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Based upon the interfacial spring-layer model, a state-space approach for the energy release rate analysis of
stiffened laminates with a planar delamination was presented. The main advantages of the present method are that
the same mesh is used for each layer, and only the so-called state variables at the top and bottom surfaces of structure
in the final control equation of structures are involved. On the other hand, the oscillatory singular stresses around the
delamination front are avoided as a result. Instead, stress resultant jumps are found in the sublaminate across the
delamination front. Moreover, the technique accounts for the compatibility of displacements and stresses between
layers and the transverse shear deformation in the control equation of structure. To avoid the possibility of material
penetration phenomenon of the delaminated region, the unilateral frictionless contact interface is adopted in the
interfacial spring layer between sublaminates. With the aid of the virtual crack closure technique, the accuracy of the
method was assessed by comparing the results with existing examples. The effects of stiffeners on the distribution of
the energy release modes I, II, and I1I of the delaminated laminates with two stiffeners were analyzed by the present

method.
Nomenclature
G = total energy release rate
Gy, Gy, Gy = energy release rate of modes I, 11, and III
)4 = transverse stress vector
q = displacement vector
u, v, w = displacement components along (x, y, z)
coordinates
X, ¥, 2 = orthogonal Cartesian axes x, y, and z
r,r, = equivalent external load vectors
Oyz5 Oy, 0, = out-plane stresses
1/R., 1/R,, = stiffness parameters in the x, y, and z directions
1/R,
Subscripts
i, Jj = node, submatrix index, or (x, y, z) coordinates
X, 9,2 = orthogonal Cartesian axes x, y, and z
Superscripts
bl, tl = bottom and top surfaces of the lower
sublaminate
bu, tu = bottom and top surfaces of the upper
sublaminate
l = lower sublaminate
T = matrix transposition
u = upper sublaminate

1. Introduction

URING the past several decades, much progress in the
understanding of the performance and failure of composite
laminates has been made, both experimentally and theoretically.
However, as far as the published theoretical methods are concerned,
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most of them refer to one class of variable methodology (the
displacement variable or the stress variable), which falls into the
Lagrangian system. If 3-D finite element methods in the Lagrangian
system (it is usually displacement method) are adopted to analyze the
energy release rate Gy, Gy, and Gy or the total G of the complex
delamination front in the high gradient of stress and strain states, an
appropriate mesh at the delamination front is indispensable for a very
accurate solution. Therefore, the 3-D finite element method may
notably increase the computational cost and become not advan-
tageous from the engineering point of view.

To reduce the cost of computation, various plate theories were
generally adopted to predict G, such as the classical plate theory, the
plate theory, the laminates theory, the layerwise laminate theory, and
so on. For the methods based on the classical plate theory or other
plate theory, most of them are not convenient for the analysis of the
individual energy release rates. On the other hand, the models based
on the classical plate theory cannot account for the transverse shear
deformation. Because the thickness dimension can be eliminated by
integrating through the laminate thickness [1-6]. The finite element
models based on the laminate theories do not have the same aspect
ratio limitation as the 3-D finite element models do. However, the
hypothesis commonly used in the conventional laminate theories
leads to a poor representation of strains (e.g., in the thick composite
laminates with dissimilar material layers [7]). The layerwise laminate
theories [8—11] predict the interlaminar stresses very accurately.
Furthermore, it has the advantage of all plate theories in the sense that
it is a two-dimensional theory and does not suffer from aspect ratio
limitations associated with 3-D finite element models. But the
formidable problem in the layerwise laminate theory is that the
unknowns of the structural control equation increase proportionately
with the increasing number of layers, which needs strong compu-
tational efforts.

The state-space approaches of elastomechanics, which fall into the
methodologies of symplectic system, has attracted the attention of a
number of investigators [12-29] in recent years. The outstanding
advantage of the approaches is that the thick plates/shells or the
laminated plates/shells problems can be treated without any displace-
ments and stresses assumptions. The state-space approach dealing
with the interlaminar continuity is different from the Zig-Zag strat-
egies (i.e., Lekhnitskii laminated theory, Ambartsumian laminated
theory and Reissner laminated theory [30]) or other refinements of
classical models. Because of the transfer matrix technique being
employed, the solution of the model in the state-space approaches
can provide the exact continuous transverse stresses field across the
thickness of laminated plate or shell structures and the order of the
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final governing equation system is independent of the thickness and
the number of layers of such structures.

It can be seen from the published works that [31] is the first paper
studied the initiation and propagation of transverse cracking in
composite laminates based on the state-space approach.

