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Abstract

A strength prediction method based on subcritical damage modelling is presented for double-
lap single fastener bolted joints in cross-ply carbon fibre reinforced plastic (CFRP) laminates
loaded in tension. Three-dimensional (3-D) finite element (FE) models were developed and
cohesive zone elements (CZEs) were inserted into subcritical damage planes identified from
X-ray radiographs. Strength of the joints was determined from the predicted load-
displacement curves; scaling effects at sub-laminate and ply-level were also considered. The
proposed method provides a universally applicable strength prediction tool for the bolted
Jjoints in composite laminates without referring to empirical correlation factors.

1 Introduction

The extensive use of carbon fibre reinforced plastic (CFRP) composite materials has been
mainly driven by the stringent competitive conditions of aircraft industry (reduced weight,
fuel and noise) which has increased steadily over the past decades. The primary reasons of the
high demand for the CFRP composites are their outstanding specific stiffness and strength
properties which in turn lead to substantial weight reductions. These advantages, however,
may not be fully utilised unless designing the structural joints efficiently.

The joint efficiency of ductile metals is shown to be as high as twice of the CFRP composites
due to their high stress concentration relief around the fastener hole boundaries based on
extensive yielding capability [1]. Thus, the design of structural joints in composite laminates
is of great importance in order to compete with those ductile metal structures. CFRP
laminates also show some stress concentration relief although each of its constituents (the
resin matrix and fibres) behaves in a brittle manner up to failure. Subcritical damage modes
such as transverse matrix cracks, fibre pull-outs, axial splits and delaminations between
adjacent layers contribute to that stress concentration relief [2] and provided that they don’t
grow under fatigue loading conditions they could be considered as beneficial.

Most of the strength prediction techniques to date (characteristic curve, stress concentration
reduction factor, progressive failure analysis) rely on some form of empirical correlation
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factors in order to take the subcritical damage modes into account [2-4]. These correlation
factors are functions of the material system, joint geometry, clamping torque, laminate lay-up
and stacking sequence. This empirical dependency of the strength prediction methods
obviously limits their application for general use.

The aim of this paper is to present a strength prediction method for bolted joints in CFRP
laminates based on subcritical damage modelling which relies little on measured data and is
relatively independent of correction or correlation factors. The locations of the subcritical
damage modes were determined first using the X-ray radiography technique. CZEs were than
inserted into those locations to simulate the onset and growth of the subcritical damage
modes, as detailed in the subsequent sections.

2 Materials and testing methods

The material system used in this study is HTS40/977-2 carbon fibre-epoxy in the form of pre-
impregnated (prepreg) tape. The prepreg tapes were made of unidirectional high tensile
strength/standard modulus aerospace grade carbon fibres (Toho Tenax®, HTS40-F13-12K-
800tex) pre-impregnated with 177°C curing toughened epoxy resin (Cycom®977-2). The
nominal thickness of the prepreg tape is 0.25mm with an approximate fibre volume fraction of
58% [5]. The composite laminates were fabricated by the hand lay-up technique in an
autoclave according to the manufacturer's recommended curing procedure. Typical specimen
geometry is shown in Fig. 1 with definitions of the width (w), free edge distance (e), hole
diameter (d) and thickness (¢). The x-y and /-2 coordinate systems define the global laminate
and local material coordinate systems, respectively and the angle & defines the layer
orientation angle with respect to the x (loading) axis and also the circumferential co-ordinate
direction around the hole boundary.
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Figure 1. Geometrical definitions of a bolt-loaded composite laminate.

A diamond tip saw was used to cut the laminates to dimensions with special care given to the
precise alignment of the laminates. Fastener holes were drilled with a backing plate in order to
prevent drilling induced delamination failure. The laminates were inspected by X-ray
radiography to establish specimen quality. Double-lap single-bolted shear loading fixtures
were manufactured in accordance with the ASTM standard D5961/D5961 [6]. 12.9 grade
steel bolts of 5.95mm in diameter were used to load the specimens. Tests were conducted at
room temperature with a Hounsfield electromechanical testing machine, at a 1 mm/min
loading rate. Applied load and the cross-head displacement were recorded by a computer
aided data acquisition system. Tests were stopped after a significant (approximately 30 %)
load drop was observed in the load-displacement curve, according to ASTM standard [6].
Finger-tightened joints were chosen according to standard design practices where the fully-
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tightened joints are assumed to be loosened due to service loading conditions. After testing,
specimens were inspected using penetrant enhanced X-ray radiography [7].

