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Abstract

This paper presents an analysis of the interlaminar stresses in active constrained layer (ACL) damping
treatments. The primary objective of this study is to provide in-depth understanding of the delamination of ACL
damping treatment and, to establish guidelines to lower the risk of delamination without sacrificing performance.
Twomajor issues are addressed in this investigation. First, the effects of feedback control schemes on interlaminar
stresses are analyzed. The proportional (P) and the derivative (D) control laws are selected for comparison. It is
found that for the system under consideration, for similar vibration reduction, the derivative control scheme
introduces lower interlaminar stresses than proportional control. Also, the derivative control scheme has lower
voltage requirements. Second, the ACL treatment is compared with the purely active configuration (without the
viscoelastic layer). In addition to the damping performance and control effort requirement (which have been
analyzed and compared by researchers in the past), the interlaminar stresses are now included in the comparison.
It is shown that the ACL configuration could have significantly lower interlaminar stresses than the purely active
configuration, for similar levels of vibration reduction. Hence, in applications where system durability is a
concern, the ACL treatment should be preferred over purely active configuration because it has lower
interlaminar stress as-well-as lower axial stresses in the piezoelectric cover sheet.
r 2003 Elsevier Ltd. All rights reserved.

1. Background

The active constrained layer damping treatments have been investigated by many researchers as
a means for structural vibration control and damping enhancement [1–12]. In such treatments, a
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viscoelastic material (VEM) layer is sandwiched between the host structure and a piezoelectric (in
general, PZT is used) constraining layer. As the structure vibrates, a voltage input is applied to
activate the PZT constraining layer based on feedback control, which induces axial strain in the
PZT layer. This induced strain increases the shear deformation in the VEM layer and also exerts
direct active forces on the structure. Both of these mechanisms (increased shear deformation and
direct active forces) contribute to the vibration reduction. With proper phase adjustment, the
emphasis on either one of these mechanisms can be increased.
Most of the efforts on ACL analysis have been focused on optimizing the vibration control

performance of the treatment. It has been demonstrated that a judicious choice of VEM
properties and geometric dimensions are necessary to guarantee superior performance (better
than purely passive design and purely active configuration) [7–10]. It has also been shown that a
careful attention to voltage limits is required in designing the system [11,12]. It is reasonable to
believe that many of the parameters that affect the system damping performance can also affect
the stresses in the treatment. If the stresses are too high, the treatment can break or delaminate. It
has been documented that in purely active configurations (without the VEM), a slight debonding
of the treatment can have a significant effect on the performance [13]. However, not much work
has been done to address the stress distribution and reliability of ACL damping treatment. There
are two obvious modes of failure for ACL. First, the PZT constraining layer can fail and break
due to high axial stresses. This has been identified and considered previously [8,14]. Second, the
ACL treatment can delaminate from the host structure due to high interlaminar stresses. This
problem was identified by Lee and Lesieutre [15] but was not studied. In a paper published
previously by the authors [16], the effect of some important design parameters on passive
constrained layer (PCL) interlaminar stresses were analyzed and techniques were presented to
reduce the stresses without sacrificing the damping performance. Despite its importance, the effect
of active actions on the delamination behavior and interlaminar stresses of ACL damping
treatments has yet to be investigated.

2. Objective

The objective of this research is to study the interlaminar stresses of ACL damping treatments
under active controls. Specifically, this paper has two main focuses as stated below:

* Investigate the effect of control actions on the magnitude of the interlaminar stresses. To
accomplish this task, the two common control schemes, proportional (P) and derivative (D),
are analyzed and compared.

* Compare the interlaminar stresses in the ACL damping treatment with that in a purely active
configuration (no VEM layer).

3. System description and mathematical model

This study is conducted on a fixed-free cantilever aluminum beam that is partly covered with
ACL treatments on both sides (Fig. 1). The treatment covers 50% of the beam length as shown in
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the figure. The constraining layer is made of PZT (American Piezo Ceramic—APC 850) and the
shear layer is made of either 3MISD112 or DYAD-606 viscoelastic materials (VEM).
The mathematical model developed for this study is based on the built-up bar (BUB) theory

