failure modes. The criteria is normally more conservative
than Maximum Stress, but may in certain situations give rise to unphysical strength pre-
diction [4]. The failure criteria can be written as Equation (2.8), for orthotropic materials.

12
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Failure is said to occur when the left hand side 1.

5

K Vi Vit i 61 g GTT g GTTT
X1 X AYYAZZ AS_ZASZ Asz A
TAC TTIC T4£C 12 13 23

i1 1¢ i1 1¢ i1 1¢
A S A A
Xt ' Xc Yr ' Yo zr ' Zc

2F10Y Yar A 2F15% Y1 A 2F ¥ ¥t G 1
(2.8)

Here, the parameters Fi,, F13 and Fy3 in uence both the slenderness ratio and inclination

of the ellipsoid axes [4]. In theory, these parameters can be experimentally determined by
imposing a purely biaxial stress state, as described by Equation (2.9) for Fq,, where param-
eters F13 and F»3 follow an analogue relation. At the onset of failure, biaxial stress state for
Fi2 |mpI|es that Y Y A 4 ax while Vg FEé 10 FE¢ 13 AEC 23 AEO.

1 1 ¢o

1 £ i1 1.1 1¢ . | A
X XrXe  YrYe (2.9)

1i Ypiax o—i T°ASTIi T i %,

Fip /E
2% . Xt Xe Y1 Yo

In practice, this load case is however nearly impossible to achieve and an alternative ap-
proach to nding Fi2 is needed. By assuming the parameter according to the relation de-
scribed by Equation (2.10), and letting F13 and F»3 follow the same relation, the Tsai-Wu
criteria can be implemented.

1
F /Eﬁ: 2.10
2 X Y7 Yo (2.10)

2.8.3 LaRCO05

The LaRCO5 failure criteria, developed in 2012 and an iteration of earlier experimentally
developed criteria [23], predicts intralaminar failure by three physical modes; intralaminar
matrix failure, ber tensile failure and ber kinking. LaRCO5 require more material parame-
ters than Maximum Stress or Tsai-Wu, but in return yields a greater amount of information
about the predicted failure, with mode type as well as intralaminar fracture plane angle ®
among the output [22]. Failure within the ply is said to occur when one of the failure indices

in the criteria , 1. All three indices in the criteria take in-situ effects into account, mean-
ing that transverse tensile strength as well as longitudinal and transverse shear strengths are
considered to be higher for a lamina that is located between plies of other ber orientations.
For transversely isotropic UD composites however, only the transverse shear strength is ad-
justed for in-situ effects [23], [21].
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Matrix failure

The index of matrix failure in LaRCO5 is de ned by Equation (2.11).

Flu A& "3 is. - 3 is
STI TN SLI LY YT

(2.11)

Here, superscript is signi es in-situ strengths of the ply. The shear forces  ¢1, ¢ and normal
stress ¥4 are de ned by Equation (2.12) and can be seen depicted on the potential failure
surface in Figure 2.4. The gure further displays the fracture plane angle  ®, which is de ned
as the positive rotation from the 13-plane about the main ber direction, that maximizes
any of the three failure indices.

Figure 2.4: Fracture plane angle ® and shear as well as normal forces on the plane, courtesy
of Pinho. et al [23].

The last term of Equation (2.18) contains the positive normal stress contribution haia, de-
ned using the Macauley bracket of Equation (2.13). The physical interpretation to this term

is that only tensile normal stress open potential cracks, or in other words that compressive
normal stress closes potential cracks. The normal stress ¥ can also be found in the denom-
inator of the rsttwo terms where it acts as a friction contribution, increasing transverse and
longitudinal strength in compressionif ¥ CO.

