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Abstract. The paper discusses issues associated with failure mechanism of the mechanical
fastened joint — bearing strength and clamp-up conditions. Work is focused on carbon fibres
with polyphenylenesulfide thermoplastic resin composite material. The bearing strength
behaviour of the two different layup alternatives, hole positions, plate thicknesses and
tightening conditions are investigated. Numerical simulations were checked with
experimental measurements. Propositions to improve simulation results has been made.

Introduction

Linear polyphenylenesulfide (PPS) thermoplastic is widely used in carbon fiber reinforced
composite structures in aerospace parts and structures. Increasing interest in carbon fiber/PPS
thermoplastic composite materials (C/PPS) is driven by its excellent mechanical properties. It
means mainly resistance to impact damage or better formability, especially in comparison
with conventional epoxy-based laminates. Widespread application of C/PPS thermoplastic
composites is dependent on the manufacturing costs, ability to utilize all the advantages of
thermoforming process and optimization of the lay-up. Different studies relating to
mechanical behaviour and damage tolerance evaluation of C/PPS thermoplastics were
published in the past, for example experimental investigation of factors considered for the
strength evaluation [1], investigation of fatigue loading rate to lifetime of the composite with
variable thickness [2,3], bearing strength [4] and in-plane shear behaviour [5] etc.

Different methods can be used for thermoplastics joining like bonding [6,7], welding [8]
and mechanical fastening. Joining by using of mechanical fasteners is still one of the most
effective, widespread and reliable methods. This is caused by the fact that bonding and/or
welding methods are not yet fully certificated for airspace applications in primary structures.
There are several issues which must be solved in joints with fasteners: bearing strength,
preparation of fasteners hole, fastener installation, corrosion, fastener interaction (pull-
through, bending), clamp-up, stress concentrations, multiple row limitations, ply
configuration effects and off-axis loading.

The paper discusses two main issues associated with failure mechanism of the joint —
bearing strength and clamp-up. Typically, the bearing strength of composite materials is
relatively lower compared with metals, and additionally the bearing strength is a function of
the ply orientation and composition. At the same time tightening of joint could increase the



bearing strength of a composite structure. This problem associates with the composite through
the thickness feature. Despite several numerical approaches published in the past, widespread
applications of carbon/PPS require huge experimental program for fastened joint behaviour
verification.

The paper is focused on the numerical simulation and experimental verification of the
bearing strength behaviour of two alternatives of the lay-up, positions of the hole, plate
thicknesses and tightening conditions. Presented work associates with the design, simulation
and optimization [9] of the thermoplastic rib [10], and possibilities to take into account
correctly the boundary conditions of the real rib joining into the door structure.

Theory

Major failure modes of single-hole bolted composite joints [11] are shown on Fig. 1. The
occurrence of a particular failure mode depends on joint geometry (bolt diameter, laminate
width, edge distance and thickness) and laminate lay-up. Tension failure (see a) in Fig. 1)
typically occurs, when the ratio of bolt diameter to strip width is sufficiently high. Cleavage
failure is prone to occur if the bolt is in the proximity of end of specimen. However, for any
given geometry may failure mode vary as a function of lay-up, stacking sequence, geometry
or clamping boundary conditions.
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Fig. 1: Failure modes of composite bolted joint. a) Tension failure, b) Cleavage failure, c)
Shear-out failure, d) Bearing failure.

Mechanical fastened joint in fibrous composite structures at first behaves like one-phase
homogenous engineering material on which it is usually modelled. Together with increasing
load the nonlinear behaviour prevails, and final failure occurs long after the nonlinearities
appeared. Both fibers and matrix are essentially linear until failure; however, microcracks and
delamination appear around bolt hole and cause the internal load redistributions, not
accounted for in common mathematical models. More realistic simulation can be achieved,
when each lamina is modelled separately.

Woven composites [12] present an interesting alternative to fiber-reinforced composites.
In comparison to unidirectional (UD) lamina composites, woven composites have lower in-
plane stiffness and strength due to the tow waviness. On the contrary, woven composites are
more resistant to delamination and have superior impact response.

Continuum damage models are mostly developed for UD lamina composites. Typical
models are Hashin’s Failure Criteria [13], LaRC03, LaRC04, Maximum Stress, Tsai Wu or
Puck Criteria for initiation of failure and Matzenmiller model [14] for constitutive material
with accounted damage progression. These models, however, cannot be directly extrapolated
to woven composites, due to the differences resulting from their dissimilar morphologies.



Materials and Methods

Paper is focused on AIMS05-09-002 [15] carbon fibre reinforced thermoplastic material with
satin weave and PPS matrix. The two nominal thicknesses of 4 mm and 5.6 mm were
investigated. Two variations of layups were used for specimen production. Two boundary
conditions of the joint were considered - material clamped with clearance of 0.5 mm and
tightened joint with torque of 20 Nm. The bearing strength was experimentally investigated
based on the procedures defined in ASTM D5961 standard [16]. Basic test configuration is
shown in Fig. 2.
Ultimate bearing strength o,, and bearing strain were evaluated using following equations:

Pu

oy = at, (2)
)

ey =2 G)

where P, is the maximum load sustained by specimen during the test, d is the nominal bolt
diameter, t,, is the laminate thickness and § is the extensometer displacement.
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Fig. 2: Bearing test configuration

The ABAQUS software [17] for numerical simulation was used. Finite element model
consists of the three parts — specimen, cylindrical fastener and clamping rigs. The fastener and
clamping rigs were considered as rigid, undeformable parts. This assumption was made for
the purpose of contact convergence; however, real stiffness of deformable part (composite
specimen) is only about four times lower then real stiffness of presumably rigid parts (steel
bolt and clamping rigs). For this reason, contact stresses cannot be assumed as strictly
realistic. Idealization of bearing test in FEM is shown in Fig. 4.

