Experimental and Analytical
Investigations of the Dynamic
Response of Adhesively Bonded
Single Lap Joints

A. Vaziri Dynamic response of single lap joints, subjected to a harmonic peeling load is studied
' theoretically and experimentally. In the theoretical part, dynamic response of a single lap
H Nayeb-Hashemi joint clamped at one end and subjected to a harmonic peeling load at the other end is

investigated. Adherents are modeled as Euler-Bernouli beams joined in the lap area by a
viscoelastic adhesive layer. Both axial and transverse deformations of adherents are con-
sidered in deriving the equations of motion. The effects of adhesive layer thickness, me-
chanical properties and its loss factor on the dynamic response of the joint are investi-
gated. Furthermore, effects of defects such as a void in the lap area on the dynamic
response of the joints are studied. The results showed that frequencies where peak ampli-
tudes occurred were little dependent on the adhesive loss factor. However, peak ampli-
H. R. Hamidzadeh _tud_es reduced for joir_1ts_, with a higher adhesive I_oss_facto_r. Furthermore, the results
indicated that for the joint geometries and properties investigated the system resonant
frequencies were not affected by the presence of a central void covering up to 80% of the
overlap length. In the experimental part, single lap joints were fabricated using 6061-T6
Aluminum. Adherents were joined together using Hysol EA 9689 adhesive film. Joints with
various central voids were manufactured by removing adhesive film from the desired area
of lap joints prior to bonding adherents. Dynamic responses of the joints were investi-
gated using the hammer test technique. The system response was measured using both an
accelerometer and a noncontact laser vibrometer. The natural frequencies of the joints
obtained by using the laser vibrometer were very close to those obtained theoretically.
However, natural frequencies obtained by using an accelerometer depended on the accel-
erometer location in the system, which was attributed to its mass contribution to the over-
all system mass. A central void covering less than 80% of the overlap length had little
effect on the system resonance frequencies. This was in agreement with the theoretical
results. In contrast total system-damping ratios were a function of the void size. Joints
without a void exhibited higher dampingDOI: 10.1115/1.1596550
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Joining components by using adhesives is an attractive meﬂ%ré)pertleg on the strength OT §|ngle lap joints SUbJeCted to a>_<|al
and peeling loads, tubular joint strength under tension/torsion

compared to other joining technlqu_es anc_l 'S pecomlng more poqgéding, thermal stress in the bonded joints and nondestructive
lar with the development of adhesives with high adhesion pmpeer\-{aluation of bonded joint&2—17]

ties. The ease of manufacturing, surface appearances, stress di$ Fhere are a number of papers on the effects of large displace-

bution in the bond area, cost of manufacturing and capabilities r%fent on the stress distribution in adhesively bonded joints consid-

joining dissimilar materials are some of the advantages of USIn%ng the adhesive layer as elastic, viscoelastic, and viscoplastic

adheswes.. Desplt'e of many advantages, their appllcanons 0 nelglterial[13—13. These analyses have resulted in identification of
proceed with caution. The bond strength and adhesive mechanlca[ | for ioint fail G 16 died the f
properties could be severely affected by improper surface pre Yo cal zones 1o joint failure. Goto et a[ ] stu led the fre-
. X ' - B fuency response of the five thermoplastic composites bonded by
rations, curing F’T°°ed“r.e anc_i entrappe_d VO.'d .ar]d. porosity in t yo kinds of epoxy resin. It was shown that vibration-damping
bond area. Confidence in using adhesives in joining componentrs perties increased by using flexible epoxy resin as adhesives
could be increased by understanding the effects of adhesive 1%18 4 )
. ) . . . € and Rad17] and[18] developed an analytical model to study
adherents mechanical properties, adhesive thickness, voids, and_.. S . X i
orosities in the lap area. on the static and dvnamic res Onsev@ratlon of bonded joints subjected to transverse loadings by con
Itohe oints. There arFt)e a nljmber of papers re oyrtin the stFr)ess I|S_ering both longitudinal and transverse displacements of the sys-
'€ joints. 1t e Of papers rep 9 em. The equations of motion were developed using Hamiltonian
tribution in single lap joints subjected to in-plane and out of plang