8 ,
Yy AE %A %COS(Z@)A(’,B

e %cos@@)si n(2®) A ¢23c092®)

, (2.12)
2L (12009 @)A¢asin(@)
A [i
(3/ ifx EO
. N ITX
/i A /E 2.13
NIATE G k- 0 (2.13)

14



2. Theory

Fiber tensile failure

The index of ber tensile failure in LaRCO5 stems from the Maximum Stress criteria, where
Xt is the design limit for ply subject to tensile loading in the main ber direction. The frac-
ture plane of this failure mode is assumed to be perpendicular to the main ber direction of
the ply [21].

¥
Flep A A

(2.14)

Fiber kinking/splitting

The index of ber kinking in LaRCO5 is de ned by Equation (2.15), which also represents a
ber splittingindex Flspy 7. Splitting is assumed to occur for compressive loading along the
misaligned bresif 3%y . i Xc/2, while kinking is assumed to occurif ¥y C i Xc/2. Kinking
failure is arguably one of the least understood failure mechanisms for long ber composite
materials, even though kink bands commonly are observed in materials that have failed due

to compressive loading. LaRC05 assumes that kinking failure follows local matrix failure in
shear-dominated regions. Also in this failure index, in-situ effects on ply strength are taken
into account. [21].

Flxink AF lspi & S 0,23 %Al ~ 0,12 %Al AgisA‘Lz (2.15)
Spi ‘r¥ ST A YT

Constituents of the failure index equation signi ed by the superscript m are calculated in
what is said to be a misalignment frame, in which a coordinate transformation has been
made so that the 1-direction of the stress tensor is parallel to the misaligned bers [22]. The
full coordinate system transformations can be found in Reference [21].

2.8.4 Orthotropic Criteria for transverse failure of NCF-reinforced com-
posites

The Orthotropic Criteria for transverse failure of NCF-reinforced composites, hereinafter
called the Orthotropic Criteria or in short LaRC OC is developed to address the lack of ex-
perimentally and physically based failure criteria for orthotropic materials, such as NCF
composites. The Orthotropic Criteria is based on work by previous authors and adapts two
failure indices from the LaRCOS5 criteria, beingthe bretensile and ber kinking/splitting  in-
dices for transversely isotropic UD composites, as described by Equations (2.14) and (2.15)
respectively. The criteria further suggests three new indices to account for the 3D properties

of orthotropic NCF composites. [22]
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Assumptions from LaRCO05, stating that the transverse shear strength Sy, tensile strength
Yt and compressive strength Y¢ are dependent of the pure transverse compression angle
®p, not the fracture plane angle ®, are kept in the Orthotropic Criteria. The assumption that
in-situ effects are present is also maintained, however limited to the effects for UD lamina.
The Orthotropic Criteria further considers the out-of-plane strength for a potential fracture
plane angle ® A% Failure predicted by the criteria is said to occur when the largest of the
veindices , 1[22].

5

Matrix interface failure

The rstindex introduced is matrix interface failure , evaluated when the fracture plane an-
gle ® A% This aims to capture interbundle failure of the matrix between NCF plies, caused
by the forces acting on the matrix interface and the lower out-of-plane strength in tension
Zt, of orthotropic NCF composites.

. . o
FlM,M|/EISC'T'MI ¢2Al ELMI ¢2Al NiA® (2.16)

Ti TYA SLi " Ya Z1

The normal stress in the last term of the equation is similarly to Equation (2.11) only evalu-
ated in tension, however against the out-of-plane strength in tension, Z1.

Bundle failure

The second failure index introduced is  bundle failure , which aims to capture failure at other
potential fracture planes than ® A% This index is a slight adaptation from the matrix in-
terface mode of Equation (2.16). Here, only the in-situ effects for UD composites are con-
sidered. Stress components are evaluated on the potential fracture plane, with shear com-
ponents signi ed by subscript B and the normal component yet again only considered in
tension [22].

