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Analysis of Design Tradeoffs
for Passively Damped Structural Joints

Jacky Prucz*
West Virginia University, Morgantown, West Virginia

An innovative means to enhance the inherent damping in structures is provided by the designed-in incorpora-
tion of viscoelastic materials in joints. The joints, as envisioned, are double-lap shear joints that dissipate energy
when worked in an axial direction. To better understand the relationship between structural stiffness and struc-
tural damping as a function of important physical parameters, a one-dimensional analysis of a typical joint was
developed. A quasistatic analytical model based on the complex modulus description of viscoelastic behavior is
utilized. Potential applications to parametric studies, preliminary design, and experimental data analysis are il-
lustrated. The predictions correlate well with expected physical behavior, simplified approximate models, and

ayailable test data.

Nomenclature
= shear-stress coefficient, Eq. (1)
=real and imaginary parts of A, respectively
=cross-sectional area of inner and outer
adherends, respectively
=cross-sectional area of elastic link
=shear area of viscoelastic layer
=real and imaginary parts of B, respectively
=width dimension of all joint components
=parameter, defined in Eq. (26)
=dissipated energy per unit volume per cycle
=total dissipated energy per cycle
=extensional modulus of inner and outer
adherends, respectively
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E; =extensional modulus of elastic strip

G =complex shear modulus of viscoelastic
material

G,,G, =elastic and dissipative shear modulus,
respectively

Gy =magnitude of complex shear modulus

! =overlap length

I =length of elastic link

H =nondimensional parameter, defined in Eq.
am

i =(-D*”

I,....01, =results of definite integrations, defined in
the Appendix

K =nondimensional parameter, defined in Eq.
(16)

K; =axial stiffness of joint system

K, =shear stiffness of adhesive layer

K = axial stiffness of elastic strip

K, =reference axial stiffness

K; =relative joint stiffness with respect to K,

P =amplitude of external load

Sy =specific damping capacity, defined in Eq.
(27)

t.t, =thickness of inner and outer adherends,
respectively

L =thickness of elastic link

t, =thickness of viscoelastic layer
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T;(x),T,(x) =internal force in inner and outer adherends,

respectively

T, (x) =internal force in elastic link

T, (x) =internal force in the gap portion of outer
adherend

Upg (X) =axial displacement in gap portion of outer
adherend

u; (x) =axial displacement in inner adherend

U, (x),up(x) =real and imaginary components, respec-
tively, of u; (x) '
=axial displacement in elastic link and outer

adherend, respectively

ug(x),u,(x)

U =total maximum strain energy per unit
volume
U, =total maximum strain energy stored in the
! . -
joint
U,Uu,u,,
Us, Uy, =maximum strain energy per unit volume of

viscoelastic material, inner adherend, outer
adherend, elastic strip, and gap portion of
outer adherend, respectively

U, UL U;,
U, U, =strain energy contributions nondimension-

alized with respect to U

U, =maximum strain energy per cycle in the
viscoelastic material

v, =volume of viscoelastic layers

W, W, =weight of joint and reference weight,
respectively

x =axial variable

B8 =complex parameter, defined in Eq. (2)

B1.8, =real and imaginary parts of 3, respectively

v(x) =shear-strain amplitude in adhesive layer

N =overall loss factor of joint system

7, =loss factor of viscoelastic material

0 =loss angle, defined in Eq. (25)

7(x) =shear-stress amplitude in adhesive layer

T (x), 75 (x) =real and imaginary shear-stress compo-

nents, respectively

Introduction

LL structures must have sufficient inherent damping to
R keep vibration response, dynamic stress levels, noise, and
fatigne within acceptable limits. Effective vibration and
disturbance control is particularly critical to the achievement
of precision spacecraft performance objectives. The tight
orientation and deformation tolerances included in many
future mission requirements for large space structures indicate
that passive damping will be a key element in spacecraft vibra-
tion control.!
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High passive damping not only limits vibration amplitudes
and shortens transient decay times, but also has favorable
synergistic effects when combined with active controls. The
performance of active modal control systems is enhanced
significantly due to improved control system error tolerance,
reduced levels of disturbances, and reduced control bandwidth
requirements.?

