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A simple model was developed to predict the material damping in partially delaminated 

composites. First, we evaluated the damping loss factors experimentally in three kinds of  

specimens corresponding to various partial delamination areas. Second, the stiffness loss with 

delamination growth was assumed to result directly in the loss of energy from the oscillatory 

system because the delamination due to interlaminar stresses is accompanied with stiffness loss 

in numerous laminated composites. By correlating the laminate stiffness reduction and the 

corresponding delamination area, a model for their basic material damping properties was 

formulated using the elastic-viscoelastic principle, the rule-of-mixtures law and modified 

Hashin's Model. We predicted the damping of any partially delaminated composites with 

different stacking sequences based on Adams and Ni's work and their basic damping loss 

factors. Numerical and experimental results demonstrate that damping is significantly influenced 

by the size of delamination area in laminated composites. In addition, experimental! improve- 

ments in making accurate damping measurements are discussed as well. 

Key Words: Partial Delamination, Damping, Loss Factors, Random Vibration, Free-Free  

Support Condition, Laminated Composites 

1. In troduct ion  

The amount of  deformation or damage experien- 

ced by a structure may be quantified by damping 

properties. The vibrational reponse of a lightly 

damped structure takes longer to decay than that 

of a heavily damped structure (Hashin, 1970; 

Adams, 1987). The structure responds with char- 

acteristic natural frequency and damping prop- 

erties. Some structures exhibit numerous natural 

frequencies. Each natural frequency represents a 

particular pattern of deformation in the structure. 

These frequencies must be identified and separat- 

ed for theoretical analysis. Damage may enhance 

the mechanical vibration damping for analysis, 

but obviously it deleteriously reduces the mechan- 

ical properties of the structure such as stiffness. 
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Under static or fatigue loading, the damage 

mechanism of laminated composites exhibits pro- 

gressive and cumulative damage, with matrix 

cracking preceding fiber breaks. The damage 

mechanisms in a composite are generally char- 

acterized as matrix cracking, delamination, fiber 

pull-out ,  fiber breakage, fiber/matrix debonding 

or various combinations of these five mechanisms. 

One matrix dominated form of damage is 

delamination cracks which are frequently found 

near the free edge of a laminate. Also, the degree 

of  delamination damage frequently increases 

steadily until failure occurs by fiber fracture in the 

primary load carrying plies (Reifsnider et al., 

1979). The delamination is found to depend 

strongly on laminate construction and stacking 

sequence. In laminated composites, stiffness 

reduction (Highsmith and Reifsnider, 1982; O' 

Brien, 1982) may be significantly influenced by 

delamination growth. In addition, the rate of 

stiffness loss with delamination growth can be 

related directly to dissipated strain energy rates. 

We conducted an analysis to correlate the 
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damping loss and stiffness reduction due to 

delamination size. Measurements of loss factors 

can be used to detect degradation in composite 

laminates based on correlation with other 

mechanical properties, and to develop monitoring 

models. The objective of this paper is to develop 

a reliable and effective method for predicting loss 

factor in partially delaminated composites and an 

improved experimental method. 

Owing to extraneous energy dissipation, the 

damping values measured in the experiments were 

always greater than the true material damping. To 

significantly reduce the energy loss from the 

boundary, an experimental method proposed by 

Crocker and coworkers (Crocker et al., 1989) 

was adopted. A free-free edge support condition 

for the specimen under testing produced more 

precise material damping. 

2. Theore t i ca l  

A. Determination of basic damping loss fac- 
tors in partially delaminated composites 

A,1 Experimental approach 
Three kinds of sample coupons (i, e. 0 ~ 45 ~ 

90 ~ were made to directly evaluate ~dL, Z]aT and 

~Lr as funtions of delamination areas, as shown 

in Fig. 3, The proposed experimental technique is 

a straightforward approach to the determine vari- 

ations in basic damping properties induced by 

partial delamination. 