¢TB %Ai N %AiW/NiA‘Dz

Flmg £ — =
Sti 1¥a SLi " ¥a YT

(2.17)

In-plane matrix failure

The third index describes in-plane matrix failure, and is taken as the maximum of Equations
(2.16) and (2.17).

i ¢
Fim £max Flywm Flus (2.18)
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2.9 Testing standard, ASTM D 6415/D 6415M -06a

The ASTM D 6415 standard (D6415) de nes a testing methodology for determining the out-
of-plane strength of ber-reinforced composite beams, where the tested structure consist
of two straight legs connected by a 90° bend. The standard is valid for testing of long ber
composite materials of both unidirectional and woven fabric type (e.g. NCF). Any layup
may be used, as long as coupons can be manufactured in accordance to the speci ed di-
mensions. Loading is imposed on the structure through a force or displacement controlled
four point bending rig, with parallel and friction free rollers. A permanent force versus dis-
placement recording shall take place during the full testing sequence. For UD coupons, the
standard states that failure is likely to be initiated in an out-of-plane mode, while it for non-
UD coupons may be initiated in other modes, due to edge effects or matrix imperfections
[24].

The most relevant rig and coupon dimensions speci ed by the test standard can be found
in Table 2.5.

Table 2.5: Rig and coupon dimensions from the ASTM standard [24].

{ Specimen | Rig |
Lieg | tiaminate | Finner w It Ip droller
mm mm mm mm mm mm mm

, 90| 2-1281 6.4 | 2581|7582 | 1008 2 10

The standard further states that ve or more specimen of each coupon type shall be tested to
assure that statistically signi cant data is obtained. Common error sources, known to cause
data scatter among the recorded material, are stated as poor material fabrication, lack of
ber alignment and improper test rig machining. A special caution is further made to the
test methods sensitivity to matrix voids within the laminate [24].
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Methods

The following chapter describes the methodology of the study, for which the basic outline
can be seen in Figure 3.1. The contents of the chapter re ects the fact that it is not only
important for VBC to predict failure of curved composite structures, but also to obtain an

understanding of how the available numerical software can be used in this process.

Figure 3.1: Methodology outline.

3.1 Selecting numerical simulation approach

VBC currently employs a modelling strategy for isotropic materials where commonality be-
tween different virtual veri cation disciplines, such as durability and crash safety, is strived
after. Here, the rst hand use software here includes pre and post processors within the
BETA package and the Finite Element (FE) solver MSC Nastran. The second hand alterna-
tive as an FE solver is Abaqus.

Modelling of complete buses at VBC is usually performed using a linear shell element ap-

proach with standardised mesh settings, since this provides commonality while giving a

good balance between accuracy and computational cost. These models do however not
predict the transverse stress, which as discussed in Section 2.4 may be critical for curved
NCF composite structures.
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Other modelling techniques, able to predict the out | of;j plane stress state, are however in
existence. One approach is to post process in-plane stress results from second order shell
models, to get an approximation of the out-of-plane stress state [25]. While this method is
more than 20 years old, and has been used in recent studies [11], it is at the present time
not implemented in the FE solvers available to VBC. Another approach is to use an adap-
tive node-based sub modelling technique, in which displacement results are mapped from

a global shell model to local sub models consisting of solid elements, where the full stress
tensor can be resolved. This technique has been used in recent studies of isotropic ma-
terials and is implemented in current versions of  Abaqus, but requires that the position of
the critical areas subject to evaluation is known [26]. It is further possible to fully employ a
solid element approach for the complete structure, disregarding sub modelling techniques.
This method is currently implemented at VBC for certain isotropic materials, but comes at a
considerable computational cost and may not be practical for large scale models where thin
composite laminates are used.

Considering these limitations, a solid element approach can however, if implemented cor-
rectly, be used to predict failure of curved structures as well as provide a starting point for
future work with sub modelling techniques. Because of this, a solid element approach is
here chosen as the simulation strategy moving forward.

3.2 Benchmarking software with a reference case

The numerical software available to VBC is benchmarked using a solid element reference
case, for which the stress results are known. Both the accuracy of the numerical models, in
terms of stress prediction at a certain location, as well as the functionality of the numeri-
cal software, is evaluated. The reference case description, model setup and results from the
benchmarking simulations are presented in Sections 3.2.1 through 3.2.5 below.