The use of viscoelastic materials for the control of structural
vibrations has been an approach used in an ever-increasing
variety of applications as viscoelastic technology becomes well
established and more widely known. The literature is replete
with examples of constrained-layer viscoelastic damping
treatments applied over large areas and viscous dampers ap-
plied to problem components.’* While generally successful,
some penalties are usually attendant because of the add-on ap-
proach typical of past applications. Damping treatments have
been used as cures for unforeseen problems and, therefore,
have been afterthoughts.

An innovative means to enhance the inherent damping in
structures is provided by the designed-in incorporation of
viscoelastic materials in joints. This combines the well-known
damping capability of viscoelastic materials with the
predominant influence of joints and supports on the overall
damping of most structures.’ The designed-in approach pro-
vides a promising opportunity to maximize the damping
benefit, while minimizing the associated penalties in other
structural properties. Preliminary theoretical and experimen-
tal research has been undertaken in the last two years for the
development of generic, passively damped, joining concepts
for space structures. New analytical models and experimental
methods have been developed for the mechanical performance
analysis of such joints and have been reported in Refs. 6-8.

In this paper, the development and application of a
quasistatic analytical model for design analyses of passively
damped joints based on a symmetric, double-lap configura-
tion is presented. The primary objective is to provide an in-
depth understanding of the structural interaction mechanism
among the individual components of the joint and the
associated effect upon the overall joint characteristics.

The double-lap configuration has been chosen because it is
simple, widely used, and provides high shear deformation of
the viscoelastic layers under axial loading of the members. The
effect of a direct elastic connection between the members has
also been included in the model. The elastic connection pro-
vides improved minimum stiffness and structural redundancy
at elevated temperatures or in the case of viscoelastic materials
with poor creep resistance. A typical joint specimen that has
been designed and fabricated for the experimental investiga-
tion of this concept is shown in Fig. 1. Detailed information
about the experimental program and results is given in Ref. 8.

Since the primary candidates for large space structures are
repetitive lattice trusses,’ the main loading direction con-
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sidered in the design and testing of passively damped joint
specimens is the axial one.

A fully elastic analytical model of a double-lap bonded joint
with a restoring spring between the members has been
developed independently and is presented in Refs. 6 and 7.
The major contribution of the new, quasistatic model to the
current state-of-the-art of bonded joints modeling, as it is
reflected in Refs. 6, 7, 10, and 11, is the incorporation of
viscoelastic behavior and the associated energy dissipation,
which is necessary for a reliable assessment of the damping
properties. Therefore, the model constitutes an essential step
toward the implementation of the designed-in approach to
damping enhancement of space structures.

Modeling Assumptions

Since the model is expected to be a practical tool for expe-
dient design studies, the underlying guidelines for its develop-
ment are simplicity and a reliable description of the actual
physical behavior. The physical model shown in Fig. 2 is
utilized to represent the actual joint configuration depicted in
Fig. 1. Due to symmetry, only one-half of the joint needs to be
considered for analysis, with no displacements allowed across
the plane of symmetry. The terminology commonly used for
conventional double-lap bonded joints is adopted here, as
shown in Fig. 2.

The only external load acting on the joint is assumed to be a
fluctuating axial force applied on one member, which is
transferred through the joint to the other member. The
analysis is conducted on a one-dimensional or planar basis
which applies to plane stress or plane strain conditions. This
simple context permits the evaluation of damping and stiffness
properties associated with the primary, axial loading direc-
tion. The viscoelastic layers undergo pure shear deformation
with constant shear stress across their thickness, whereas all of
the others elements of the joint are subject to pure extensional
deformation.

The inner and outer adherends of the joint and the elastic
restoring element are assumed to display perfectly elastic
behavior. The only source of damping in the joint is provided
by the viscoelastic adhesive layers. The widely used complex
modulus approach!>!? is adopted here for the modeling of
viscoelastic behavior. This implies the assumption of linear
viscoelastic behavior in which the material behaves similar to a
Voigt solid at any one frequency, so that its constitutive rela-
tions are similar to Hooke’s law, but include complex rather
than real material constants. The numerical values of the
mechanical properties may change with the loading frequency,
but the form of the constitutive relations remains unchanged
at all frequencies.

