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a b s t r a c t

Composite lattice core sandwich structure is a novel type of effective load bearing structure. In this paper,
one kind of bolted splice joint between two CFRP lattice core sandwich panels is proposed. The me-
chanical behavior of this joint structure is investigated through four-point bending. The main defor-
mation pattern and failure mode of the lattice core sandwich bolted splice joint structure are
demonstrated by both experimental test and FE simulation. The failure mode includes the successive
events, namely yield of the lower metal plate and then debonding between the lattice core and sheets. A
simplified theoretical model is also proposed for this joint which is capable of calculating the load
edisplacement curve before yield of the lower metal plate. By monitoring the stress in the lower metal
plate not to exceed the yield strength, the present model can give a simple engineering design for this
kind of joint structure.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Sandwich structures are well-established system in light-
weight design since the separation of two thin sheets by a
cellular core, allowing an outstanding weight-specific bending
stiffness in contrast with monolithic composite structures [1]. They
have been widely used in aircraft, aerospace, marine and automo-
tive industries. Recently, it was reported that the lattice core
sandwich structure was more effective in load-bearing than many
other sandwich structures and was of great application potential
[2e4]. However, beside the difficulty in connection of composite
materials, strong mechanical connection between two composite
sandwich panels seems an even more challenging problem, which
may become a bottleneck in the application of composite sandwich
structures.

Generally speaking, there are two types of connection technol-
ogies for composites, e.g. adhesive connection and mechanical
connection. In engineering application, bolted joint is the most

widely used connection due to its advantage of easy installation,
disassemble and maintain. However, the strength degradation due
to bolted joints is always much more significant for the composite
structures as compared with their metallic counterparts, since the
opened holes in composites inevitably cause fiber breakage,
resulting in more severe stress concentration and earlier crack
initiation. To overcome these disadvantages, bolted joint of com-
posite has been widely studied, including the influences of many
factors, such as the bolted type [5,6], geometric parameters [7,8],
bolt-hole clearance [9,10], stacking sequences [8,11] and so on. A
comprehensive conclusion on the influencing factors has been
reviewed by Thoppul [12].

On the other hand, researches on the mechanical connection
between two composite sandwich structures were much less
systematic. Cao [13] studied by four-points bending test the ulti-
mate strength of two kinds of connection joint between a foam
core composite sandwich structure and a steel hull, including
bonded-bolted joint and co-infused perforated joint. The experi-
mental results showed that both joints had sufficient strength,
approaching 90% of the strength of the intact foam core composite
sandwich specimens, and the co-infused perforated joint was
indicated to be lighter and stronger than the bonded-bolted joint.
Jung [14] investigated the fatigue load and fracture behavior of
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hybrid sandwich/steel joints under static loads and cyclic loads. It
was found that the static load led to shear deformation and
fracture in the honeycomb core. Moreover, cyclic load caused
degeneration in interface between the sheets and the cores.
Weidner [15] adopted static in-plane tensile test to investigate
failure modes and ultimate strength of bolted joints in discon-
tinuous ceramic cored sandwich structures (DCCSS). It was indi-
cated that the structure strength increased with the increase of
the edge distance, and the efficient geometric ratios of e/D¼ 8 and
w/D¼ 8 was suggested. Nanayakkara [16] employed tensile test to
analysis the fracture resistance of PMI sandwich composite T-
joints by Z-pinning. It was concluded that the ultimate fracture
load increased with volume fraction of the Z-pinning. To our
knowledge, there was rare work on the mechanical connection of
composite lattice core sandwich structure.