static and dynamic loadings. A comprehensive literature survey 8r|nC|pIe. They obtained the system resonance frequencies, mode

this subject has been presented[i}. However, most of these fsﬂape's and modal loss factors. However, there was no attempt to
; . . |nv§:stlgate the effects of the adherents and adhesive mechanical

studies have ignored the presence of defects in the lap area an . I def in the | he d )
their effects on the static and dynamic response of the lap jofﬁropertles as well as defects in the lap area on the dynamic re-
onse of lap joints. Yuceoglu et 4l19] studied free bending

and the s_hear and peel stress d_|str|but|ons In the bond area. O\Su fations of two rectangular orthotropic plates connected to-
the past five years we have studied effects of defects such as voi o . . . ) .
gether by an adhesive layer in a single overlap configuration. The

Er— ) ) I . natural frequencies and corresponding mode shapes are obtained
Contributed by the Technical Committee on Vibration and Sound for publication g P 9 P

in the JDURNAL OF VIBRATION AND ACOUSTICS Manuscript received July 2001; USing Mindlin plate theory. It was found when the plate adherents
Revised January 2003 Associate Editor A. F. Vakakis. were dissimilar, the upper plate experienced very different deflec-
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Fig. 1 Schematic Model for a single lap joint
tion shapes than those of the lower plate at least in the lower G Ay, Y3
modes. In fact, one of the plates remained almost stationary, while 7= ——|2Uy,—2uz+h;——+h, Q)

the other, exhibited a dominant deflection shape. 2ho X X
Olia and Rossettoll2] derived the stress distribution in adhe\WhereG is the adhesive shear moduliis, andh, are the thick-

sively bonded joints with a gap subjected to bending. The resulisss of adherents ang, ys;, andu, and u; are the axial and

showed steep edge gradients for the peel and shear stressestramdverse displacements of adherents right at the top and bottom

the peek stresses always occurred at the extreme end of the owéthe adhesive layer. The adhesive is considered to be viscoelastic

lap. It was found that a void had little effect on the peak stressemd its shear modulus is assumed toGre Go(1+i7), wheren

unless it was sufficiently close to the edge of the overlap. is the adhesive loss factor a@}, is the real part of the adhesive
The effects of bond geometry and adhesive properties on vibshear modulus.

tion response of single lap joints under harmonic peeling load Considering the free body diagram of an element in the region

were studied by Vaziri et al.20]. Furthermore, the effects of atwo, Fig. 2, the equilibrium equations are:

void in the lap joint, on the natural frequencies and damping be-

havior of the joint and peeling and shear stresses amplitude dis- ﬂ o Cu—

tribution were studied2,3,20. The results showed that for the ax TY(PA)LTK(Y27Ys) =0 (2)
type of adherents and adhesive analyzed, a void up to 60 percent

of the overlap length had a negligible effect on the vibration re- V— ﬂ_ﬂwﬁzo @)
sponse and peel and shear stresses distribution. However, these ox 2

analyses ignored the axial deformation of adherents and its cou- 5

pling with bending deformation in formulating the dynamic re- S e ﬂ)_ e ‘?_( AU @
sponse of the lap joint. The objective of this papetlisto study ax | Tk T TR Gz PRt

the dynamic response of single lap joints subjected to a harmonj

C . ) ) ) )
peeling load by considering the axial deformation of adheren imilarly, the equation of motion for the third region can be pre-

(2) to understand the effects of defects such as a void in tﬁgnted as:

overlap on the system response dBdto verify our theoretical IV

results by experimental investigations. X +(pA)oY3+k(yz—y,)=0 (5)
Theoretical Investigation V— % + TW% =0 (6)