The model is confined to a quasistatic analysis of the joint
behavior under the fluctuating axial load, as is usually done in
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Fig. 1 Passively damped joint specimen
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Fig. 2 Physical model of passively damped joint.

effectiveness investigations of constrained-layer damping
treatments.'* The quasistatic analysis is particularly well
suited to space structures where low vibration frequencies are
expected to be dominant? so that inertia effects may be
neglected without serious errors, however, the dissipated
energy has to be determined for a reliable estimation of
damping.

Basic Equations

The structural part of the model relies upon the commonly
used Hart-Smith analysis of double-lap bonded joints.!® The
model is modified to include the effect of a direct elastic con-
nection between the inner adherends and the viscoelastic
behavior of the adhesive material.

Stress equilibrium and kinematic conditions yield the shear
stress distribution in the adhesive layers, following a develop-
ment similar to that described in Ref. 10

7(x) = A sinh(Bx/1) + B cosh(8x/1) 68

where the nondimensional parameter 3 is defined as

E;t,
62 =_q_< Ll +2) [2 (2)
Ei Eoto tvti

Reference 15 includes a detailed description of this derivation.
The constraints A and B are determined, as in the Hart-Smith
model, from the boundary conditions imposed on the shear
stress gradient at the ends of the overlap portion of the joint.

(T T,0
A= Bt, G(E,.t,b Eot,,b) 3
B } FI:P_ T,(0) cosh(B) T,(0) cosh(B)] @
~Bt, sinh(B) Etb E,1,b

In the absence of the direct elastic link between the inner
adherends, which is the case in the Hart-Smith model, the in-
ner adherend force must vanish at the boundary x=0, i.e.,
T:(0)=0, so that only T,(0) remains to be evaluated. This is
readily done by using the overall axial equilibrium condition
of the joint, which in the general case may be expressed as
follows:

T,(0)+2T,(0)=P ©)

In the present model, however, the inner adherends are in-
terconnected through an elastic strip, so that 7;(0)#0, and
Eq. (5) is not sufficient. Further analysis is needed to derive an
additional relationship between the four unknowns A, B,
7,(0), and T,(0).

The internal axial force and displacement fields in the inner
adherend and the overlap portion of the outer adherend vary
in the x direction because of the interaction with the adhesive
layers. The complete force and displacement distributions are
determined from the adhesive stress distribution, Eq. (1), by
integrations with respect to x of the corresponding equilibrium
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and constitutive equations. The elastic strip and the ‘‘gap”
portion of the outer adherend, bounded by x= —/ and x=0,
do not come in contact with the viscoelastic layers so that their
internal forces and displacements are constant. The boundary
conditions

us(_ls)=0) uog(_ls)=0 (6)

T,(l)=P, T,(H=0 Q)

and the equilibrium and continuity conditions across the x=0
interfaces

Toe(0) =T, (0),

U5, (0) = u,(0),

enable the evaluation of all of the integration constants in-
volved in the analysis. Substitution of the corresponding stress
and displacement values into the constitutive relation of the
adhesive layers.

T,(0)=TH0) ®)

u(0) = u;(0) ®

G
Ly

7(0)= [4:(0)—u,(0)] (10)

yields the fourth relationship among the unknowns A4, B,
T:(0), and T,(0).

B=G

ks [T,(O) _ TO(O)] (a1
t, LEgtb E,t,b
In the absence of the elastic restoring strip, both 7;(0) and E;
are zero.

The four unknowns can be uniquely determined from the
system of equations (3-5) and (11).

| G P K Egt,
A=8E b [1__}1—(2+ Eoto>] (12)

I, G P K (. Eyi,
B=—F b [1*71”<2+ Eot,,)] 13
T,(00)=P[1-2(K/H)] (14
T,(0)=P(K/H) (15)

The nondimensional parameters K and H are defined as
follows:

_l—cosh(B)_l_EstS
g sinh(B) I Ei,

E N co§h(ﬁ) 1 Eg (2+ E,-t,-) a7
E,t, @Bsinh(B) I E; E,t

o°o

K=1

(16)

H=2+

These expressions yield dimensions of stress for A and B and
dimensions of force for T;(0) and 7,(0). In the limit E ¢, —0,
the values of K—1, and H—2, so that T;(0) tends to vanish, as
it should without the restoring elastic strip between the inner
adherends.