[17,18]. In the BUB theory, each layer is modelled as an independent beam, and the interlaminar
stress between two layers is defined as a product of the interlaminar stiffness (described later in
this section) and the relative displacement between the layers at the interface. These interlaminar
stiffness terms couple the independent beam equations to provide the coupled system equations.
In order to use BUB theory for this study, the original model proposed by Mirman [17,18] had to
be modified and advanced. There are three major improvements made in the original model. First,
the current mathematical model is derived using the finite element method and hence the
differential equations can be solved by considering only the geometric boundary conditions. This
simplifies the solution process significantly since the original solution approach proposed by
Mirman [19] required trial functions that satisfy all the boundary conditions. Such trial functions
are not easy to develop due to complex nature of the interlaminar stresses. Second, while the
original model [17,19] only considered static stresses, the present model includes inertial effects
and hence has the capability to calculate the dynamic stresses and modal damping ratios. Third, in
addition to elastic materials, viscoelastic (VEM) and piezoelectric (PZT) material layers are
included in the present model (Mirman [17,18] only used elastic materials).
In this mathematical model, the base beam is made of elastic material and the constraining layer

is made of PZT. The shear layer (VEM) is modelled using frequency-dependent complex shear
modulus. The part of the beam that is covered with the treatment is modelled using a 5-layered
element (discussed later) while the remaining part is modelled using beam-rod elements. The beam
is discretized into 60 elements along the length. The length of the element progressively becomes
smaller towards the free end of the treatment to capture high stress concentrations. In this study,
the model is reduced using its first two modes and the static correction vector (discussed later).

3.1. Assumptions

The key assumptions of this mathematical model are: (1) all layers are modelled as separate
beams having independent axial, transverse and shear deformations; (2) shear deformation in
every layer is constant through the thickness; (3) the transverse strain (ezz) is zero in all layers; (4)
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linear theory of elasticity, viscoelasticity and piezoelectricity are used; (5) the applied voltage is
constant along the length of the PZT layer; (6) the material properties and thickness of the layers
are constant along the beam; (7) the poling axis of the PZT is perpendicular to the beam axis; (8)
the interlaminar peeling and sheering stress in the kth bond (between the layers k and k þ 1), when
the adjacent layers are made of elastic or PZT materials, is defined as (the fundamental
assumption of BUB theory):

sb
k ¼ mkðwk � wkþ1Þ; tb

k ¼ zkðu
B
k � uT

kþ1Þ: ð1Þ

Here, w and u represent the transverse and axial displacements. T and B represent the top and
bottom surfaces of the layer. Superscript b identifies that the stress terms are for a bond layer. m
and z represent the normal and shear interlaminar stiffness parameters, respectively. The subscript
k denotes the kth layer.

3.2. Kinematic relationship

The displacement field in the kth layer of the structure can be expressed as

uk ¼ u0
k � z

@w0
k

@x
� bk

� �
; wk ¼ w0

k; ð2Þ

where u is the axial displacement, w is the transverse displacement and b is the shear angle. The
subscript k denotes the kth layer and superscript o denotes the neutral axis of the kth layer. z is the
distance from the neutral axis of the kth layer (which is midway though the thickness).

3.3. Strain–displacement relationship

The strain-displacement relationship for the kth layer can be obtained by taking derivatives of
Eq. (2). Thus

ek ¼
@uk

@x
¼

@u0k
@x

� z
@2w0

k

@x2
�

@bk

@x

� �
;

gk ¼
@uk

@z
þ

@w0
k

@x
¼ �bk; ð3a;bÞ

where e and g are the normal and shear strains in the laminate.

3.4. Stress–strain relationships

The stress–strain relationship in a layer is dependent on the type of the material that particular
layer is made of. The stress strain relations for the layers made with elastic material is represented
by Hooke’s Law,

sk

tk

( )
¼

Ek 0

0 Gk

" #
ek

gk

( )
; ð4Þ

where E and G are the Young’s modulus and the shear modulus of elasticity, respectively. sk and
tk are the axial and the shear stress in the kth layer.
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The stress and strain in a viscoelastic layer are related to each other by

s�k
t�k

( )
¼

E�
k 0

0 G�
k

" #
ek

gk

( )
; ð5Þ

where E� and G� are the complex normal and shear elastic modulus. Since, these two parameters
are frequency-dependent, their value at a certain frequency is obtained from a look-up table that
is developed using the manufacturers data for 3MISD112 and DYAD-606.
The stress and strain in a PZT material are related by the constitutive equation of the

piezoelectric materials [IEEE Standard on Piezoelectricity, 1987]:

sk

tk

Ek

8><
>:

9>=
>; ¼

CD
11 0 �h31

0 CD
55 0

�h31 0 bs
33

2
64

3
75

ek

gk

Dk

8><
>:

9>=
>;: ð6Þ

Here, Ek represents the electrical field across the kth layer. Dk represents the electrical charge on
the kth layer. CD

11 represents the open circuit axial elastic modulus. CD
55 represents the open circuit

shear modulus. bs
33 is the dielectric constant and h31 is the piezoelectric constant.

