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Highlights

• The instability of laminates with single and multiple off-center delaminations is investigated.
• A three dimensional finite element analysis is conducted using cohesive zone method.
• The snap-back instability may occur during delamination growth.
• The proposed method is able to significantly reduce the computational costs.

Abstract

A layerwise theory within the framework of first-order shear deformation theory is introduced to investigate the postbuckling
behavior and the delamination growth of geometrically imperfect composite plates. The Ritz method is adopted and the
displacement fields are assumed in a form of polynomial series leading to a reduced computational cost. The proposed method
is capable of predicting both the local buckling of the delaminated sublaminates and the global buckling of the plate. Two types
of delaminations are considered: through-the-width and edge delaminations. To inhibit the penetration of delaminated domain,
contact constraints are applied. The debonding of adjacent plies is modeled to illustrate the effect of delamination growth on the
postbuckling response of the delaminated composite plate. A parametric study is carried out to investigate the influence of size
and location of delamination as well as the amplitude of imperfection on the postbuckling behavior with concurrent propagation
of delamination. A three dimensional finite element analysis is also implemented. A comparison study is conducted for numerical
predictions of the developed theoretical model and implemented finite element simulation. It is found that the snap-back instability
can occur during the delamination growth. Moreover, the results show that predictions based upon an analysis without consideration
for the delamination growth could not be reliable.
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1. Introduction

Lightweight composite structures have drawn attention of several industrial sectors, such as aeronautics, aerospace,
automotive, biomedical and agriculture. The reason is their high stiffness and strength-to-weight ratio, fatigue strength,
and resistance to corrosion properties [1,2]. Composite structures under multiple load cases, however, are prone to
damage and failure. Delamination is one of the most common failure modes in laminated composites, which emanate
from manufacturing defects, impact load, and stress concentration near geometrical/material discontinuity [3]. Upon
the occurrence of delamination, stresses are redistributed in the composite and the load capacity drops significantly
leading to a catastrophic failure. For a reliable design of composite structures, it is of great importance to explore the
effect of delamination on the postbuckling characteristics and load-carrying capacity of composite structures.

Herein, a comprehensive literature review is given on the structural responses of delaminated composite
structures [4–24]. For instance, Gu and Chattopadhyay [4] presented analytical and experimental studies to investigate
the mechanism of buckling and postbuckling of delaminated composite plate. In their work, effects of geometrical
parameters including lay-up, size of delamination and its location on the postbuckling behavior of the composite
plate were studied. Hwang and Huang [14] conducted a nonlinear finite element analysis (FEA) to study the buckling
and postbuckling characteristics of laminates containing two delaminations. In their work, the effect of delamination
position on the critical buckling load of composite laminates was studied. It was found that the buckling load was
mainly affected by a near-to-surface delamination. Ovesy and his colleagues [15–17] studied the buckling and
postbuckling responses of composite plate with an arbitrary delamination geometry using equivalent single-layer
plate theories. They found that delamination shape plays a crucial role in the load-carrying capacity of the composite
structures. Recently, the effects of lay-ups, boundary conditions, and delamination on the thermal instability of
laminated composite plate containing both embedded and through-the-width delaminations have been investigated
by Nikrad et al. [18,19] based on the third-order shear deformation theory. Their findings indicate that postbuckling
deformation and corresponding load-carrying capacity depend on both composite lay-up and boundary conditions. In
fact, depending on the lay-up and type of edge supports, delaminated composite plate could experience local, global
or mixed mode buckling.

All aforementioned papers investigated the effect of delaminations on the buckling and postbuckling characteristics
of delaminated composites structures by overlooking the possibility of the delamination growth. However, continuous
fiber composites are susceptible to failures caused by delamination growth. In fact, delaminations grow rapidly during
the postbuckling regime and result in enhanced stresses and an ultimate structural failure. This has resulted in the
implementation of costly and time consuming experimental testing to assure the structural safety and reliability.
Although these approaches yield satisfactory results, it would be preferable for a structure resistance to delamination
growth to be addressed by either analytical or computational means. Such a method has the potential to provide lighter
designs, maintain the required level of durability and damage tolerance, and reduce the costs associated with design,
manufacturing, and operational support of composite vehicle structures [25].

A brief literature review on the delamination propagation of composite structures induced by buckling is provided
hereinafter [26–40]. For instance, a model on the basis of the virtual crack closure technique in conjunction with
the modified incremental continuation method was developed by Gaudenzi et al. [26] to determine the unstable
propagation of delamination in a specimen with both circular embedded and through-the-width delaminations. The
influence of embedded delaminations on postbuckling responses of the laminated composite plate was studied by
Whitcomb and Shivakumar [27] using the virtual crack closure technique (VCCT). They found that aspect ratio
of delamination shape plays major role in the delamination growth direction. Tafreshi and Oswald [31] introduced
finite element models to investigate the global, local and mixed mode buckling responses of composite plate with
embedded delaminations. They used Mindlin/Kirchhoff plate theory along with the modified crack closure technique
to determine the strain energy release rate to predict the delamination growth. Zhang and Wang [38,39] took advantage
of layerwise B-spline finite strip method to investigate the buckling and postbuckling characteristics of delaminated
composite plate. They employed the virtual crack closure technique to compute the energy release rate along the
delamination front. Their results indicate that when buckling is occurring, the energy release rate of mode-I is
higher than that of mode-II. However, after buckling, the energy release rate of mode-II has a higher increasing
rate than that of mode-I. Recently, Mohammadi and Shahabi [40] studied the buckling and postbuckling behavior
of composite laminates with single and multiple through-the-width delaminations. An interface element with a
de-cohesive constitutive law was used to simulate interface domains of adjacent lamina. The associated interface
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