Damping Evaluation

The viscoelastic behavior of the adhesive layers is described
by means of the complex modulus approach, i.e.,

G=G,(1+in,) (18)
where the viscoelastic material loss factor is defined as

Ny =0/ Gy (19)
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The use of quasistatic and complex modulus modeling implies
slow oscillatory external loading. The parameters describing
the associated physical response of the joint are time-
dependent, but inertia effects are ignored.

Since the shear modulus G of the adhesive layers is a com-
plex quantity, as shown in Eq. (18), all of the other model
parameters dependent on G, either explicitly or implicitly, are
also complex quantities. The analysis required for the separa-
tion of the real and imaginary components from each other is
described in Ref. 15. The final result is the separation between
the storage and dissipative components of the shear-stress
field in the viscoelastic layers:

T(X) =7, (x) + ity (x) (20)

where

7 (x)=A, cos (%&) sinh <§51>

—A, sin (i;-ﬁz> cosh <—;£Bl> + B, cos <§{32) cosh (%Bl)

SRMCARICS

-G (35
(oo () o (3)
PRNEARICS

All of the parameters in Egs. (21) and (22) represent real quan-
tities, and are defined in the Nomenclature. The real and
imaginary parts of the parameter 3 are expressed as follows:

B, =Cg cos(8/2) (23)
B, = Cjg sin(8/2) (24)
where
6=tan~'(y,) 25)
G, ( E,-t,-) 2 ) ]‘/z (26)
Cy= [— 2+ ——L ) ——(1+92)"
g Ei Eoto tvti ( +7’v)

The parameters A, 4,, B;, and B, have dimensions of stress;
their complete expressions are given in the Appendix.

Although damping properties can be measured in terms of
numerous parameters that are usually associated with various
experimental techniques,'? the most direct and useful measure
is the specific damping capacity. In a dissipative system, the
specific damping capacity is determined by the ratio between
the energy dissipated in a unit volume per deformation cycle
and the maximum potential energy stored in a unit volume
during that cycle. Since energy dissipation occurs only in the
viscoelastic layers, whereas strain energy is stored in all of the
elastic components of the joint, the specific damping capacity
is defined here as

S;,=D/U 7
where U is the sum of individual, unit volume, strain energy
contributions, rather than the total strain energy stored in a

unit volume of joint.

U=U,+U;+U,+U; + U, (28)
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This definition of U facilitates parametric studies on the
geometrical characteristics of various joint elements.

All of the strain energy contributions needed for the evalua-
tion of the damping characteristics of the joint can be deter-
mined from the corresponding stress fields. According to the
physical interpretation of the complex modulus concept, only
the real stress field components are used for the evaluation of
elastic strain energies.

The maximum value of the total elastic strain energy stored
per cycle in the viscolatic layers is determined from the
expression

bt,
G,

4
V=g | A (dx @9)

An explicit final expression of U,, in terms of known quan-
tities can be developed by substituting the real shear-stress
distribution from Eq. (21) into Eq. (29) and carrying out the
integrations with respect to the axial variable, x.

The corresponding expression for U, is

! 2 2 2 2 I
U, =26 Al + A3, + Bl + B3I ——2—(A1A2 +B,B,)
1

+A Bl +A,B, 15— A,B, 1 _AIBZIIZ] (30)

The symbols denoted by the letter 7 with various subscripts
represent nondimensional quantities resulting from definite
integrations of products between trigonometric and hyper-
bolic functions of real variables. Their complete expressions
are given in the Appendix. Explicit expressions for the max-
imum strain energies stored during a cycle in each of the elastic
components of the joint can be similarly developed, as
described in detail in Ref. 15.

The total mechanical energy dissipated per cycle by the two
viscoelastic layers can be evaluated by using the following
equation!4:

DU=SV G, ly12dV, 3y

The magnitude of the complex shear strain corresponding to
the stress field defined by Egs. (20-22) is substituted into Eq.
(31) and, considering the one-dimensionality assumption of
the model, the following equation is obtained for D,:

__mmbty, o, 2
D”_mgo {73 (x) +75(x)]dx (32)

The corresponding final expression of the energy dissipated
per unit volume of viscoelastic material per cycle is obtained
after carrying out the integrations in Eq. (32).