3.5. Potential energy

The potential energy of a layer is dependent on the material of that layer. The potential energy
of the kth layer made of an elastic material is

Uk ¼
1

2

Z Le

0

EkAk

@u0
k

@x

� �2

þEkIk
@2wk

@x2
�
@bk

@x

� �2

þGkAkðbkÞ
2

" #
dx: ð7Þ

The potential energy of the kth layer made of a PZT material is:

Uk ¼
1

2

Z Le

0

CD
11Ak

@u0k
@x

� �2

þCD
11Ik

@2wk

@x2
�

@bk

@x

� �2
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þ CD
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2

�2Akh31Dk
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� �
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2

�
dx ð8Þ

Here, Le is the length of the element. Ak and Ik are the area and moment of inertia (around the
neutral axis of the layer) respectively. The elastic and dissipative energy associated with the VEM
layers is included in the virtual work term.

3.6. Kinetic energy

The kinetic energy expression is similar for all the layers. It is only dependent on the density r
and the kinematic degrees of freedom. It can be represented as

Tk ¼
1

2

Z Le

0

rk Ak
@uk

@t

� �2

þIk
@2wk

@x@t
�

@bk

@t

� �2

þAk
@wk

@t

� �2
" #

dx: ð9Þ
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3.7. Virtual work

The virtual work done on the kth layer made of a viscoelastic material is

dWk ¼
1

2

Z Le

0

E�
kAk

@u0k
@x

� �
d

@u0
k

@x

� ��

þE�
kIk

@2wk

@x2
�

@bk

@x

� �
d

@2wk

@x2
�

@bk

@x

� �
þ G�

kAkðbkÞdðbkÞ
�
dx: ð10Þ

The virtual work done on a bond between two layers, (k � 1)th and kth; due to the interlaminar
stiffness is represented by

dW J
k�1 ¼

Z Le

0

b mk�1ðwk�1 � wkÞdðwk�1 � wkÞ
�

þzk�1ðu
B
k�1 � uT

k Þdðu
B
k�1 � uT

k Þ
�
dx; ð11Þ

where the superscripts, T and B, represent the top and bottom of the layer, respectively. b in the
above equation is the width of the layer. The bond between the (k � 1)th and kth layers is denoted
as bond k � 1 (e.g., bond 1 is between the first and the second layers).
If the kth layer is made of PZT, the virtual work done on the layer by the applied voltage can be

represented by

dWk ¼
Z Le

0

bVkdDk dx: ð12Þ

3.8. Concept of interlaminar stiffness

The interlaminar stiffness m and z used in the virtual work expression (Eq. (11)) were first
introduced by Suhir [19,20]. In those studies, he presented an analytical derivation to determine
the value of interlaminar stiffness parameters for thin laminates. Pao and Esele [21] presented the
modifications for these parameters when multiple layers were used. Lee and Mirman [22]
discussed the theory in more detail and showed that, while the actual parameters do require some
experimental measurements, the approximations used by other researchers (including Suhir [20])
were sufficiently accurate for most analyses.
In the BUB theory, it is assumed that each layer behaves like an independent beam and is

connected to adjacent layers by a distributed spring. The spring connection between the layers
accounts for the transverse and shear compliance between the neutral axes of two adjacent layers.
The spring constant is calculated using the spring-in-series concept. For the bond k � 1; which is
between the elastic layers k � 1 and k; the interlaminar stiffness parameters are:

mk ¼
daha

Ea

þ
1

k
dk�1hk�1

Ek�1
þ
dkhk

Ek

� �� ��1

; ð13aÞ

zk ¼
aaha

Ga

þ
1

k
ak�1hk�1

Gk�1
þ
akhk

Gk

� �� ��1

; ð13bÞ
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where h is the thickness of the particular layer, E and G are the modulus of elasticity and shear
modulus, respectively. d and a are correction parameters. Pao and Esele [21] used this parameter
(d) to correct the value of the interlaminar stiffness depending on the layer location within
the laminate: d ¼ 2 for the top and bottom layers and d ¼ 1 for the intermediate layers. Since the
outer layers only have one surface bonded, the interlaminar stiffness is half as compared to the
layers that have both surfaces bonded within the laminate. k is a multiplication factor and was
given a value of 3 in Suhir’s analysis [20]. Lee and Mirman [22] discussed the significance of the
multiplication factor and mentioned that various researchers have used different values for this
parameter. In the present study, the value of 3 previously used by Suhir [20] and later by Pao and
Eisele [21] is used. The subscript a denotes the adhesive layer. It can be seen from the above
equation that if the adhesive is very thin and stiff as compared to the VEM, its contribution to the
interlaminar stiffness is negligible (an assumption in this study).