A.2 Analytical approach 
Delamination growth in a laminated composite 

due to out of-plane stresses is accompanied with 

the stiffness loss. In order to analyze stiffness loss 

due to delamination cracks, Aboudi's theory 

(Aboudi, 1987) was utilized with the assumption 

that the same sized and shaped delaminated strips 

exist symmetrically at both edges of the composite 

laminate, as shown in Fig. 1. Effective Young's 

modulus and shear modulus in partially 

delaminated composite coupon with various 

delamination sizes must be determined. For a 

simple approximation, we assumed that the fiber 

exposed due to free-edge delamination in the 

2 

(a) End view of a specimen 

(b) Top view of a specimen 

Fig. 1 Delamination specimen geometry 

composites does not get damaged but the matrix 

resin does. Under this assumption the fiber 

modulus does not change. By calculating the 

stiffness reduction of the matrix resin from 

Aboudi's theory we can theoretically estimate the 

damping loss factor in a composite containing a 

delamination crack from the following formulae. 

Based upon the strain energy method and the 

law of energy conservation, the loss factor of a 

fiber reinforced composite was obtained by sum- 

ming up the energy dissipation associated with 

both the fiber and the matrix and then dividing 

the sum by the total energy stored in the compos- 

ite : 

~sW~,V~ + v,.Wo~ V~ (1) 
~ = W~, 

The loss factor of a cracked matrix resin was 

determined by adding the energy dissipation as- 

sociated with both the crack and the matrix. 

Fundamental  loss factor of the matrix resin with 

delamination cracks can be deduced from Eq. (1) 

as follows : 

E= 
Wm = ~m (1 V~) Ed~ (2) 

where, 

r/a,~: the loss factor of matrix induced by 

delamination, 

z]m : the loss factor of undamaged matrix, 

E',~ : Young's modulus of undamaged matrix, 

E'a,~ : Young's modulus of matrix induced by 

delamination, 

Vz: the delamination crack volume fraction 

(~o). 
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Since the matrix resin is an isotropic material, 

it is not necessary to introduce a composite 

manufacturing parameter. The above formula can 

be regarded as a lower bound of fundamental loss 

factor because the Coulomb frictional energy due 

to slip between the laminae in delaminated 

regions has not been considered. 

The basic axial loss factor (~TaL) of a unidir- 

ectional composite induced by delamination is 

represented by : 

?]dL = 7]dm Vm (3)  

Vm+ Vj\~..m, 

where, 

7?am : the loss factor of  the matrix containing a 

delamination crack, 

~?aL: the axial loss factor of a unidirectional 

composite with delamination, 

Vs : the fiber volume fraction ( 1 -  V,~), 

Ed,~ : Young's modulus of the matrix with 

delaminalion, 

a :  the composite manufacturing parameter 

under axial loading determined from undamaged 

composites. 

The basic transverse loss factor (r/dr) in a 

unidirectional composite due to delamination 

cracks can be evaluated by selecting a suitable 

Edm for free-edge delamination and by modifying 

it based on the elastic-viscoelastic correspon- 

dence principle and the rule-of-mixtures law as 

follows : 

~m Vj 
7]dT = )]din - - - -  Vm(_ET f ~(~ (4)  

v~+ ~E~/ 

where, 

Earn : effective Young's modulus of the matrix 

induced by delamination, 

~7~: the transverse damping loss factor of a 

unidirectional composite induced by delamina- 

tion, 
~: the composite manufacturing parameter 

under transverse loading determined from un- 

damaged composites. 

The basic longitudinal shear loss factor (~?aLT) 

induced by delamination is expressed as 

~=I x tx,=2 

Fig. 2 Model for equivalent moduli evaluation of 
matrix with symmetric crack 

-~'~+~)(1+ Vj) + 1 -  V~][G('*~)(1 - V ~ +  Vs] (5) 

where, 

G = GI/Gain, 
GI : the longitudinal shear modulus of fiber, 

G~m : the shear modulus of matrix with 

delamination, 

/~: the composite manufacturing parameter 

under shear loading determined from un- 

damaged composites. 

The longitudinal shear basic loss factor in- 

duced by delamination can be obtained by sub- 

stituting the equivalent effective shear modulus of 

the matrix with delamination cracks into Eq. (5). 