TNy
D=m[ (AT + AN, + 1) + (B} + B3 (U5 + 1)

+ (AB) + Ay By) (g +11p) + (A, By — A, By) (I "112)]
(33)

The specific damping capacity of the joint can be calculated
directly by substituting the appropriate energy expressions
into Eq. (27).

An alternative way to decribe the damping performance of
the joint is in terms of the commonly used concept of loss fac-
tor. However, an overall loss factor of the joint system needs
to be defined for this purpose, and has to be clearly
distinguished from the material loss factor of the viscoelastic
layers, which is defined in Eq. (19). The system loss factor in-
cludes the effect of structural interactions between the various
elements of the joint in addition to the effect of their in-
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dividual mechanical properties. According to the general
definition of loss factor in terms of energy quantities,'>!* the
system loss factor of a passively damped joint can be
calculated by using the formula

D
T 27U

7 (34

Stiffness Evaluation
The foregoing development shows that the loss factor
calculation of the whole joint system requires the evaluation
of the total maximum strain energy stored during one cycle in
all of the components of the joint. This strain energy can be
used subsequently to evaluate the joint axial stiffness, accord-
ing to the equation

PZ
K. =
172U,

(3%

The basic definition of the stiffness concept provides an
alternative method for its evaluation:

K = P
T u(h)

(36)

The complete axial displacement distribution in the inner
adherend is determined during the development of the model
basic equations, so that it can be readily used for the axial
stiffness evaluation in Eq. (36).

Results and Discussion

A computer program has been written for the analytical
model developed above, and an extensive parametric and cor-
relation study has been conducted. Selected numerical results
are presented and discussed in order to illustrate the applica-
tion of the model and compare its predictions with other
theoretical and experimental data. The analysis of these results
provides an in-depth understanding of the operating structural
interactions among the various components of a passively
damped joint.

Correlation Studies

Numerical results generated by a fully elastic model of a
double-lap bonded joint with a restoring spring between the
inner adherends are given in Ref. 7. Figure 3 illustrates the
good correlation that exists between the predictions of the
fully elastic and viscoelastic models.

Ugy Ob—1n % 183)

- = - uypCh Cin % 19%)
.50 ol

Pra

tv

END DISPLACEMENT, u,;(¢1)

Eq.(37)
.38 F \

PRESENT MODEL

.28 |

ADHESIVE STRAIN ENERGY, U

L

.po : L . L
0.0 1.00 2.80 3.20 4.00
1{{nches)

Fig. 3 Correlation of overlap length effect for K, =20 Ib/in.,
G, =1000 psi, 3, =0, ¢, =0.02 in.
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The following constant numerical parameters have been
selected for Fig. 3:

P=11b (4.45N)
E,E,=8.5x 10% psi (58,624 MPa)
£;=0.2 in. (0.508 cm)
t,=0.1 in. (0.254 cm)
1,=0.047 in. (0.119 cm)
b=1.0 in. (2.54 cm)
1,=0.5 in. (1.27 cm)

The correlation is based on the two parameters used in Ref. 7,
namely the total strain energy stored in the adhesive layers,
U,,, and the elastic displacement at the external end of the in-
ner adherend, u; (/).

Figure 3 shows the effect of the overlap length on these two
parameters for a soft elastic link. It displays also the end
deflection results associated with the simple design equation

K,=GyA,/t, (37

which yields the equivalent shear stiffness of an adhesive layer
assuming uniform shear stress distribution over the whole
area, A, and no elastic link between the inner adherends. As
mentioned in Refs. 7 and 8, Eq. (37) has been used for the
design of passively damped joint test specimens.

All of the three methods compared in Fig. 3 predict the
same physical behavior associated with the increase of the
overlap length. The two analytical models agree extremely well
in the perfectly elastic case shown in Fig. 3, despite minor dif-
ferences in their mathematical formulation (see Ref. 15). The
approximate equation (37) generates higher deflection values
than the more accurate analytical models. This is because it
assumes that all of the strain energy of the joint is stored in the
adhesive layers. Therefore, it yields lower predictions for the
overall joint stiffness than the actual values.

