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Abstract

This dissertation investigates the combined phenomena of
buckling and fracture, which occur in thin superficial layers
subjected to compressive forces. As a representative case, the
four-point bending test on laminated specimens with mid-
span, through-the-width delaminations, is taken into consid-
eration: a mechanical model of the test was developed and
experimental tests on carbon fiber laminates were conducted.
The thesis is subdivided into six Chapters. Chapter 1 presents
a general introduction to the investigated problem. Chapter
2 illustrates the state of the art on delamination in compos-
ite materials with focus on buckling-driven delamination and
four-point bending tests. Chapter 3 illustrates the experimen-
tal Mode II fracture toughness characterization of the carbon
fiber laminates investigated in the thesis. In Chapter 4, the
experimental campaign with four-point bending tests is illus-
trated. Chapter 5 presents the analytical model to simulate
and interpret the four-point bending tests. Chapter 6 shows a
comparison between the analytical prediction and the exper-
imental evidence. In Chapter 7, results are summarized and
future developments are outlined.
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Chapter 1

Introduction

The detachment of a thin superficial layer from an underlying substrate
due to the combined action of local buckling and fracture propagation, is
a damage mode common to many technological applications and natu-
ral objects from the nano scale of thin superficial layers (Figure 1) to the
macro scale of civil engineering constructions (Figure 2).

Among layered structures and material, fiber reinforced composite
laminates – made up of several fiber reinforced laminae stacked on top
of each others – play a central role in contemporary engineering. Thanks
to their high strength and stiffness to weight ratios, composites are used
for high-performance structural applications in both civil and industrial
engineering [41]. Conversely, composites are prone to a number of dam-
age phenomena [81]. Delamination is one of the most critical issues for
the integrity and the mechanical performance of fiber-reinforced com-
posite laminates. Delamination cracks in composite laminates may orig-
inate from manufacturing defects, low-energy impacts, and many other
causes [82, 72].

Once present, a delamination crack can propagate because of high
interlaminar stresses. Thesecan be produced by different loading condi-
tions. A particularly dangerous case is when a superficial layer of a com-
posite structural element is loaded under compression (due to applied

1



Figure 1: Buckling delamination of compressed thin films [56]

loads, thermal and/or residual stresses). The regions where bonding is
weak or missing may undergo local buckling. As a consequence, high
stresses arise at the crack front, thus promoting the further expansion of
the debonded region [15].

To investigate experimentally buckling driven delamination in com-
posites, many authors have suggested to carry out four-point bending
tests on laminated specimens with mid-span, through-the-width delam-
ination cracks [44, 48, 49, 50, 38, 39].

In the present thesis, a mechanical model to describe the four - point
bending tests on delaminated specimens was developed. The work started
by extending an approach already adopted to analyze delamination buck-
ling in a different problem [8, 9]. Initially, we modeled the specimen as an
assemblage of sub-laminates partially connected by an elastic interface
[12]. Nevertheless, the elastic - interface model exhibits problems both
from analytical and numerical points of view. Despite the elastic inter-
face gave us the possibility to evaluate directly the interlaminar stresses,
we decided to avoid the use of the elastic interface. Them, to compute the
energy release rate and the modal contributions, we used the methodol-
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Figure 2: Buckling delamination of a sidewalk steel grid

ogy proposed in [85]. The energy release rate and mode mixity were
evaluated to predict the load corresponding to the onset of delamina-
tion growth by adopting the mixed - mode fracture criterion proposed
by Hutchinson and Suo [40].

In our mechanical model (Figure 3) thanks to the symmetry the anal-
ysis is limited to the left-hand half of the specimen. This is subdivided
into two zones: a first zone, between the support and the crack tip,
where the specimen is modelled as a single laminate; a second zone,
between the crack tip and the symmetry axis, where the two previous
sub-laminates are not connected. All sub-laminates are considered as
extensible and flexible beams undergoing small elastic deformations, ex-
cept for the compressed sub-laminate in the second zone, which may
undergo large displacements. The mechanical problem is described by
a set of differential equations with suitable boundary conditions, which
are solved analytically. The buckling load is then determined numeri-
cally.

3