3.9. Interlaminar stiffness involving VEM layers

The interlaminar stiffness parameters discussed above can also be used when one of the layer is
made of VEM. In such a case, the frequency-dependent complex modulus of VEM can be used in
Eq. (13). This will provide complex frequency-dependent interlaminar stiffness parameters that
can be used in Eq. (11).

3.10. Finite element equations

In order to develop the finite element equations of motion, the potential energy, kinetic energy
and virtual work expressions for all the layers and the interlaminar bonds are used in the
Hamilton’s principle formulation. The dynamic variables in energy and work expressions,
structural displacements and electrical charge, are approximated using nodal parameters and
shape functions. The shape functions represent the variation of parameters within each element.
In this model, the transverse displacement is approximated using a cubic shape function; the axial
displacement, shear angle and the electric charge are approximated using a quadratic shape
functions. This choice of shape functions provides convergence of the solution with a reasonable
number of elements. Once assembled, the global finite element equations can be expressed as

½M� .%q
� �

þ ½K�ðoÞ� %qf g ¼ fFg þ fEgVp; ð14Þ

where %qf gand .%q
� �

are nodal displacement and acceleration vectors respectively. Vp is the voltage
across PZT. The vector Ff g is the external force vector. M½ � is the mass matrix and [Kn] is
complex stiffness matrix.

3.11. Modal reduction

The interlaminar stresses in the structure are concentrated in small regions close to the free end.
To accurately capture these stresses, the finite element discretization has to be highly refined
(small element size) in close vicinity of these stress concentrations. Thus, the finite element model
developed to calculate the interlaminar stresses usually tends to have very large dimensions. In
this analysis, the dimensions of the finite element model are reduced to decrease the
computational effort required for the parametric study of the control system.

ARTICLE IN PRESS

A. Badre-Alam et al. / Journal of Sound and Vibration 269 (2004) 965–990 971



For the present system, classical modal reduction methods cannot be applied directly due to
three main issues. First, in this model, the VEM has frequency-dependent material properties and
thus simple eigenvalues and eigenvectors cannot be calculated using traditional methods. Second,
even without frequency-dependent material properties, a classical reduced order model cannot
capture the localized deformations and stresses with only the first few modes. Third, if active
control laws were implemented on the reduced order model with only a few modes, the errors in
the solution could be significant [23]. On the other hand, if a large number of structural modes
were used, the computational effort would again be very high. To address these issues, several
techniques are utilized, as described in the following paragraphs.
First, the iterative procedure presented by Friswell and Inman [24] is used to derive the

eigenvectors. In this technique, the eigenvectors and modal parameters of each mode are
calculated using the VEM stiffness at the natural frequency of that mode. Since the natural
frequency of the mode is not initially known, the system stiffness matrix cannot be calculated.
Thus, the eigenvectors and modal parameters of the system are obtained in a recursive manner.
An initial estimate of the eigenvalue is made using the static stiffness properties of the VEM. Then
new VEM stiffness parameters are calculated at the natural frequency obtained from the initial
estimate of the eigenvalue. These new VEM stiffness properties are then used to develop an
updated system stiffness matrix. Eigenvalues and modal vectors are calculated again and, the new
eigenvalues are compared with the previous ones. This process is continued until convergence is
achieved (0.1% difference in the amplitude of eigenvalue). Once the eigenvalue is converged, the
modal parameters for that mode are calculated using the mode shape and system matrices. The ith
modal equation will be

mi .pi þ k�
i pi ¼ fi þ eiVp; ð15Þ

where m; kn; f and e are the modal mass, complex modal stiffness and modal forcing and control
functions, respectively.
It is documented by Ponslet et al. [23] and Plouin and Balmes [25] that to correctly predict the

localized deformation due to active control actions, a large number of normal modes are required.
However, if a static correction vector (Ritz vector) is used together with the normal modes in the
projection matrix, accurate results of the structural deformation can be obtained by using only a
few modes. Hence, in this study, the system is reduced using a Ritz vector and two modal vectors.
Since the stiffness matrix is frequency dependent, the Ritz vector is calculated using the system
stiffness evaluated at the first natural frequency (the main frequency of interest).

b ¼ K�ðo1Þ
� ��1

fEg; ð16Þ

where b is the Ritz vector, Kn is complex stiffness matrix, o1 is the first natural frequency and E is
the unit control force.
To avoid including the contribution of the first mode again, the orthogonal component of this

vector to the first eigenvector is calculated.