An important application of the quasistatic analytical
model is the prediction of overall stiffness and damping prop-
erties of a joint when the properties of its constituents are
known. Figures 4 and 5 illustrate, respectively, how the joint
axial stiffness and loss factor can be evaluated as a function of
the elastic shear modulus and loss factor of the viscoelastic

A SPECIMEN ?
O SPECIMEN 8

1.88 ¢ t, = 8.895 in
-
-
//_// :: = @0.21 in
.80 | -
- / -
8 Vs Ay = 2.82 4n
§ .68 | / _ -
fd t / e
(0] / 7 -
/

i 7 .
2 48t !/, "%, = 8.85 in
£ /s —
i - —
& /7 - " *j 2.1 tn

.2p ./ / /./ ///

L///' X
e
2.00 % AT T

@.08 . 1@ .28 .30 .48 .58
Gy/Ey * 1@3

Fig. 4 Stiffness test data correlation for K =20 Ib/in., /=3.0 in.,
7, =0, K, =1,755,000 1b/in.
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material used in the joint. The constant parameters used in
these figures are

P=11b(4.45N)
E,E,=15.6x10° psi (107,593 MPa)
t;,t,=0.15 in. (0.38 cm)
t;=0.047 in. (0.12 cm)
[=3.0in. (7.62 cm)
l,=0.5in. (1.27 cm)
b=1.5in. (3.81 cm)

The primary difference between the test specimens selected for
this illustration is the type of adhesive material. The adhesive
thickness is about 0.05 in. for all of these specimens and none
includes an elastic, return-to-zero element in its configuration.
Material data available, according to Ref. 7, for the particular
adhesives used in these joints are utilized in Figs. 4 and 5 for
the prediction of the overall stiffness and damping
characteristics, respectively.

The viscoelastic material data and the corresponding joint
properties predicted by the quasistatic model are given in
Table 1. Experimental data measured on the same joint
specimens by the hysteresis-loop technique are also included in
Table 1.

A complete description of the test specimens, procedures,
and results is given in Refs. 8 and 15. Both the joint test data
and the reference material data have been measured at room
temperature and at very low frequencies (about 0.1 Hz and
below) which are close to each other but not exactly equal.”?
The results in Table 1 show good agreement between the
predicted joint characteristics and the experimental data.

Parametric Analysis

The quasistatic model enables expedient preliminary sizing
and materials selection for passively damped joints of the
double-lap configuration to satisfy overall design re-
quirements.

Tradeoff analyses between the damping benefit and the
stiffness and weight penalties can be effectively conducted
with this model.

Figures 6-8 illustrate examples of parametric studies for the
selection of mechanical properties of the individual joint com-
ponents. The numerical parameters selected for this illustra-
tion correspond to representative test specimens.®

The constant parameters used in Figs. 6-8 are:

P=11b (4.45N)
E,E,=15.6x10% psi (107,593 MPa)

t;=0.15 in. (0.38 cm)

t,=0.15 in. (0.38 cm)

t;,=0.047 in. (0.12 c¢m)
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Fig. 6 Effect of adhesive stiffness on strain energy distribution for
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Fig. 7 Performance dependence on adhesive stiffness for 5, =0.3,
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Table 1 Prediction of joint properties from material data

Available material data?

Joint stiffness, 1b/in. Joint loss factor

Specimen Viscoelastic
no. material Source Gy, psi Predicted Measured Predicted Measured
5 DYAD 606 UDRI® 143 26,325 28,688 0.385 0.47
7 EA 9326 1,500 0.1-0.3 236,925 191,102 0.09 0.11
9 SMRD 100 F90 GE 399 70,200 77,908 0.39 0.31

2Based on information given in Ref. 7. bUniversity of Dayton Research Institute.
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t,=0.02 in. (0.05 cm)
[=2.0in. (5.08 cm)
[;=0.5 in. (1.27 cm)
b=1.5in. (3.81 cm)

Figure 6 shows the strain energy distribution among the dif-
ferent elements of the joint for a stiff elastic strip. Since the
adhesive layers are the softest element of the joint, they usu-
ally share most of its strain energy. In the case of a stiff elastic
strip, no significant shear deformation occurs in the adhesive
layers for very low values of G,, so that the dominant con-
tribution to the total strain energy of the joint comes from the
elastic link. The strain energy share of the adhesive starts to in-
crease as G, increases to a certain optimum values, i.e., about
6000 psi (41.38 MPa) in Fig. 6, afer which it decreases as the
adhesive becomes even stiffer.