Each composite ply was represented by a separate shell layer meshed with continuum shell
elements SC8R [17]. Layers were connected by the cohesive contact with interlaminar
stiffness characterization. Initiation of delamination damage was controlled by the Quadratic
traction criterion; damage propagation was based on the mixed-mode Benzeggagh-Kenane
law [18]. Hashin’s Failure criteria for carbon fibre-reinforced polymer [13] were applied to
account criterion for damage of matrix and fibres. Degradation process was estimated as
quasistatic, hence the Abaqus implicit solver was used.



Simulations were made for each alternative of the joint configuration and boundary
condition. Results obtained experimentally and numerically were compared in terms of
bearing stress — bearing strain curves and failure modes.
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Fig 3: Idealization of bearing test facility in finite element model

Results

Influence of clamping boundary conditions and hole distances from the edge of specimen
in the load direction on the ultimate bearing strength is shown in Fig. 4.
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Fig. 4: The influence of boundary conditions of clamping with torque or with clearance
and hole edge distance on Ultimate bearing stress determined numerically and experimentally.

Comparisons of bearing stress — bearing strain curves for different boundary conditions are
shown in Fig. 5-6. Damage progression is illustrated on the example of Hashin Matrix Failure
Initiation Criterion shown in Fig. 7. Results in Fig. 7 correspond to 4 mm thick specimen
clamped with clearance and to the hole distance of 12 mm from the edge of the specimen
(ED). Specimen is loaded in tension in horizontal direction. Results are shown for two
representative plies with orientation (+45) and (0,90) and for three stages of damage



progression. Scale value of 1 in Fig. 7 indicates the state in which the failure initiation
criterion has been met and element undergoes stiffness degradation according to the
associated evolution law.

Experimentally, significant increase of bearing strength was observed for clamping with
torque in comparison to clamping with clearance. Similarly, bearing strength depends on the
hole distance from the edge. Larger hole distance from the edge of the material led to higher
bearing strength. Influence of used composite thickness, resp. layup variations, was
unneglectable. Numerical simulations showed similar trends; however, positive effect of
boundary conditions was significantly smaller in comparison with experimental data. It could
be caused by using of continuum shell elements SC8R instead of solid elements for ply by ply
calculation. Solid elements should ensure more precise distribution of contact and through-
the-thickness stresses in comparison to continuum shell elements.
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Fig. 5: Comparison of bearing stress — bearing strain curves obtained experimentally (exp.)
and from numerical simulations (sim.) for specimens 5.6 mm thick clamped with clearance.
ED stands for distance from the hole to the edge of the specimen.
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Fig. 6: Comparison of bearing stress — bearing strain curves obtained experimentally (exp.)
and from numerical simulations (sim.) for specimens 5.6 mm thick clamped with clearance.
ED stands for distance from the hole to the edge of the specimen.
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Fig. 7: Evolution of Hashin matrix tension criterion of failure.

The reasons for the other discrepancies between experiments and simulations may have
resulted from multiple model idealizations. Firstly, the assumption of rigid fastener is
incorrect and leads to more severe damage of specimen. Secondly, the continuum damage
model based on Hashin failure criteria for fiber reinforced polymers, underestimates the
influence of fiber reinforcement in transverse direction for woven reinforced composites.
Moreover, real pressure distribution for boundary condition of clamping with torque is
probably concentrated in the vicinity of the hole, while in simulation, the pressure was
assumed uniform on the whole clamping surface.

Chosen modelling method was based on several assumptions and simplifications such as
rigid fastener and clamping rigs, continuum shell elements for modelling of composite layer,
mesh sizing or implicit integration scheme. The desired outcome consisted of relatively low
time consumption of both the computation and evaluation of the analysis, easy accessibility of
progressive continuum damage model, sufficient contact convergence and portability of the
method to the global model of part of real construction.

Alternative choices are joined with considerable pros and cons. The explicit integration
scheme should lead to better contact convergence for the price of higher time consumption of



the analysis and higher numeric accumulation of errors. Softer meshing would lead to more
precise stress distribution, however, with a significant increase of computation time. Solid
elements for ply by ply modelling of composite and deformable bolt and clamping would lead
to better contact stress distribution in the exchange for higher time consumption of
computation and the necessity of implementation of user defined progressive damage model
(e.g. Hashin‘s Failure Criteria for solid elements).

Conclusions

Influence of boundary conditions, such as clamping force and hole distance to the edge of the
part, to bearing strength were experimentally verified. Similar trends were qualitatively but
not quantitatively observed also numerically. Modelling of composite failure proved to be
very complex task. Progressive damage modelling in combination with contact and large
deformations suffers with convergence issues in implicit integration scheme. Using of rigid
elements for dummy of load introduction system lead to convergence improvement of
numerical models, but by contrast the lack of prediction is much higher. Explicit integration
together with ply by ply methodology with flexible parts may to be more suitable for
simulation.
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