By combining the interfacial spring-layer model, a state-space
analyze the individual energy release rates of the delaminated
composite laminates with stiffeners in this paper.

II. Model of Sublaminate and Interfacial Spring Layer

Figure 1 shows a delaminated laminate with two stiffeners and the
delamination in plane divides the structure into two sublaminates
which are called the upper sublaminate (including stiffeners) and the
lower sublaminate.

Because the detailed steps for the control equation of a laminate
via state-space approach can be found in [16,20-25], we only
demonstrate the main steps in the present paper.

1) Assume that the four-node quadrilateral element in x-y plane
[16,20-25] and the identical mesh are adopted in the each layer of a
laminate.

2) Assume that the assemblage from the four-node quadrilateral
element to the level of a layer is made in the usual method.

3) The dimension in the thickness direction of the assembled
equation of a layer can then be eliminated by integrating operation.

4) On the basis of the interlaminar compatibility condition
(including displacements and stresses) of each layer, the recurrence
formulation can be used to construct the control equation of a
laminate. As far as the control equation of a laminate with stiffeners is
concerned, the special method can be found in [23,24].

In what follows, we simply use the following two forms to express
the control equations of the upper sublaminate and lower sub-
laminate via the state-space approach, respectively.

For the lower sublaminate [16,20-25],

bl / I i !
p _| Ty Ty, ] { p } { L, }
= + (1a)
{ q" } |:T]21 T |\ q" qu
For the upper sublaminate with stiffeners (see [23,24]),

pbu } - [Tl{] TI]AZ ] { pm } { F;II }
u - u u u + u (1b)
{ q’ T; T3 ]l4q g

where
p
— T
- [szl Oxz2 " Oxzn Oyz1 Oy **t Oxzl Ozl Oxzp 0 Opgy ] s
q=1u; U U, vy Vs v, W; W wy,

Superscripts bu, tu, bl, and tI denote the bottom and top surfaces of
upper and lower sublaminates, respectively. T7; and T! ; (subscripts
i,j=1,2) are the equivalent stiffness matrices of the upper and
lower sublaminates, respectively. They are derived from the
assembled equation of each layer by integrating operation in the
thickness direction and the recurrence operation between layers of
the upper and lower sublaminates (see [16,20-25]). [I'"y I'4]” and
[T, T’ ]" are the equivalent external load vectors of the upper and
lower sublaminates.

It should be pointed out that Egs. (1a) and (1b) are the relationships
of the physics quantities of top and bottom surface of the upper and
lower sublaminates, respectively. As a matter of fact, Eqs. (1a) and
(1b) is a set of linear algebraic equation relating to the surface nodal
displacements and stresses of the upper laminate or lower laminate
with stiffeners. It is obvious that the number of nodes of a layer
determines the number of variables of Eq. (1). Assuming the number
of nodes of alayer is , no matter how many layers are considered, the
number of variables of Eq. (1a) or Eq. (1b) is always n x s (s = 6, the
degrees of freedom per node). On the other hand, the control equation
of the each layer of the sublaminates are derived from the three-
dimensional constitutive relationships [16,20-25] of material; hence,
the shear effect is accounted for in all control equations of the upper
and lower sublaminates.

Because Eqs. (1a) and (1b) include two group variables (namely,
the stresses and displacements of structural surfaces), we cannot
simply employ the interfacial constitutive relationships, which is
presented in [7], to construct the whole model of a delaminated
laminate with stiffeners.

In [28,29], the following interfacial linear-layer model is
employed to describe the behavior of imperfection bonding between
the upper and lower sublaminates:

ot = ot = [u — u"|/R,

4

ol = obt =[v"" —v"]/R,

ol = ol =[w' — w")/R, @

bu U(?g’ and O—hu

where o%t, o'l ol 0%, o i refer to the stresses of the top
surface of the lower sublaminate and the bottom surface of the upper
sublaminate, respectively. u', v/, w', u®*, v**, and w"* denote the
displacements of the top surface of the lower sublaminate and the
bottom surface of the upper sublaminate, respectively. 1/R,, 1/R,,
and 1/R_ are three stiffness parameters in the x, y, and z directions.
Obviously, R; — 0(i = x,y, z) corresponds to a perfect bonding,
while R; — oco(i = x,y, z) implies a completely delaminated case.