The direct consequences of the strain energy distributions
discussed above on the two major performance parmeters of
the joint, namely, damping and stiffness, are illustrated in Fig.
7. The reference stiffness used to nondimensionalize the stiff-
ness parameter is that of a homogeneous 2.0-in. (5.08
cm)-long bar (as the chosen overlap length) composed of the
same material as the adherend and having the same cross sec-
tion. Since the adhesive material loss factor is assumed to be
constant in Fig. 7, the total loss factor of the joint system is
determined by the amount of shear deformation induced in
the adhesive layers. Consequently, it displays the same type of
behavior as the adhesive strain energy curve in Fig. 6.

The total axial stiffness of the joint is significantly enhanced
for both soft and stiff elastic connection elements by selecting
stiffer adhesive materials. The use of stiff viscoelastic
materials, with elastic shear moduli in the range 9000-15,000
psi (62-103 MPa), yields better damping-stiffness tradeoffs
since the stiffness enhancement achievable by increasing G, is
more pronounced than the associated reduction in the damp-
ing benefit.

This conclusion is further illustrated in Fig. 8 in connection
with the effect of the adhesive material loss factor for a stiff
elastic strip. The relative axial stiffness and the total loss fac-
tor of the joint are presented for three different stiffness levels
of the viscoelastic material. Unlike the former figures, where
7, was constant and G, was chosen to represent the adhesive
stiffness, in Fig. 8 the stiffness level of the adhesive material is
represented by the magnitude of the shear complex modulus,
Gy, since 7, is a variable.

,
Gy=G,(1+7,)" (38)
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Fig. 8 Performance dependence on loss factor of adhesive material
for K, =200,000 1b/in., K, = 1,755,000 Ib/in.
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For each value of 7, the values of G, and G, corresponding
to the selected stiffness level, G, are calculated directly from
Eqgs. (19) and (38). When a stiff elastic strip is included in the
joint (see for example, Fig. 8), the use of stiff viscoelastic
materials is especially important, since both the stiffness per-
formance and the damping benefit improve significantly as
G,s becomes larger. This effect is obviously related to the
strain energy share of the adhesive layers, as discussed
previously in connection with Fig. 6.

The preceding discussion about the mechanical properties
of the viscoelastic material raises the great importance of an
appropriate matching between the stiffness levels of the
adhesive and the elastic strip. Soft viscoelastic materials
should be combined with soft elastic strips; however, when
stiffer adhesive can be used, the elastic strip stiffness may also
be increased.

The main geometrical parameters expected to affect the
overall damping and stiffness of the joint are the shear area of
the viscoelastic layers and their thickness.

The shear area effect is illustrated in Fig. 9. Since the width
dimension is kept constant, e.g., b=1.5in. (3.81 cm), asin the
former figures, the changes in shear area are obtained by vary-
ing the overlap length /. Longer overlaps are desirable, in
general, from the tradeoff standpoint between the damping
benefit and the stiffness penalty.

However, in addition to geometrical constraints, longer
overlaps are associated with higher weight penalties. This ef-
fect is illustrated in Fig. 9, where the ratio between the actual
weight of the joint and a constant reference weight is plotted
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Fig. 9 Performance dependence on overlap length for G; = 1000 psi.
t,=0.02 in., 9, =0.3, K, =585,000 1b/in., W, =0.0734 Ib.
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Fig. 10 Performance dependence on adhesive thickness for
G, =1000 psi, /=2.0 in., 9, =0.3, K, = 585,000 1b/in., W, =0.0734 Ib.
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against the overlap lerigth. A mass density of 0.0544 1b/in.}
(1.511 g/cm?) is assumed for the adherends, whereas, the den-
sity of the viscoelastic material is chosen to be 0.04 1b/in.?
(1.11 g/cm?). The reference weight is that of an ideal joint
composed of the same adherend as the actual one, but with no
adhesive layers and a fixed overlap length of 2.0 in. (5.08 cm).