The basic loss factors of partially delaminated 

composites can he experimentally evaluated and 

compared to those theoretically calculated. 

B. Evaluation of effective modulus for a 

matrix with partially delaminated cracks 

In order to analyze the effective moduli of 

symmetric cracks in a solid, we considered an 

infinite elastic solid containing a doubly periodic 

rectangular array of sl i t- l ike cracks subjected to a 

uniform stress (Aboudi,  1987; Delameter et. al., 

1975). On the basis of a unit cell as shown in Fig. 

(2), the displacement vector is expanded to a 

second order polynomial  in terms of the', distance 

from the centerline for derivation of effective 

moduli. 

B. 1. Calculation of effective Young's modulus 

(Aboudi, 1987) 
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To solve the internal strain energy in the unit 

cell, we used the equilibrium equation associated 

with the continuity conditions for the displace- 

ment and stress. It gave us system equations in 

terms of the elastic field variables. From these 

system equations, we can determine the field 

variables in a second order Legendre polynomial. 

The elastic strain energy in the unit cell region 

may be expressed by 

+ f ~;z2f_;~z;22 WoC~) c&~dx~Z) (6) 

where W0 (~) was derived as follows; 

~Vo(a) ] (a) (a) =~Gz,i Ely 

_[L~n _ ~  ( ~ ( a )  O u(a)_}_A~)~(a)]~u(a  ) 

+ [ A ~ ) ~  U(a) 4 - A~)  ~(a)] ~ (a) 

4 2 

" 8 0 ~ ' L l _ 0 x ,  ~" J (7) 

where, 

A~j is effective moduli, and 

U (~), ~(~) and ~(~) are the coefficients of the 

second order Legendre polynomial for displace- 

ments determined from the system equations. 

The effective mechanical behavior of the 

cracked solid can be expressed by 

a 11 =Af'~ e n+Af2  e 22 (8) 

~ = A;'~T~I + A ~  (9) 

where A~ represents the equivalent effective 

moduli. 

With the unit displacement at the boundary, the 

average strain can be represented as z n = l / L .  
The average strain, e zz can be expressed by 

d~ ~ + & e ~  ~ 
~'~= (d~+&) 

= (d~+d~) =0  (10) 

Therefore, under opening loading(Mode l) 

condition, we found the following relation in a 

unit cell : 

1 - -z  ~, / , y ~ 11_/4~lX(al + d2) L =  W (11) 

from which A~'l(equivalent effective modulus) 

can be determined. 

In the crack direction, the Poisson's ratio, uzl of 

the uncracked solid body is unaffected by cracks, 

such that 

A~2 = u2~A~l (12) 

Also, Young's modulus, E2, of uncracked solid 

body is not influenced by cracks: 

A~IA~2 -- (A~2) 2 
E2= A~'I (13) 

from which A2"2 can be determined. 

Finally, the effective Young's modulus, E~*, of 

cracked solid body in the x~-direction can be 

obtained from 

E? = A~A~2A .(A~2) 2 (14) 
22 

Thus, the longitudinal basic damping loss fac- 

tor at a particular free-edge delamination area 

can be computed by substituting the equivalent 

effective Young's modulus of a matrix with sym- 

metric delamination cracks into Eqs. (2), (3) and 

(4). 

B. 2. Calculation of effective shear modulus 
(Aboudi, 1987) 

The theoretical treatment of shear modulus is 

the same as that of Young's modulus. The solid is 

subjected to a stress distribution at infinity result- 

ing in a state of antiplane strain. The elastic strain 

energy due to shear loading in the representative 

model is then 

where Wo ('~) is the strain energy density which was 

expressed by : 

Wo (~ = l a ! ?  s~.? z 

12 I_ 8xl 

" 4 L x7"13 8X1 
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4 2 

where, 

cu is the general Hooke's constants, 

A u  is the effective moduli, 

y (~ ,  V ~) and Z ~ are the coefficients of the 

second order Legendre polynomial  for displace- 

ments. 