b0 ¼ b � bf1; ð17Þ

where, f1 is the unit vector in the direction of the first eigenvector. This modified Ritz vector is
used in the model reduction in a similar manner that an eigenvector would be used.

bT
o ½M�bo .pb þ bT

o ½Kðo1Þ�bopb ¼ bT
o fFg þ bT

o fEgVp: ð18Þ

ARTICLE IN PRESS

A. Badre-Alam et al. / Journal of Sound and Vibration 269 (2004) 965–990972



The complete reduced order model is

m1 0 0

0 m2 0

0 0 mb

2
64

3
75

.p1

.p2

.pb

8><
>:

9>=
>;þ

k�
1 0 0

0 k�
2 0

0 0 k�
b

2
64

3
75

p1

p2

pb

8><
>:

9>=
>; ¼

f1

f2

fb

8><
>:

9>=
>;þ

e1

e2

eb

8><
>:

9>=
>;Vp; ð19Þ

where the subscripts 1,2 and b are used to represent the first and second eigensolutions and the
static correction of the system, respectively. It is verified that this reduced order model has a good
correlation with the full size model for both passive damping (constrained layer treatment without
active control input) and closed-loop control scenarios [26].

4. System analysis

The system parameters used in this analysis are illustrated in Table 1. The 3MISD112 VEM is
used in most of the investigations (Figs. 2–13 and 20–23) while DYAD-606 is used as VEM in the
other case studies (Figs. 14–19). The interlaminar stiffness parameters at the first natural
frequency are listed in Table 2 for the top two interfaces. The value of these parameters for the
bottom two interfaces is the same as those of the top two due to system symmetry. Since the
values of these parameters are dependent on the modulus of VEM layer, which are frequency
dependent, their value is not constant. For the purpose of analysis, the VEM thickness is selected
to be optimum for passive damping (best fail safe property with no active action). Fig. 2 shows the
system passive damping (1st mode critical damping ratio) as a function of the 3MISD112 VEM
thickness. It can be seen in this figure that the optimum value of VEM thickness is 0.149mm and
the maximum damping for this thickness is 10.76% (Figs. 2–23).
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Table 1

System parameters

CD
11 76.16GPa

CE
11 65.36GPa

d31 �1.75 e�10

Eb 70Gpa

Ev 3MISD112 or DYAD-606

Ea 2.33GPa

tc 0.764mm

tv 0.149mm

tb 3.0734mm

L 7 in

rb 2710 kg/m3

rv 1250 kg/m3

rc 7500 kg/m3

nc 0

nb 0

nv 0.5

A. Badre-Alam et al. / Journal of Sound and Vibration 269 (2004) 965–990 973



Exciting the beam at its first resonance with unit harmonic tip force, the amplitudes of the
interlaminar peeling stresses between the PZT constraining layer and the VEM (PZT–VEM) and
between the VEM and the beam (VEM–beam), are shown in Fig. 3. It can be seen that there is a
high peeling stress concentration close to the free end of the treatment. This high stress region,
also know as a region of stress singularity, is common for structures with bonded joints and
laminates [17–19]. The phase of the response due to damping is not shown in this paper. The
interlaminar shearing stress for similar loading condition is shown in Fig. 4. This figure illustrates
that the interlaminar shearing stress does not have a distinct region of high stress concentration
and, the stress is more evenly distributed along the length of the beam (nearly linear and without
singularity). Also, the interlaminar shearing stress values are the same for all the interfaces.
This characteristic of the interlaminar shearing stress is due to the low shear stiffness of the VEM
layer.
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Table 2

Interlaminar stiffness at o1

b1 3.62� 109+i3.69� 109 Pa

b2 3.62� 109+i3.69� 109 Pa

g1 4.83� 109+i4.92� 109 Pa

g2 4.83� 109+i4.92� 109 Pa
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Fig. 2. Passive damping as a function of viscoelastic material layer thickness. Optimum tv ¼ 0:149mm and

x ¼ 10:76%.
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Fig. 4. Interlaminar shearing stress for a unit tip transverse force—passive damping case with constrained layer

treatment but no active control input. VEM–beam (– – – –), PZT–VEM (——), the two curves are coincident.
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4.1. Comparison between P and D controls