3.2.1 Reference case from previous work

The reference consists of results from previous work by Molker [27]. A brief description the
geometry in question, laminate con guration and boundary conditions from the reference
is presented below.

The reference consists of a at composite plate, 30 x30x1.5mm in size. The plate is mod-
eled with orthotropic laminas, a[90 /0 ,]s stacking and is subject to displacement boundary
conditions on the midplane as well as a distributed static load, acting on the upper surface.
Abagus is used as a solver. A schematic image of the plate can be seen in Figure 3.2, while
Equation (3.1) gives the boundary conditions. The reference model employs a 53 x53x8
mesh, where hex elements of equal size are used in j plane, along with a resolution of one el-
ement per ply through the thickness of the laminate. Global Coordinate System (GCS) stress
results, ¥, %, and ¥, are known through the thickness of the laminate at (  x,y) A(0,0) [27].
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a A30mm

Figure 3.2: Schematic image showing the midplane of the reference plate.
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3.2.2 MSC Nastran plate setup

To model a orthotropic material in MSC Nastran, the material card MATORT is used, in
which nine known elastic parameters are de ned, corresponding to Young's moduli, shear
moduli and Poisson ratio for the three directions. Laminate properties, such as ply thick-
ness and stacking, are de ned using the shell element property card PCOMP which in turn
is assigned a midsurface in the model.

From this midsurface, solid CHEXAelements are generated using a volumization algorithm
in the pre processor, where the laminate properties and mesh size of the PCOMP shell are
taken into account. In this process, the solid elements are givena PCOMPLSproperty and
oriented such that the x-axis of the Element Coordinate System (ECS) corresponds to the
main ber direction of the material, while the z-axis corresponds to the out-of-plane direc-

tion.

The numerical model is setup for solving in  SOL 101, a linear static solver, and SOL 40Q
a nonlinear static solver. Stress results for each element are printed to a .h5;j le, which is
the required input for the post processor. To approximate the stress state at the centroid of
each element, stress results are calculated as averages over eight adjacent integration point
results for each stress component and element respectively.

3.2.3 MSC Nastran plate results

The GCS stress results of the MSC Nastran SOL 400solution does not fully coincide with the
reference over the full thickness of the laminate, as can be seen in the stress plots of Figure
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3.3. Comparing to the reference, it can be noted that the in j plane stress results (¥4, %)
are solved correctly, while the out | ofj plane stress (¥4 ) for the upper most three plies is not
solved correctly.

Regarding software functionality, it is found the model can be solved in ~ SOL 40Q however
not in SOL 101since this solver is not compatible with the material card for orthotropic
properties, MATORT. For the SOL 400case, it is found that the post processor interprets cer-
tain data in the MATORT card as input from the MAT1 isotropic material card. This makes
the post processor unable to read strength properties, which are needed for evaluations of
failure criteria.

Blue crossessignify the reference.
Red circlessignify the present solution.

Figure 3.3: GCS stress results at the centre of the plate for the MSC Nastran SOL 400solution
and the reference.

3.2.4 Abaqus plate setup

The Abaqus model is setup similarly to the MSC Nastran model described in Section 3.2.2,
however with different material and property cards. Here, the material card MATERIAL is
used, in which orthotropic elastic properties are de ned using the ELASTICand TYPE=OR-
THOTROPIC keywords. The shell type property card LAMINATE is used to de ne the com-
posite laminate properties for the midsurface.

An ORIENTATION_Rcoordinate system is assigned to the LAMINATE property and used as
a reference coordinate system in the volumization process, which yields one  SOLID SEC-
TION property per ply. Similarly to the MSC Nastran setup, elements are oriented ply-wise
in the volumization process, with each respective ECS corresponding to the ber directions,

as described in Section 3.2.2. Solid C3D8 elements are generated in this process, along with
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a DISTRIBUTION TABLE, which is a list of element orientations de ned from the ORIENTA-
TION_R coordinate system.