To avoid the penetration phenomenon of the completely delam-
inated region in present model, the technology presented in [7] is
used. The unilateral frictionless contact interface is adopted by
specifying a positive stiftness for closing relative displacements [7]:

1/R, =1(1 —sign(w" — w”))k, if (w’—w") <0 (3)

where k, is a large value relative to the adjacent structure for closed
stiffness. Hence, for the contact interface of the completely
delaminated region [7],

ol = ot =11 —sign(w" — w))k, (w" — wh") )

It is assumed that the spring layer with n nodes has the same mesh
for each layer of sublaminates, the matrix form of Eq. (2) related to
the node set us in the undelaminated region and the node set ds in the
completely delaminated region can be simply expressed as

tl I 0 bu
oeh =L 7o) ®

where

Delaminated region ~ Lower sub-laminate

Fig. 1 Delaminated laminate with two stiffeners and coordinate system.
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I=Diag(1)3n><3n
R:Diag(Rxl RxZ Rxn Ryn RyZ Ryn Rzl RzZ Rzn)

R;;=0(i=x,y,z,j €us)

Furthermore, we can also consider the soft-contact case of
delaminated region. The equations for soft contact of delaminated
region were presented by Bruno et al. [7]:

h . .
R, = 5E if (wf —wh) <0(j € ds)

R,;— oo if (wf,-l — w_’,?“) > 0(j € ds)

(6)

where Ej; is the elastic modulus of the z direction, and % is the
thickness of the laminate.

It is not difficult to note the conclusion that Eq. (3) is a nonlinear
constitutive relationship between the upper and lower sublaminates,
whose dimensions are determined by the node number of the upper
and lower sublaminates. However, if there does not exist a
delamination region between the upper and lower sublaminates,
Eq. (5) can be simplified as a linear constitutive relationship, and the
coefficient matrix of Eq. (5) may also be regarded as a unit matrix.

III. Whole Model of a Delaminated Laminate
with Stiffeners

In what follows, the global model of a delaminated laminate with
stiffeners in terms of Eqgs. (1) and (5) is reduced.
Substitution Eq. (5) into Eq. (1a), one has

bl I I bu !
e Fid P (PR
= ou T+ )
{ q" } |:T121 T |LR I]|4¢ I

Then, eliminating the vector [ p?* ¢"*]" of Eq. (7) by Eq. (1b),
the finally control equation of a laminate with a delamination is

vl =l sl e)
{qb’ E, E q" Gq ®

where

Fig. 2 Element definition and the local coordinate system [7].

[E” E12:| _ [T’l. Tb][ 1 0][% T?z]
E, Exn T, Th|[R I|[T; T%
ter) = Lo e e} )
G)‘i TZI T22 R 1 F‘l r‘]
Obviously, Eq. (8) is formally consistent with Eq. (1a) or Eq. (1b).
No matter how many layers of a laminate with a delamination are
involved, Eq. (8) is of the same scale; namely, only the so-called state
variables at the top surface of the upper sublaminate and bottom
surfaces of the lower sublaminate are involved. Because of the

contact problem involved in present model, the Newton—Raphson
scheme is needed to solve Eq. (8).

IV. Calculation of Energy Release Rate

To evaluate the individual energy release rate of the delamination
front numerically by the virtual crack closure technique, the Gy,
Gy, and Gy in the local coordinate system can be expressed
approximately [7]:

1 F:Aw 1 FlAu" 1 FyAu'
O1=5AnAr =5 AnAt® Om=57m; @

where F? is the reaction in the spring element connecting node C in z
direction, Aw is the relative z displacement between the nodes O and
O’, located immediately ahead the delamination front along its
normal direction passing through C (see Fig. 2). Similar definitions
apply for reactions F{ and Fj in the local coordinate system and
relative displacement related to mode Gy; and Gyy;. Assume that Au”
and Au’ are the relative x and y displacements between the nodes O
and O’ in the local coordinate system, respectively. The relationship
between F}, F},, Au", and Au' in the local coordinate system and F,,
F,, Au, and Av in the global coordinate system is

Fy Au, | | ny n,||F, Au
Fred A el B
where n, and n, are the direction cosine.

V. Numerical Examples and Discussions
A. Example 1

First, the energy release rate G; of two double cantilever beam
(DCB) specimens with a straight delamination front are analyzed by
the present method. One of them is made of the isotropic material:
E =71 GPa and Poisson’s ratio v =0.3. Another is made of
orthotropic material: E;; = 134.4 GPa, E,, = E3; = 13.0 GPa,
G, =G;3=64GPa, Gy;=4.8GPa, v;; =v,3=0.34, and
vy3 = 0.35. The geometry parameters of two DCB specimens are
B =0.0254 m, a =0.0508 m, and h; = h, =0.001651 m. The
vertical load on the free end P, = 1.0 N/m.