The equivalent effective shear modulus Gt*~ was 

found by using sliding mode II condition : 

2 -~e~2G~2(dl* + d2) L =  W (17) 

1 
where, ~-12-- 2L" 

Thus, the longitudinal shear loss factor at a free 

-edge delamination area can be computed by 

substi tuting the equivalent effective shear 

modulus (G~) of a matrix with symmetric 

delamination cracks into Eq. (5). 

( .  Da,npi.~ prcdiclion in imrlialh delamina- 
led COl) l l )O~i l  ('~ 

We predicted the loss factor in a partially 

delaminated composite of any stacking sequence 

by utilizing their basic damping properties. From 

Adams and Ni (Ni and Adams, 1984), the strain 

energy dissipation which is subjected to bending 

in the partially delaminated composite beam is 

divided into three parts related to inplane stresses 

(a~, O'y and O'~y) in the fiber coordinate system. 

Simply, 

z.J I~Vd = Z] ~dx d- zJ Wdy + Z] Wdx (18) 

The strain energy dissipation about ax is writ- 

ten as follows: 

A Wd~= 2 ;r~taxe~dzdx 

f~ fh~2  
=: 2 Zzh~L a~s~dzdx 

- -  Q12 l~ + Q l ~ d ~ )  . / ,2  

(rn2d~*~ + mn&*a) z~dz f f  M~dx (19) 

where, 

l is the length of beam, h is the thickness of beam, 

~,~ Vm 
7~dL - -  

v~ + ~ ~ E Z  ] 

is the axial loss factor of partially delaminated 0 ~ 

unidirectional composites, 

qam is the matrix resin loss factor induced by 

partial delamination, 

MI is the bending moment in the cantilever 

beam, 

a is the curve fitting parameter, 

[* is the normalized moment of inertia, 

dl'~ is the normalized flexural compliance along 

the axis. 

Similarly, AWay and AW~xy can be evaluated as 

follows : 

P h i 2  

2zrjdr Jo n2( Q11d~*l + Q~2d~*2 + Q12d~*6) " AWdy= i,~ 

( ~2 d~*~- mnd~;) z~ dz f ~M~ & (20) 

AVV --27Cr]aLT f h /2mn(Oud~  
~ -  1 *2 .1o 

+ Q12d~ + Qt6dl~) (2rnnd~*) 

- (m ~ - n 2) d~) z2dzffM~dx-- (21) 

And the bending strain energy of the beam is 

t ' l  d *  p I  

w :J0 (221 
The total loss factor (z?aov) in partially 

delaminated composites is also described as:  

_ ~ A W d  A W d z + A I 4 G , + A ~ y  
do,, - ~ ,  W = Wb (23) 

where, 

r is the specific damping capacity 
in partially delaminated composites, 

Z?ao,. is the overall loss factor in partially 

delaminated composites. 

3. Experiments 

Basic damping properties should be determined 

through experimental work together with theoreti- 

cal modeling. Theoretical values of basic damp- 

ing properties due to partial delamination can be 

evaluated using the modified rule of mixtures and 

Hashin's approach. In order to verify the theoreti- 

cal values, the experimental work was carried out. 

At first, three kinds of sample coupons were made 

for evaluating r]aL, ZiaT and r~dLr as funtions of 
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delamination areas, as shown in Fig. 3. This 

experimental technique has the advantage that it 

is a very straightforward approach to determine 

variations of basic damping properties induced by 

partial delamination. The experimental results are 

For~ L 
0' 

Fig. 3 

For~ x Fe~'q= 
90 a 45 o 

Specimens for measuring basic damping 
properties of laminated composites influen- 
ced by partial delamination 

presented and compared with theoretical basic 

damping properties. Consequently, we measured 

the damping loss factors of various composites 

with different stacking sequences experimentally 

and predicted these loss factors theoretically by 

utilizing their basic damping properties. 