The load case is controlled using the STEPkeyword, where both nodal and element centroid
results are chosen as eld output. For the element results, the option  DIRECTIONS=YESn-
ables stress results to be output in terms of ECS coordinates, de ned by the  DISTRIBUTION
TABLE All element results, which similarly tothe MSC Nastran models are averages of adja-
cent integration point results, are printedtoan  .odb- le that is input to the post processor.

3.2.5 Abaqus plate results

The GCS stress results for the Abaqus solution practically coincide with the reference, as can
be seen in the stress plots of Figure 3.4. The difference in stress magnitude is less than 1%
at all plies and for all stress components, with the exception of the out-of-plane stress ¥ at
the bottom three plies. Here, the difference is slightly larger, however only exceeds 3% at the
bottom ply, where the stress magnitude is close to zero.

Regarding software functionality, it is found that a solid element model with orthotropic
material properties can be setup in the pre processor for solving in Abaqus, and that GCS
stress results can be read by the post processor. It is further found that ECS results can be
used, if the model is setup with a DISTRIBUTION TABLE and in such way that one SOLID
SECTION property per ply is generated during the volumization process. The model is fur-
ther found to be invariant of how the ORIENTATION_Rcoordinate system is de ned.

Blue crossessignify the reference.
Red circlessignify the present solution.

Figure 3.4. GCS stress results at the centre of the plate for the Abaqus solution and the refer-
ence.
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3.3 Numerical models of curved structures

Since the Abaqus solid element model is found to be accurate and functioning with the avail-
able software, the construction of models for curved beams is based on using Abaqus as a
solver. Here, the setup process further includes de ning a set of curved beam geometries
subject to evaluation, selecting a load case and determining a required mesh resolution.

3.3.1 Choice of geometries

Two types of curved beam geometries are chosen for the numerical simulations. The rst
type has a geometrical con guration based on the ASTM standard presented in Section 2.9.
This beam type, drawn schematically in Figure 3.5, consists of two straight legs connected by

a 90° bend as a single laminate. The second type, drawn schematically in Figure 3.6, consists
of two sandwich legs with laminates on top of a foam core, tapering down in a 45° angle to

a 90° bend, where the outer and inner laminates are joined together. The two beam types,
hereinafter called the monolithic and sandwich beams respectively, are chosen to represent
geometrical features expected in future buses. Two monolithic and three sandwich beam
geometries are designed, all of which are 25mm wide. Laminate properties and additional
geometrical features are further presented in Table 3.1.

Figure 3.6: Schematic 2D representation of the sandwich beams and the rollers.
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Table 3.1: Design parameters for the monolithic and sandwich beams.
* Refers to the total thickness at the curved region.

Layup, one Curve Laminate Sandwich Upper Lower
laminate radius | Thickness* | thickness | spacing | spacing
Name

i sl s2 s3 It Ib
i mm mm mm mm mm

MONOG6.4 UD [Og]s 6.4 3.52 i 75 100
MONO6.4 QI [0/45/90/ | 45]s 6.4 1.76 i 75 100
SwW30rll [0/45/90/ | 45]s 11 3.52 30 137 181
SW30r19 [0/45/90/ | 45]s 19 3.52 30 149 192
SwW40r19 [0/45/90/ | 45]s 19 3.52 40 149 219

3.3.2 Numerical model setup

The load case for the curved numerical models is designed to resemble the four point bend
rig described in Section 2.9. This means that the rollers of the test rig are modelled as friction
free rigid bodies, with displacement controlled boundary conditions and surface contact
conditions with the beams. Displacement controlled loading of the structures is allowed to
continue until a failure criteria is met, as described in Section 3.4.