It should be mentioned that in order to avoid the numerical
instabilities and make sure the convergence of energy release rate, a
very large value 108 N/mm?® is employed to replace the 1/R;; — oo
of Eq. (3) in the program of all examples in this section. The value
1/R;; = 108 N/mm? corresponds to an actual approximation of the
perfect adhesion condition in the normal and tangential interface,
which was first suggested in the multilayer laminate model presented
by Bruno et al. [7]. Bruno et al. [7] pointed out that the mesh

Delamination front

B2

[——]|
c

Fig. 3 Four-node quadrilateral element in x-y plane [16,20-25] scheme of one-half of the model.
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Fig. 4 Distribution of G, for an isotropic DCB specimen (vertical load).
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Fig. 5 Distribution of G; for an orthotropic DCB specimen (vertical
load).

refinement and convergence studies on the behavior of energy release
rates as the stiffness parameters approach infinity have been
conducted showing that the choice of the same value for the normal
and tangential interface stiffness equal to 103 N/mm? is appropriate.
The same works are carried out in our examples.

It should also be pointed out that the same mesh is adopted for all
the layer and interfacial spring-layer models in the thickness
direction to enable interface elements to be placed between the lower
and upper sublaminates. And the fine meshing is used at the
delamination front (as shown in Fig. 3).

To survey the convergence of present method, the variable
delamination-front element sizes Ax/h, = 5/10,5/15,5/18, and 1/4
are employed in section c¢ (c¢ is approximately equal to 0.01 m, as
shown in Fig. 3). The element sizes Ax of other sections are
decreased as the elements come close to the section c. The number of
elements across one-half of the width is 16. In the thickness direction,
two cases are considered in the verification study. Case 1 is the two
sublayers across the thickness of subbeams and case 2 is three
sublayers across the thickness of subbeams.

It is noted that as the Ax decreases, the energy release rate Gy is
slightly increased for case 1 and case 2. But the results are virtually
the same for Ax/h; = 5/18 and 1/4, For the isotropic DCB, G} .« =
11.68 x 107> J/m and Gy, =9.90 x 107> J/m. The maximum
deviation between the results of [32] and the present method is 1.4%:
De = (RP — RR)/RR x 100, where De is the deviation, RP is the
results of the present method, and RR is the results of [32]. G 4y, is
determined by summing the values of G; for each element and
dividing by the number of elements across the width (Fig. 4). It is
suggested that three sublayers across the thickness of subbeams and
the delamination-front element size Ax/h; = 1/4 are sufficient to
obtain the converged results in this example. Certainly, the thickness
ratio of structures is a sensitive parameter in relation to the solution of
the state-space equation. If the thickness ratio is greater than that of
our examples, more sublayers across the thickness of subbeams may
be necessary.

Table 1 Material parameters,
dimensions, and loads

Parameters Values

Upper and lower sublaminates, GPa

E;, 139.4
E,, 10.16
Ey 10.16
G, 4.6
Gi3 4.6
Gy 3.54
Vi, 0.3
Vi3 0.3
Up3 0.436
Dimensions, m
L 0.12
a 0.06
hy 0.001
h, 0.0015
B 0.04
B, 0.02
w 0.004
Load, N/m
P, 1
P, 1

The Gj distribution of orthotropic DCB is shown in Fig. 5.
Comparing with the result reported in [32], the maximum deviation is
1.6%.

It is very interesting that in our example, with dimension in the
thickness direction eliminated of sublaminates via integrating
operation of each layer and the recurrence operation between layers,
there is no mechanism to accommodate stress singularity [7,33-35]
around the delamination front, the oscillatory behavior is not present.
Instead, there exist stress resultant discontinuities across the
delamination front reflecting the effect of the singularity.

B. Example 2

Consider a laminated beam [0°/0°/90°/0°] with two stiffeners
(Fig. 6). The laying angle of stiffeners is 0°. The material parameters,
dimensions, and loads are given in Table ].

The refined element in the x-y plane is similar to two examples
above. The number of elements across B, B;, and w is 40, 16, and 8,
respectively. The number of sublayers of the upper sublaminate and
lower sublaminate are 2 and 3, respectively. Five models (namely,
hg = 0.0000 m, h; = 0.0005, 0.001, 0.0015, and 0.0020 m) are
analyzed for the delamination-front element sizes Ax/h; = 1/4. As
we expected, the distribution of G for the vertical load on the free end
are basically the same when Ax/h; =5/18 and 1/4.