3.1 E x p e r i m e n t a l  s e tup  

The damping from the supports of the specimen 

and other dampings, such as that from the con- 

necting cables must be avoided since our main 

aim was to measure the damping of a graphite 

epoxy composite. In the damping measurement of 

a beam, the best way to avoid damping from 

supports is to use a free-free support condition 

for the beam and excite it at its center through an 

impedance head mounted on a shaker. Figure 4. 

shows a schematic of the experimental setup for 

measuring the damping of partially delaminated 

Dual Mode Amplifiers 

Mini.sl L 
l a k e r  

i 

I Dual Channel 
[ Signal 
' A n a l y z e r  [ FFT ] 

I 
I 

Fig. 4 

Power I~ 
Amplifier 

improved Experimental Setup for Measurement of Material Damping 
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composite beam specimens. The beam specimen 

was excited by means of an electrodynamic exciter 

driven by a random noise generator (Suarez et al., 

1984). The exciter was a minishaker (Bruel & 

Kjaer 4810). The double cantilever support con- 

dition for the specimen was set up by mounting 

the specimen at its center directly on the impedan- 

ce head using 1 mm-width strip of a double-sided 

adhesive tape. 

The impedance head (Bruel & Kjaer 8000) was 

mounted on the exciter and it directly measured 

the acceleration response and the input force of 

the beam specimen. The input force signal to the 

beam and the output acceleration signal from it 

were fed through two charge amplifiers to a Dual 

Channel Signal Analyzer (Bruel & Kjaer 2032). 

The Dual Channel Signal Analyzer was used to 

determine the frequency response function, A 
)coF 

= ~ - ( M o b i l i t y ) ,  from the force and acceleration 

signals of the impedance head connected to the 

specimen. The damping value for each of the 

specimens was measured by using the typical half 

power bandwidth methods in a zoom mode with 

narrow frequency span of the frequency response 

of the specimen. 

3.2 Improving the mounting of beams 
The mounting of beam specimens under testing 

played an important role in damping measure- 

ments. Hence, considerable time and effort was 

spent to select the best mounting method. Suppor- 

ting a beam at its center prevents excessive damp- 

ing from the supports as in the case of a 

cantilevered or a simply supported beam. Unfor- 

tunately, the center point is the antinode of the 

odd mode vibration of the beam, and a load at the 

antinode will produce the largest impact response. 

If the load is a mass, it will only lower the 

resonance frequencies ; if it is a resistance, it will 

not only lower the resonance frequencies but also 

increase the damping(Morse and lngrad, 1968). 

After extensive trials with wax, stud, glue and 

tape, the double sided adhesive thin tape was 

chosen to mount the specimens. Wax is not ideal, 

because a mounting with less wax tends to be too 

loose while the specimen is vibrating, and if too 

much wax is used, the measured damping ratio 

will be very high. Although the stud mounting is 

stable, it tends to decrease the resonance fre- 

quencies and increase the damping ratio value 

significantly. Glue mounting is also s~able, but the 

surface area of contact between the beam and the 

impedance head is often too large, hence the 

measured damping ratio value will be higher than 

that of the specimen under testing. 

In order to get a stable and minimally damped 

support for making damping measurements, a 

narrow piece of carpet tape about 1ram in width 

was stuck at the center of the beam perpendicular 

to the length of the beam, Since the tape was very 

thin, it was necessary to balance the beam. This 

was done by ensuring that lhe gap between the 

beam and the impedance head on either side of 

the tape mounting was the same. 

3.3 Further check of the measured results 
In order to ensure reliable experimental results, 

a further check was always conducted during the 

measurement procedure. The signal to noise ratio 

and coherence between the two channels were 

observed for each measurement. Acceptable 

experimental conditions were found to be a signal 

to noise ratio of over 20 dB, a coherence of over 

0.91, and a very small difference between the 

frequency responses H2 and H1 measured by the 

B&K Analyzer. At the same time, the re- 

peatability of several successive resuks was also 

tested. It was found that as the signal to noise 

ratio, coherence and the value of the damping 

ratio decreased, the difference between H2 and HI 

and the resonance peak increased quickly. The 

reason was most often found to be slack mounting 

of the beam. 