The rigid body upper and lower rollers, rul,ru2and rl 1,rl 2 respectively, are given one ref-
erence node each on which boundary conditions are asserted. Here, all degrees of freedom
(DOF) are xed, with the exception of translation in the vertical direction for the two upper
rollers. The loading imposed through the vertical displacement is controlled by a boundary
condition on maximum displacement and a maximum time step in the STEPmodule using
the STATIC keyword. To avoid rigid body movement of the beams, the DOF associated with
lateral translation is further xed for all nodes located at half the width of the beams. All
displacement boundary conditions can be found in Table 3.2. The contact conditions are
setup using the CONTACT keyword and applied between the surfaces of the laminates and
rigid rollers, which are inputas master and slave surfaces respectively.

Table 3.2: Displacement boundary conditions.
* Corresponds to the nodes located at half the width of the beams.

Translation | Rotation
DOF x |yl z [ x|y ]| z
Upper rollers, rul & ru2 O |[O|free| O 0 0
Lower rollers, rl1 & rl2 0O [0 O 0 0 0
Beams* free | O | free | free | free | free

Similarly to the reference case, a shell midsurface is used in the volumization process to
generate solid C3D8 elements for the composite laminates, to which  C3D8 elements for the
foam core materials are connected with node-to-node connections. The composite material
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is modelled using the MATERIAL card, where keywords ELASTICand TYPE=ORTHOTROPIC
de nes orthotropic behavior. Here, elastic and strength parameters for NCF205, found in
Tables 2.1 and 2.2 respectively, are used throughout. With the same material card type, P100
foam is modelled as isotropic and elastic ideal-plastic using keywords TYPE=ISOTROPIC
and PLASTIC Here, Young's modulus, Poisson's ratios and Maximum Shear Stress limit given

in Table 2.3 are the required input. The plastic behaviour is modelled from the Maximum
Shear Stress limit. LY556 epoxy material is modelled as isotropic and with linear elastic prop-
erties using a Young's modulus of 3.2GPa and Poisson’s ratio of 0.32. This material is used
for a matrix enriched region at the junction between the core and upper/lower laminates, as

seen in Figure 3.7, which can be expected in a production scenario.

Figure 3.7: Matrix enriched region at the junction between the foam core and upper/lower
laminates.

3.3.3 Mesh resolution

The mesh resolution in the region closest to the 90° bend has to be detailed enough to en-
sure that failure can be predicted with suf cient accuracy, both for the laminates and foam
cores. This means that a mesh resolution has to be determined in three directions for the
laminates, since this dictates how solid elements within the foam cores can be generated.

The resolution through the thickness of the plies is chosen as three elements per ply, giv-
ing 0.073mm thick elements for 0.22mm plies, after recommendations by RISE based on
studies of similar materials. The resolution along and transverse to the curved section is
chosen from a mesh convergence study of a xed-free cantilever beam, subject to a point
load on the free end. Here, the normalized difference in stress magnitude between resolu-
tion nand nj 1, ¢ %y, is studied at half the length of the beam. As can be seen in Figure 3.8,
¢ ¥ decreases with an increase in number of elements and is less than 1% at a mesh resolu-
tion of 4000 elements, corresponding to an element length of 0.5mm. This is chosen as the
resolution along the curved structure, while the element length in the transverse direction

is chosen as 1 mm, motivated by a lesser need for accuracy.
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Figure 3.8: Difference in stress magnitude ¢ % as a function of number of elements.

3.4 Implementing failure criteria

The numerical software used in the study does not support all failure criteria presented in
Section 2.6, so some criteria are implemented through separate scripts, executed in the solv-
ing or post processing phases of the simulations. Failure criteria available through native
supportin the post processing software however include the Maximum Stress and von Mises
criteria. These are implemented as scalar result functions and only evaluated for elements
of each corresponding material property type, orthotropic composite or foam. The Hydro-
static Criterion is made available in the post processing software as a user generated scalar
function that evaluates Equation (2.5) for each solid element with a foam material property.
The implementation of LaRC OC is carried out in the solving process using a Fortran script
courtesy of Molker et al. [28], which is executed using an Abaqus user variable UVARM.
Failure of the curved structures is evaluated using the Hydrostatic Criterion and LaRC OC,
since the von Mises strength of the modelled foam material is chosen based on assump-
tions, while Maximum Stress is non-conservative for orthotropic composites (refer Section
2.7.1and 2.8).
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3.5 Physical testing