As show in Fig. 7, the distribution of Gy is dependent on the
stiffeners for the vertical load on the free end. The Gy values on the
area of stiffeners are greater than other area. The maximum value G
is found in the center of the area of stiffeners and then drops down.
The effect of the stiffeners on the distribution of G; is more
pronounced when the thickness of stiffeners is larger.

In what follows, the contact and no contact analysis are carried out
for a tear load on the free end. In particular, the soft-contact
constitutive relationships [7] are considered.

Figures 8 and 9 show that the distribution of Gy between contact
analysis and no contact analysis are noticeably different for the tear

X
y* 1 B /W P '
z - () L hy
~ ” i ]/]'/ hs
= L1z
= e oz
] a B Tear load
= le——— »]
} } Vertical load

L
Fig. 6 Laminated beam.
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Fig. 7 Distribution of G, for composite laminates with two stiffeners
(vertical load).
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Fig. 8 Distribution of G, for a composite laminate with two stiffeners

(tear load).

load case, whereas the Gy; and Gy (Figs. 10 and 11) are basically the
same. Therefore, if we want to obtain the reliable G relative to the
tear load, a contact analysis is inevitable.

Itis also evident that for the tear load case, the distribution of Gy is
also dependent on the stiffeners and the value G at the area of
stiffeners are greater in contrast to the adjacent area. As the height
of stiffeners is increased, the G; values are on the increase in the area
of free edge (Figs. 8 and 9). The effect of stiffeners on the distribution
of Gy; along the width are insignificant (Fig. 10).

Ascanbe seen from Figs. 7-9 and 11, due to the existing stiffeners,
the distribution of G; on the vertical or tear load and the distribution
of Gy on the tear load become a bit more complicated. And the
stiffeners seem to be unfavorable for the distribution of G; and Gy in
our examples above.

35F ]
30k Soft Contact g
: -+ hy=0.0000m /]
25k - hs=0.0005m iR S
- hs=00010m
@ 20} . hy=00015m .
<) e hs=0.0020m
= 15
10F ]
05F ]
00 '
00 02 04 06 08 10

y/B
Fig. 9 Distribution of G for a composite laminate with two stiffeners
(tear load).
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Fig. 10 Distribution of G, for a composite laminate with two stiffeners

(tear load).
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Fig. 11 Distribution of G;;; for a composite laminate with two
stiffeners (tear load).

VI. Conclusions

In this paper, by adopting an interfacial spring layer based on
fracture and contact mechanics, a state-space approach for the
analysis of energy release rates of delaminated laminates with
stiffeners has been presented. In accordance with its physical config-
uration, the laminate is modeled as an assembly of three-dimensional
layers connected by the transfer matrix technique in the transverse
direction. The soft-contact model is used to simulate contact between
delaminated members.

First, the model is applied to compute the energy release rate G; of
two double cantilever beam specimens with a through-the-width
delamination. The results obtained are compared with those in
published works. And then the effect of stiffeners on the distribution
of the energy release modes I, II, and III are investigated by
simulating a delaminated laminate with two stiffeners.

Based upon the mathematical model presented in this paper, the
following remarks can made:

1) The mesh in the model is used only in the two-dimensional
plane and the number of variables of the final control equation via the
state-space approach is independent of the thickness and the layer
numbers of the laminates; therefore. the proposed model results in a
lower computational cost in comparison with some full three-
dimensional FE models.

2) The model accounts for the transverse shear deformation,
because the control equations of sublaminates are derived from the
three-dimensional constitutive relationships [16,20-25].

3) The interfacial spring layer between the upper and lower
sublaminates is consistent with the physical behavior of continuous
transverse stresses and displacements in the undelaminated region by
specifying the large values of springs and avoids the possibility of
material penetration phenomenon in the delaminated region by using
the soft-contact constitutive relationships.
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4) The interfacial spring layer with zero thickness can be operated
as a simple transfer matrix to establish the control equation of whole
structure.

5) On the other hand, in the proposed model, the oscillatory
singular stresses around the delamination front are avoided due to the
exclusion of deformability in the thickness direction of sublaminate
via integrating operation of each layer and the recurrence operation
between layers. Instead, stress resultant jumps are lumped into
concentrated forces by interfacial spring layer with zero thickness.
This advantage is the same as in [7].

6) Certainly, the present approach is a simple yet powerful
alternative to simulate the multiple delaminations problems of the
composite structures.
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