3.4 Specimen fabrication 
Three kinds of partially delaminateci 3M graph- 

ite/epoxy composites were investigated in this 

damping study. All the composite panels were 

manufactured in the compression molding 

machine according to manufacturer's recommend- 

ed cure cycle. All panels were fabricated from 8 

plies of 3M graphite/epoxy prepreg. The layup 
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was subjected to compression molding at 80 PSI 

and 80 ~ for 2 hours. After compression mold- 

ing, it was also subjected to post curing at 150 ~ 

for 2 hours. The partial delaminations at the 

specimen midsurface were embedded by inserting 

two layers of Kapton film. Furthermore, after 

cutting identical composite beam specimens, par- 

tial delamination cracks were also made by scor- 

ing with a thin razor blade. The fiber volume 

fraction of the composite material used in this 

study was about 55 % in all specimens. The beam 

specimens of dimensions 7 • 1.0 • 0.042 inch 

were machined from these fabricated plates. It 

should be noted that when specimen were trim- 

med, there existed little difference(+_0.5 inch) 

among their lengths. 

4. Results  and Discussion 

The numerical and experimental results which 

were correlated between damping loss factor and 

delamination sizes were presented in Figs. 5--10. 

The curve fitting parameters, based upon the 

experimental results for the basic loss factors of 

these undamaged laminated composites, were 

used to evaluate loss factors for 8-ply 3-M 

Graphite/Epoxy partially delaminated compos- 

ites. These parameters can exhibit the influence of 

fiber/matrix interface and fiber on the composite 

material damping. The variation of damping with 

fiber orientation in delaminated composites fol- 

lows a trend similar to that in laminated compos- 

Fig. 5 
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ites(Figs. 8--10) .  The loss factor is significantly 

dependent on delamination sizes and fiber orien- 

tation in off-axis partially delaminated unidir- 

ectional composites. The loss factor can be enhan- 
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orientation in a,/b=0.75 partial delamina- 
tion size of 3M Gr/Ep laminate 

ced by increasing delamination area in laminated 

composites. Theoretical expressions for damping 

appear to underestimate the measured values as 

shown in Figs. 5--10. The discrepancies may 

mainly be attributed to the Coulomb slipping 

mechanism between delaminated areas. As the 

delamination size increases, the r]L and z)r values 

of the 8-ply specimens were slightly more influen- 

ced than those of the 32-ply specimens (Figs. 5 

and 7). One possible reason is that a thin speci- 

men has higher stiffness reduction than thick one 

due to delamination. For ~TLr, as shown in Fig. 6, 

the damping behavior is just opposite to that for 

z}L and Vr- 
In the improved free-flee support damping 

measurement method, it is difficult to obtain the 

same damping value repeatedly. Each time the 

specimen is mounted on the impedance head, the 

damping value is slightly different. Even though 

the repeatability is low, true material damping 

values could be measured owing to significantly 

reduced extraneous energy dissipation caused by 

boundary conditions. Damping was strongly in- 

fluenced by the curing cycle (i. e. the degree of 

crosslinking) of the specimen, the type of 

impedance head used, the nature of the mounting 

materials between the specimen and impedance 

head, and the mounting material size and thick- 

ness. Particularly, in the partially de:laminated 

composites, it appears that damping is highly 

affected by the amplitude of force. In order to 

minimize these complicating effects, experimental 

works were performed in a consistent manner 

during evaluation of the damping in partially 

delaminated graphite/epoxy composites. 

5. Conclusions 

(I)  A model for predicting the damping in 

partially delaminated composites has been devel- 

oped based upon the Adams and Ni's work and 

the obtained basic damping loss factors. 

(2) Although some differences exist between 

the theoretical and experimental values, this theo- 

retical model provides the lower bound solution 

of damping in partially delaminated composites. 

(3) By using the improved experimental 

method, more accurate material damping can be 

measured owing to significantly reduced extrane- 

ous energy dissipation from boundary conditions. 

(4) The variation of damping with fiber orien- 

tation in partially delaminated composites ex- 

hibited a similar trend to that in laminated com- 

posites. 

(5) It was quantitatively confirmed that the 

damping loss factor increases gradually with 

increasing delamination size. 
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