To verify the simulation methodology, destructive testing of curved composite beams through
four point bending is performed at RISE Sicomp (MélIndal, Sweden). Parameters subject to
comparison in this process include forces, vertical rig displacements and Principal Strain
elds at failure, as well as failure modes and location of rst ply failure. The ASTM standard
for testing of curved composite beams, described in Section 2.9, is followed throughout.
Five individual coupons of six different types are tested. Two coupon types are designed
as monolithic laminates without a sandwich core, while four consist of a compaosite curved
section connected to sandwich legs. All parts of the veri cation process, from the material
selection and data recording methods, to discrepancies from the testing standard, are pre-
sented in the Section 3.5.1 through 3.5.6, below.

3.5.1 Material selection

Since the destructive testing aims to verify the numerical simulations, materials with similar
elastic and strength properties as those modelled are chosen for the coupons. The laminates
are made using NCF 205fabric infused with Huntsman LY556 epoxy, a material that is simi-
lar to the previously characterized NCF from which elastic and strength properties are used
in the numerical simulations [9].

Due to a limited availability of Divinycell P100 at the time of manufacturing, Divinycell
PN115 (PN115) is chosen as core material for the sandwich coupons. PN115 is a PET foam
with similar strength and stiffness properties as P100, all of which are presented in Table 2.4.
An aspect worth noting with the bulk PN115 available at the time of manufacturing, is that
this material contains u-shaped channels, with tracks and holes through the surface and
thickness. These channels, which are rectangular and approximately 3 x3mm?2, are in place
to facilitate an even distribution of resin, and can be seen in Figure 3.10a.

3.5.2 De nition of coupon set

The set of six coupon types, presented in Table 3.3, is chosen to represent a wide variety
of geometries, with respect to varying curve radii and core thickness. All coupon types are
manufactured with a quasi-isotropic (QI) layup, with the exception of MONO7 UD which
has a uni-directional layup. Eight coupons for each type are manufactured. These are num-
bered 1| 8 and the ve coupons that exhibit the least amount of manufacturing defects
upon visual inspection are selected for further use. The monolithic coupons, MONO7 QI
and MONO7 UD, are made with a slightly larger curve radii than for corresponding numeri-
cal models, due to a limited availability of jig material at the time of manufacturing.
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Table 3.3: De nition of coupon types.

* Refers to the total thickness at the curved region.

Layup, one Curve Laminate Sandwich | Leglength
Name . . . .
laminate radius | thickness* | thickness
i mm mm mm mm
MONO7 UD [Os]s 7 3.52 i 100
MONO7 QI | [0/45/90/ | 45]s 7 1.76 i 100
SW20r1l1 | [0/45/90/ | 45]s 11 3.52 20 165
SW30rl1l | [0/45/90/ | 45]s 11 3.52 30 165
SW30r19 | [0/45/90/ | 45]s 19 3.52 30 165
SW40r19 | [0/45/90/ | 45]s 19 3.52 40 165

3.5.3 Manufacturing methods

The manufacturing of test coupons, for which the basic sequence can be seeninthe owchart
of Figure 3.9, is performed at RISE facilities in Pited, Sweden. All coupon types are made
using a hand layup technique and vacuum bag resin infusion process, where each type is

manufactured as a wide curved plate before individual coupons are cut out.

Figure 3.9: Flowchart describing the manufacturing sequence.

In the manufacturing process, all coupon types are made using an infusion pressure of
100mbar and curing pressure of 600 mbar, with resin and tool temperatures of 40  *C during
the infusion. The curing process is initiated 4 hours after the start of the infusion and con-
sists of 4 hours at 80 *C followed by 4 hours at 140 *C. Airtech Econostitch release weaves and
Airtech WL 600v vacuum bags are used throughout, alongside in-house manufactured jigs
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