A significant advantage of the composite lattice core sandwich
structure is its insensitivity to local defects. Sebaey [17] studied
numerically the strength of CFRP pyramidal lattice core sandwich
structures with circular holes in the sheets and showed that the
biaxial compression strength was not sensitive to defect in
composite sheets. Therefore, the bolted splice joints are sup-
posed to be an efficient connection type for composite lattice
core sandwich structures. In this paper, the bolted splice joint
structure between two CFRP lattice core sandwich panels is
proposed, as shown in Fig. 1, which consists of two metal plates
bolted together with the CFRP lattice core sandwich panels by
eight metallic bolts. The mechanical behavior under four-point
bending was investigated by experimental test, theoretical
model and finite element (FE) simulation. The main deformation
pattern and failure mode of the bolted splice joint structure were
demonstrated by both experiment and FE simulation. From the
perspective of engineering application, a simplified theoretical
model was proposed. The bearing capacity of the joint structure
was determined by coupling the strength of metal joints and the
theoretical model.

2. Theoretical model

A simplified theoretical model for the four-point bending of the
bolted splice joint structure between two CFRP lattice core sand-
wich panels is illustrated in Fig. 2. The dimensions in Fig. 2 corre-
spond with the four-point bending test in this study. In our one
dimensional model, the two bolted sites, between which the dis-
tance is 100 mm, are regarded as rigid points, which means the
rotation angle on two sides of this kind of point should be the same.

Based on the experimental observation, deformation only oc-
curs in the sandwich panel and the lower metal plate, and no
obvious deformation occurs in the upper metal plate. Since there
are intervals between the bolts and bolted holes, the two rigid
points are in fact instantaneous hinges at the beginning. When the
deformation of the lower metal plate happens continuously, the
instantaneous hinges change into rigid joints due to deformation
compatibility. The total deflection of the lattice core sandwich
panel on the loading point consists of the bending deflection of the

sandwich panel and the vertical displacement caused by the rota-
tion of the sandwich panel. It can be expressed as Eqs. (1) and (2).

u ¼ u1 þ u2 (1)

u2 ¼ q$l1 (2)

where u1 is the bending deflection of the lattice core sandwich
panel, u2 is the vertical displacement caused by rotation, and q is
the rotation angle as shown Fig. 3.

Composite bolted joints are designed based on the bearing
strength of bolted hole, and thus the deformation of the sandwich
panel can be regard as small deformation. As shown in Fig. 3a, the
bending deflection of the lattice core sandwich panel under a
concentrated force loading of F/2 can be calculated as Eq. (3).

u1 ¼ 0:5Fl22ð3l1 þ 2l2Þ
6ðEIÞc

� 0:095Fl32
6ðEIÞc

(3)

where (EI)c is flexural stiffness of the lattice core sandwich panel.
As shown in Fig. 3b, the metal plate between the two bolts can

be regarded as a simply supported beam. Both ends of the beam
suffering bending moment M, which is expressed as Eq. (4).

M ¼ 0:5Fl2 � 0:095Fðl1 þ l2Þ (4)

The rotation angle q of the beam can be expressed as Eq. (5).

q ¼ Ml3
3ðEIÞs

þ Ml3
6ðEIÞs

¼ Ml3
2ðEIÞs

(5)

where (EI)s is the flexural stiffness of the lower metal plate.
The deflection of the loading point due to rotation is then

expressed as Eq. (6).

u2 ¼ q$l1 ¼ Ml1l3
2ðEIÞs

(6)

Based on the experimental phenomena, the lower metal plate
experiences an obvious plastic deformation. Therefore, the yield
stress of the lower steel plate can be regard as a key factor in
deciding the ultimate strength of the whole joint structure. Ac-
cording to Eq. (4), when plastic deformation occurs in the overall
rectangular cross-section of the lower metal plate, the load can be
expressed as Eq. (7).

F ¼ ssbh2s
2ðl2 � 0:19ðl1 þ l2ÞÞ

(7)

where ss is the steel yield stress, hs is the thickness of the steel. Eq.
(7) is taken as the formula for design load of the bolted splice joint
between two lattice core sandwich panels.Fig. 1. The bolted splice joint structure between two lattice core sandwich panels.

Fig. 2. A simplified model for the bolted splice joint structure.
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