In order to analyze the effect of active action on the durability of the ACL treatment, the
amplitudes of interlaminar stresses (both peeling and shearing) are studied in an actively
controlled system. Two control schemes, the derivative (D) and the proportional (P), are selected
for this study, since they augment the baseline passive damping by different mechanisms.
Philosophically stating, P control is aiming at increasing the shear angle in the VEM layer, while
D control is synthesized to generate direct dissipative active forces. Due to this difference, their
effects on the interlaminar stresses are different. The stresses and performance of these two
control schemes are compared with each other and to the baseline passive damping case.
Throughout this paper, the baseline passive damping configuration is defined to be the system
with constrained layer damping treatment (PZT coversheet and VEM layer) but without active
control inputs. Since the objective of a closed loop control is to reduce structural vibration, it is
important to analyze the magnitude of interlaminar stress in relation to the vibration reduction
performance. Thus, performance parameters, in terms of vibration reduction have to be
established. In this study, the primary parameter selected for evaluation is the reduction in the
beam tip displacement in comparison to the passive damping configuration, under a unit tip
transverse force. Since the beam tip displacement can be calculated for frequencies around the first
natural frequency, the largest displacement in this near resonance range is used. In this paper, it is
referred to as the ‘‘maximum’’ tip transverse displacement. Similarly, ‘‘maximum’’ stress and
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Fig. 7. Amplitude of interlaminar peeling stress between constraining and VEM layers for unit tip load. Passive

damping ( � � � ) resonant-amplitude=1.38� 105 Pa; D-control (——) resonant-amplitude = 8.2� 104 Pa for Kd ¼ 809;
P-control (– – – –) resonant-amplitude=1.53� 105 Pa for Kp ¼ 6:65� 105:
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voltage are defined as the maximum stress and voltage values in their frequency spectrums around
the first resonance, respectively. Fig. 5 shows the frequency response of the beam tip displacement
under a unit tip transverse force. It is plotted for the passive damping case, and for the derivative
control and proportional control cases. The control gains are selected such that the reduction in
the maximum tip transverse displacement, as compared to the passive damping case, is the same
for both derivative and proportional control schemes (for this example, the reduction is 51.5%). It
can be seen that both derivative and proportional controls provides significant vibration
reduction. Fig. 6 shows the voltage requirements for these two cases under consideration. It can
be seen that the maximum voltage requirements for derivative control is 31.5% lower than that of
the proportional control. Figs. 7 and 8 show the peak interlaminar peeling stress for these two
configurations at the two interfaces, PZT–VEM and VEM–beam, respectively. It can be seen in
these figures that the maximum peeling stress for derivative control is 46.5% and 62.5% lower
than that for proportional control for the respective interfaces. Also, when compared to the
passive damping configuration, it can be seen that the derivative control reduces the maximum
interlaminar peeling stress (by 40% and 61.5%) while the proportional control results in a small
increase in interlaminar stresses. The reduction in interlaminar stresses with derivative control is
due to the reduction of the structural resonant response of the closed-loop system in comparison
to the passive damping system. For proportional control, there are two dominant factors that
contribute to the peak interlaminar peeling stress. First, lowering the resonant response reduces
the interlaminar stresses. Second, the active action directly increases the shear deformation in the
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Fig. 8. Amplitude of peeling stress between VEM layer and beam for unit tip load. Passive damping ( � � � � ) resonant-
amplitude=2.13� 105 Pa; D-control (——) resonant-amplitude=8.2� 104 Pa for Kd ¼ 809; P-Control (– – – –)

resonant-amplitude=2.18� 105 Pa for Kp ¼ 6:65� 105:
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VEM [11,12] and thus increases the interlaminar stresses [26]. In the P-control scheme, the later
factor is more dominant and thus the combined effect will cause a net increase in the interlaminar
stresses, while the D-control hardly increase the shear at all [11,12].
The interlaminar shearing stress is the same for the two interfaces (PZT–VEM and VEM–

beam). The peak value of the interlaminar shearing stress as a function of frequency is shown in
Fig. 9. It can be seen in this figure that the maximum interlaminar shearing stress for derivative
control is 44.5% lower than that for proportional control.
The analysis of the ACL treatment shown above demonstrates that the derivative control

scheme has lower voltage requirement as well as lower interlaminar stresses (both peeling and
shearing) for the cases under consideration. This is an important observation and it needs to be
ascertained that it holds true for the other cases with different values of reduction in maximum
beam tip displacements. The control voltage and the interlaminar stresses are next analyzed for a
reasonable range of beam tip vibration reduction (0–5 dB, where 3 dB corresponds to 50%). To
calculate the decibel value, the reference is chosen to be the maximum beam tip displacement of
the passive damping system (1.3mm), which is significantly lower than that of a system without
any damping treatment. Fig. 10 shows the maximum voltage requirement as a function of beam
tip displacement reduction for the two control schemes (the control voltage for tip displacement
reduction of 3.14 dB corresponds to the maximum value in Fig. 6). It can be seen in Fig. 10 that
the voltage requirement of derivative control is less than that of proportional control for this
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Fig. 9. Amplitude of shearing stress at both interfaces, PZT–VEM and VEM–beam, for unit tip load. Passive damping