Cross-ply specimens are often not used in practical structural applications. They were used in
this work, however, as benchmarks due to their relatively apparent damage locations to
facilitate comparison with the FE predictions and test theoretical damage models and
assumptions. Three cross-ply lay-ups, as shown in Table 1, were tested considering the effect
of sublaminate-level ([90°/0°],s) and ply-level ([90,°/0,°]s) scaled laminates on the strength of
bolted joints [8]. Laminates with 90° outer layers were used to provide the same degree of
constraint for the inner 0° layers [9]. The width-to-hole diameter and edge distance-to-hole
diameter ratios were kept constant (w/d=6 and e/d=3).

Laminate lay-up  Specimen code  w/d e/d
[90°/0°]s BIW 6 3
[90°,/0%]s B2W 6 3
[90°/0°]as B3W 6 3

Table 1. Cross-ply bolted joint specimen test parameters.

3 Experimental observations

An X-ray radiograph of a finger-tight bolted joint in the [90°/0°] lay-up (B1W) is shown in
Fig. 2, where transverse matrix cracks, axial splitting, compressive fibre failure and
delamination damage can be observed.

washer edge  d=6mm
B1W (w/d=6, e/d=3)

Figure 2. An X-ray radiograph showing damage in a finger-tight bolted [90°/0°]; lay-up at failure: a) transverse
matrix cracks, b) axial splitting, ¢) delamination, d) compressive fibre failure in 0° layers.

Figure 3 shows a schematic of the subcritical in-plane damage locations observed from the X-
ray radiographs of the cross-ply lay-ups.

Figure 3. Subcritical in-plane damage locations observed in cross-ply lay-ups: a) transverse matrix cracking
planes in 90° layers, b) axial split planes in 0° layers.
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The extent of the transverse matrix cracks dispersed along the axial splits as shown in X-ray
radiographs. However, it has been shown that those transverse matrix cracks can be
represented as a single crack where the maximum stress concentration occurs for the centre
notched specimens [10]. Thus, based on this assumption, the transverse matrix cracks were
represented as single cracks at the maximum stress concentration locations (6 = £90°). Axial
split planes within the 0° layers were extended from the hole edge at 6 = £90° to the free edge
as observed from the radiographs and depicted schematically in Fig.3.

4 Finite element modelling

Finite element models (3-D) were developed using the ANSYS software [11] based on the
subcritical damage planes shown in Fig. 3 and delamination planes between the adjacent
layers. Elastic material properties, strengths and interfacial properties of the HTS40/977-2 are
given in Tables 2 to 4. The interfacial properties were adopted from T300/977-2 CFRP
material system owing to the same toughened epoxy matrix material used for both pre-pregs.
Together with the high strength fibres of similar characteristics (HTS40 and T300), both
material systems also exhibit very close elastic material properties [12]. The interfacial
properties, Table 4, were used to model both the axial splits (within the 0° layers) and
delamination subcritical damage modes through the CZEs [11].

E11 (MPa) E22:E33 (MPa) G12:G13 (MPa) G23 (MPa) Vi2=V13 Vo3
153000 10300 5200 3430 0.3 0.5

Table 2. Elastic properties of HTS40/977-2 [13].

XT (MPa) XC (MPa) YT = ZT (MPa) YC = ZC (MPa) SXY = SXZ = SYZ (MPa)
2540 1500 82 236 90

Table 3. Strengths of HTS40/977-2 [13].

Gic (N/'mm)  Gye (N/mm)  Gpax (MPa) Ty (MPa) K, (N/mm’) K, (N/mm’)
0.352 1.45 60 80 1x10° 1x10°

Table 4. Interfacial properties used for HTS40/977-2 adopted from T300/977-2 [12, 14].

Before attempting to predict the strength of bolted joints , it is necessary to verify the FE
model predictions using experimental measurements, such as split length as a function of
applied stress. However, damage in pin/bolt loaded laminates initiates at 90-95% of the
ultimate load, which makes it quite difficult to measure the split/delamination growth as a
function of the applied load. A previous experimental study [15] showed that, in a cross-ply
[90°/0°]s centre notched laminate under tensile loading, axial splitting within the 0° layers was
initiated at the notch tips at relatively lower loads. They grew progressively along the fibre
direction accompanied by delamination between adjacent layers. Owing to that progressive
subcritical damage evolution, a cross-ply [90°/0°]s laminate with a centre notch was modelled
to validate the current FE modelling approach [16, 17]. A good correlation was obtained
between the subcritical damage predictions of the current nonlinear FE model and the
experimental results [15]. Together with the correlation of the contact stress distributions [17],
this confirms that the subcritical damage onset and growth of the bolted joints in CFRP
laminates can be predicted with a reasonably good accuracy.
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4 Results and discussions

Figure 4 shows the experimental and predicted load-displacement curves of the BIW
specimen as an example. The load increases in a nonlinear fashion due to the initiation of the
subcritical damage modes at early stages of loading up to point A, where the maximum load
of the joint is reached. After that point, the load decreases with increased displacement since
the resistance of the remaining undamaged part of the specimen ahead of the fastener reduces
with increased length of the subcritical damage.
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Figure 4. a) Experimental and b) predicted load-displacement curve of [90°/0°]; specimen (B1W).
The bearing strength of the bolted joint specimens was determined by using Eq. 1, based on

the maximum load carried by the joint (Pmax) which was obtained from the numerical load-
displacement curve such as that shown in Fig. 4b.