Figure 10 displays the adhesive thickness effect on the
overall performance of a passively damped joint. Thicker
adhesive layers have lower shear stiffness and yield poorer
stiffness performance of the joint. The total loss factor is not
affected by the adhesive thickness in the case of a soft elastic
link, but decreases asymptotically to zero as ¢, increases in the
case of a stiff elastic link since the adhesive layers become in-
significant in the load transfer process through the joint.
Therefore, the adhesive layers should be as thin as possible,
especially when elastic elements are included in the joint. This
is desirable also from the weight penalty standpoint, as shown
in Fig. 10.

Conclusions

A quasistatic analytical model and illustrative examples of
how the designed-in approach can be applied advantageously
in the development of passively damped joints for space struc-
tures have been presented.

A dominant factor to be considered in the tradeoff analysis
between the damping benefit and the stiffness penalty
associated with the use of passively damped joints for space
structures is the elastic shear modulus of the viscoelastic
adhesive. Although stiff viscoelastic materials usually have
lower loss factors than soft materials, they provide better
damping-stiffness tradeoffs and seem to be preferable for ap-
plication in passively damped joints. Proper design configura-
tions may compensate against the use of relatively low-loss-
factor materials by enhancing the contribution of the adhesive
layers to the total strain energy of the joint. Stiff viscoelastic
materials can be matched with stiff elastic, return-to-zero
elements without an unacceptable drop in the overall damping
performance of the joint.

This paper proves the tremendous importance of modeling
and understanding structural interactions among the various
components of passively damped joints. It presents a very
useful analytical model that provides a quantitative relation-
ship between the overall characteristics of such a joint and the
corresponding properties of its individual constituents. The
model is an expedient design tool suitable for tradeoff studies
between the damping enhancement and the associated stiff-
ness and weight penalties. It represents an essential step
toward the implementation of the designed-in approach to
passive damping enhancement.

Appendix
The real parameters 4, A,, B, B, in Egs. (21) and (22) are
defined as follows:

_LP G fBrnby

t, b E; L B}+p53
_ Ky (B1 +1,85) + Ky (B2 —,81) Eit; )]
Y (2+ o (Al)

Az_ij_gl_[nvﬁl 8,

t, ;b E B3+ 63
_ Ky (0,81 = 85) + K (B1 +1,6;) < E, ]
57+ 63 2 E,,to> A2

I, P G Et
B =—% L [1— Ky — < —L)] A3
\= Wb E, (Kn = m,Kpp) \ 2+ 1, (A3)
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The nondimensional parameters K,; and K, are given by
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Ny — (K +0,Kp ) 2+ 1
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K,H, +K,H,
K, =—""— - < AS
hl H%-FH% ( )
K,H,-K\H,
K,,= A6
h2 m+I1% ( )
where
B, — B, Cy —Bp,Cpy | Eit,
K =1-21 thl hlz nCn ! L (A7)
%+ Bia Iy Ei;
B,+8B,C,—B,,C,, | Et
K, =—" h21 h22 mCm ! Els (A8)
Bj, +Bj, I, Ef,
E.t
H1=2+$_
EOID
B, C B | Et E.t;
(B Cpy + hzchz)_ sks <2+ il > (A9)
BI211+B%12 ls Eiti Eoto
HZ___BmC;.z—B;,sz _f_Ests< + E;t; ) (A10)
Bhl+Bh2 ls Eiti Eoto
and
Sy =cos(8,) sinh(B,) (All)
Syp =sin(B,) cosh (B,) (A12)
Cj1 =cos(B,) cosh(B,) (A13)
C;, =sin(f;) sinh(8,) (A14)
By =B81Sm — B25m (A15)
By =828 + 815k (Al6)

The complete expressions of the nondimensional
parameters /,,...,I, included in Egs. (30) and (33) are listed
below:

1 .
I, =m(61 sinf3, coshB, — B, cosB, sinhf,) (A17)

L= 83 iBZ (BicosB, sinhf, + B, sinB, coshf,) (419
I =m<m sin28, cosh2B, —f,c0s26, Si"hmlew)
= 2(/321+B 7y (810526, sinh2f, + B, sin2f, COShmleZO)
/- — 1 . —__(B,cosB, cosh, +B, sinB, sinhB, —B,) (A21)
I, =T71LB%—(51 sin, sinhB, - B, cos, coshs, +62)(A22)
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I =_1_[ 63 sinh2g, B (1_ sin262>
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