( � � � � ) resonant-amplitude=8.07� 104 Pa; D-control (——) resonant-amplitude=4.69� 104 Pa for Kd ¼ 809;
P-control (– – – –) resonant-amplitude=8.44� 104 Pa for Kp ¼ 6:65� 105:
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Fig. 10. Voltage requirements for derivative (——) and proportional (– – – –) control schemes.
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Fig. 11. Interlaminar peeling stress for derivative (——) and proportional (– – – –) control schemes.
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Fig. 12. Interlaminar shearing stress for derivative (——) and proportional (– – – –) control schemes.
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Fig. 13. PZT actuator axial stress for derivative (——) and proportional (– – – –) control schemes.
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Fig. 15. Frequency response function of beam tip displacement for unit tip load. Passive damping ( � � � � ) resonant-
amplitude=0.395mm and x ¼ 11:78%; D-control (——) resonant-amplitude=0.287mm, x ¼ 16:38% and Kd ¼ 191;
P-control (– – – –) resonant-amplitude=0.287mm, x ¼ 13:52% and Kp ¼ 1:5� 104:
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Fig. 14. Passive damping as a function of viscoelastic material layer thickness. Optimum tv ¼ 5:9mm and x ¼ 11:78%.
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Fig. 16. Frequency response function of control voltage for tip transverse load. D-control (——) resonant-

amplitude=69.66V for Kd ¼ 191; P-control (- - - -) resonant-amplitude=430.13V for Kp ¼ 1:5� 106:
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Fig. 17. Amplitude of peeling stress between constraining and VEM layers for unit tip transverse load. Passive damping

( � � � � ) resonant-amplitude=5.46� 104 Pa; D-control (——) resonant-amplitude=4.027� 104 Pa for Kd ¼ 191;
P-control (– – – –) max amplitude =6.47� 104 Pa for Kp ¼ 1:5� 106:
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range of vibration reduction. Figs. 11 and 12 show the peak interlaminar peeling and shearing
stresses, respectively (the tip displacement reduction of 3.14 dB corresponds to the maximum
values in Figs. 7–9). It can be seen in these figures that the peak interlaminar peeling and shearing
stresses are lower for derivative control as compared to proportional control. Also, the derivative
control reduces the peak interlaminar peeling stress when compared to the passive damping case.
The axial stress in PZT actuator for both of these cases is shown on Fig. 13. It can be seen in this
figure that the axial stress in PZT is also lower for D control.
In summary, it is observed that in ACL treatments, derivative control can provide vibration

reduction with lower control voltage, lower PZT axial stresses and lower interlaminar stresses
than proportional control. Also, the interlaminar stresses for the derivative control scheme are
even lower than those of the passive damping configuration due to lower levels of vibration. On
the other hand, the proportional control increases the interlaminar stresses when compared to the
passive damping case.
The study so far is conducted using 3MISD112 as the shear layer. To expand the investigation,

another analysis is performed using a different VEM material for the shearing layer. The VEM
selected is DYAD-606, which has a shear modulus of approximately 50MPa and a loss factor of
1. This shear modulus is two orders of magnitude higher than that of the 3MISD112. Again, for
this shearing layer, first the optimum thickness for passive damping (best fail safe) is calculated.
Fig. 13 shows that the optimum thickness is 5.9mm and the passive damping (1st mode critical
damping ratio) for this thickness is 11.78%. It can be seem in Figs. 15–19 that the phenomenon
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Fig. 18. Amplitude of peeling stress between VEM layer and beam for unit tip transverse load. Passive damping ( � � � � )
max amplitude=2.91� 105 Pa; D-control (——) max amplitude=2.15� 105 Pa for Kd ¼ 191; P-control (– – – –)

resonant-amplitude=3.57� 105 Pa for Kp ¼ 1:5� 106:
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Fig. 19. Amplitude of shearing stress at both interfaces, PZT–VEM and VEM–beam, for unit tip load. Passive

damping ( � � � � ) resonant-amplitude=6.49� 104 Pa; D-control (——) resonant-amplitude=4.8� 104 Pa for Kd ¼ 191;
P-control (– – – –) resonant-amplitude=7.6� 104 Pa for Kp ¼ 1:5� 106:
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Fig. 21. Interlaminar peeling stress in purely active and ACL configurations. Purely active control where PZT is

directly attached to the beam (– – – –); ACL (——).
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observed for the 3MISD112 material is also true for DYAD-606. That is, derivative control can
provide the same level of attenuation of resonant response as proportional control but with lower
voltage requirements and lower interlaminar stresses. Also, the maximum values of the
interlaminar stresses for derivative control is lower than those of the passive damping case while
proportional control increases the interlaminar stresses.