S =P /dt (1)

where d and t are the hole diameter and specimen thickness, respectively. Figures 5 and 6
show the predicted delamination damage at the 90°/0° interface and the splitting damage
within the 0° layers of the BIW specimen at the maximum load, around point A, in Fig. 4.

Figure 5. Delamination damage at the 90°/0° interface of [90°/0°], specimen at maximum load (1;: delamination
length=6 mm).
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Figure 6. Splitting damage within the 0° layers of [90°/0°]; specimen at maximum load associated with the
delamination damage in Fig. 5 (l;: split length=10 mm).

The approximate length of the delamination (l4) and the splitting damages (1) are 6mm and
10mm, respectively, which agrees with the suggestion that the splitting drives the
delamination damage [9, 10].

Experimental bearing strength of the joints was determined from the load-displacement curves
after a significant load drop was observed according to ASTM standard [6], as stated earlier.
Therefore, the X-ray radiographs of the failed specimens do not correspond to the maximum
load carried by the joints in which the splits and other subcritical damage modes were
extended up to the free edges of the specimens. This is the reason of relatively short lengths of
the delamination and splits in Figs. 5 and 6, which were captured at the maximum load, but
not the ultimate failure load. In order to show the ability of the modelling approach, Fig. 7
was captured when the delamination was reached at the free edge with increased bolt
displacement. The agreement of the prediction with the X-ray radiograph, Fig. 2, is very good.

Figure 7. Delamination damage at the 90°/0° interface of [90°/0°]; specimen with increased displacement after
the maximum load.

Figure 8 compares the predicted and experimental (average of minimum five specimens)
bearing strengths of the cross-ply specimens. The maximum difference is approximately 20%
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for the BIW specimen and the agreement is much improved for B2W and B3W specimens.
The increased strength of the sublaminate-level scaled B3W specimen was attributed to the
interspersion of the layers, explained as follows. The global mode of failure observed in the
experiments was shear-out [17] in which the splitting within the 0° layers and the
delaminations between the consecutive layers join up and shear-out the laminate ahead of the
fastener (generally, as wide as the fastener diameter). Blocking the layers together (ply-level
scaling), instead of interspersion, has a twofold effect on the strength of those joints. First, the
splits initiate at the hole edge and grow through-the-thickness of the blocked layers without an
interruption from the adjacent layers. Second, ply-level scaling reduces the number of
interfaces and therefore increases the magnitude of the shear stress to be carried by each
interface [18]. As a result, greater delamination was developed under lower load levels for the
ply-level scaled [90°,/0°;]s lay-up (B2W) with a broader extent of transverse matrix cracking.
Although this could result in stronger joints in a quasi- or near quasi-isotropic lay-up that fails
in net-tension mode, by providing better stress concentration relief [19], the larger
delamination size caused global shear-out mode failure for the B2W cross-ply lay-up. Hence,
the blocked-ply laminate configuration should be avoided due to poorer shear properties.
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Figure 8. Predicted and experimental bearing strengths for the cross-ply lay-ups (e/d=3, w/d=6).

S Conclusions

The success of currently used strength prediction methods for bolted joints is strongly
dependant on several laminate, geometry and material system related parameters. This
dependency stems from the variations in the extent of the subcritical damage modes and is
generally compensated with various forms of correlation factors. The motivation of the
present study was to develop a strength prediction method, based on subcritical damage
modelling, which is universally applicable without resorting to experimentally determined
correlation factors. Therefore, 3-D FE models were developed and the CZEs were embedded
into those subcritical damage locations determined from the X-ray radiographs. CZEs use a
strength-based failure criterion to predict the damage onset and a fracture mechanics based
approach to predict its growth. Thus, the material properties required for simulating the
subcritical damage modes were only the interfacial strength and fracture energies of the
particular material system used. The strength of the joints was accurately determined from the
predicted load-displacement curves. It has been shown that the effect of various laminate
stacking sequences (scaling effect) on the joint strength was accounted for by the method
developed.
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