4.2. Comparison between ACL and purely active systems

The performance of ACL damping treatment has been compared with that of the purely active
configuration (direct attachment of PZT on the host structure without VEM layer) by various
researchers [8–12]. Liao and Wang [9,10] have shown that by a judicious choice of design
parameters and control law, ACL could outperform the active configuration. Huang et al. [8] have
shown that the ACL treatment could have better performance than a purely active configuration
for low gain operations. Gandhi and Munsky [11,12] highlighted the importance of considering
the piezoelectric layer voltage limits when evaluating the various configurations. All these
comparison studies have focused mainly on the damping ability and/or control effort (voltage or
power) requirements of the treatments.
In this investigation, the interlaminar stresses in the purely active configuration are compared

with that in ACL (the 3MISD112 VEM is used in this study). The thickness of the adhesive in the
purely active configuration is assumed to be same as that of optimum VEM thickness in the ACL,
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which is 0.149mm for 3MISD112. This is a reasonable thickness for epoxy layer in terms of
fabrication considerations. To compare the ACL with the purely active configuration, the beam is
excited with a unit tip force at first resonant frequency and the derivative control law (already
proven to be a preferred choice) is used to reduce vibration. Fig. 20 plots the peak control voltage
requirement as a function of the maximum beam tip displacement reduction. Note that as
discussed earlier, for calculating the dB displacement reduction, the reference is chosen to be the
maximum beam tip displacement of the passive damping system (constrained layer damping
treatment with PZT coversheet and VEM layer but no active control), which is significantly lower
than that of a system without any damping treatment. The reduction in maximum beam tip
displacement increases with increasing control gain, that is, higher control gain provides larger
vibration reduction. When the control gain is low (small vibration reduction), the required control
effort (voltage) of the ACL is less than that of the purely active system. As the gain increases (for
larger vibration reduction), the ACL would need a higher control voltage than the purely active
configuration to achieve the same amount of reduction in beam tip displacement. Similar
discussions on the effects of control gains on ACL vibration suppression performance and/or
voltage requirements have also been presented in previous studies [8,10,12]. However, an
important new observation here is that the active configuration has much (an order of magnitude)
higher interlaminar stresses than the ACL treatment through out the range of vibration reduction
being considered, as illustrated in Figs. 21 and 22. This indicates that while the performance
(vibration reduction) and efficiency (control effort requirement) of the ACL could be better or
worse than the purely active system depending on the limitations on control input (gains), its
stress level is always much smaller. If the strength of the bond is the same for ACL and the purely
active configuration, this would mean that the ACL treatment is much more durable. Fig. 23
shows the axial stress in the PZT actuator for the ACL and purely active configurations. It can be
seen in this figure that the PZT axial stresses for the ACL configuration are considerably lower
than the purely active case.
It can also be seen (Figs. 21–23) that with derivative control, the stresses decrease with

increasing gain, due to the reduction in vibration amplitude. This is an important observation
since it demonstrates that the actuator is more likely to delaminate when the controller is off. In
other words, if the controller and the treatment are designed correctly, the reliability of the
treatment could be improved due to feedback control for vibration suppression.

5. Summary

In this paper, the ACL treatment is analyzed for its interlaminar stress characteristics. It is
demonstrated that for the system under consideration, derivative control has lower voltage
requirements and interlaminar stresses as compared to the proportional control, given the same
structural vibration level. The PZT actuator axial stresses are also lower for the derivative control
scheme. This implies that the derivative control should be preferred over proportional control for
ACL treatments. It is also shown that in comparison to a purely active configuration with similar
vibration suppression performance, the interlaminar stress and PZT axial stress level in an ACL
damping treatment could be an order of magnitude lower. This implies that if the strength of the
bond is the same for ACL and the purely active configuration, the ACL treatment would be
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significantly more durable. Another important observation in this investigation is that the
interlaminar and axial stresses decrease with increasing derivative control gain (increasing control
voltage). Hence, if derivative control is used, which is a preferred option due to lower stresses and
control voltage, the treatment is less likely to delaminate when the controller is on. In other words,
the active action will not only reduce vibration but also increase the system reliability.
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