Schematic diagram of a single lap joint subjected to a harmonic

peeling loadF(t), is shown in Fig. 1. The stress distribution in 9 ( AUz 92

the bonded area is obtained by modeling the adherents as Euler — | BEsAy—— |+ W= (pA)2U3 (7)

ox ox

2
Bernoulli beams supported on a viscoelastic foundation which re- o
sist both peeling and shear deformations. The axial and transve@gmsidering the relation between transverse displacement and
equations of motion are obtained by dividing the beam into folnrending moment from the beam theory:
regions and writing the equilibrium equations for each region. The 5
peel stress is assumed to be proportiond{(tp —y;), wherek is M= (EI) Q’Z @)
the stiffness of the elastic foundation and is assumed td be IX
=(Eaw/hg), E, is the elastic modulus of adhesive layeris the . .
width of the overlaph, is the adhesive thickness apdandy; are Egs.(2), (3), and(8) can be simplified to:
transverse displacements of upper and lower adherents in a par- a*Y, hy, a7
ticular location respectively. (PA)1Y2+k(Y2—Ya) + (B 7~ W= —= =0 9)

Considering the axial and transverse displacements of adher-

ents, the shear stress in the bonded area can be expresses asSimilarly, Egs.(5), (6), and(8) yields:

M M +dM 8 1 Ayzdm

EI.AI'&—'F
1 |L a g us 1:2 dm
El.‘ha AN y 5‘_—(51.41 = Y
14 4
I + =

Vk(y:- ya)dx

Fig. 2 Free body diagram for an element in region 2
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y3 h2 wh3L?

(PA)Y3tk(Ys=y2) +(EDy— =W — =0 (10) =Br g (L) (28)
The equilibrium equations for regions 1 and 4 are those of classi- kL4
cal Euler Bernouli beam equations. Substituting 8g.into Egs. a8=? (29)
(9) and(10), the governing equations of motion for each regions (ED.
of the bonded joint can be presented as, w2
04y ag:ﬁlﬁ(l"‘ i7) (30)
(ENr—z +(pA)1Y1=0 (11) o
wh,L? _
azu 2u, a10= Bij; Ay, (1+i7) (31)
(EA)1— 7~ (pA)r—7 =0 (12) o
wl? _
7Y, ap= ,32@ (1+in) (32)
(El)l v +(pA) 1Yo+ K(y2—Y3)
_pleLZ
whiG [ du, dug h Py, N Py 0 (13 a2~ E, (33)
©4hy (Tax Sox  tox? T (13) 2
B2 (14 (34)
13~ Poi 7
hoAsh
(EDo——= a)is"‘(PA)z)’a"‘k(ys Y2) o
_pszLZ
wh,G | du,  dug & yz a14= E, (35)
T an, \Pax 2 T “2 -0 (4
, 0 , Yi=yilhy (36)
J°u, wG hy dy, hy dys 97Uy — 2
_ A = u;=u;/(h3/2L 37
(EA)I—Z_ h() (Uz Us+ — 2 ox —+ 2 ox (pA)lW 0 i i ( 1 ) ( )
15 X | [,+1
(13) {=+, and {1:—1, and {,= 2 (38)
EA U3 wG hy dy, h, f9Y3) A 9°Ug —0 L L L
(EAz 5z Ty (Y2 U T T o Ok (PA)2 52 = where L=1,+1,+14 (39)
16
(16) Incorporating the above nondimensional parameters into equa-
EA 32u47 A 2uy 0 17 tions of motions results in,
(EA)— 7~ (pA) o7 = (17) —
R
9y, (9_§4_ a;y1=0 (40)
(ENzr +(pA)2¥4=0 (18) s
For a system subjected to a harmonic peeling fordee ' at the 97 +ag ;=0 (41)
system’s free end, the displacement field for each region is: — . .
ot ) "y, _ _ Y2 Y3
yi(x,t)=y;(x)e'"  where j=1,2,3, and 4. (19) &—ﬁ—alyfraz(yz Ya)—as—>7 o 7
uj(x,t)=u;(x)e where j=1,2,3 and 4. (20) i, P
Equations(11) to (18) can be presented in nondimensionalized _asﬂ_§+a3(9_§=0 (42)
forms by considering the following nondimensionalized
parameters, (947 7Y, Y3
G Fra —agystag(ys—Y2)—as 7 972 —ar 7 P
=_9° i =
'BJ_EJ- where j=1 and 2. (21) 6U2+ 0, . )
—ag— tag— =
(pA) w’L* ’s ®ar  Cag
= _
(B, (22) AT _ 0y Y3
kL4 ﬂ_gz_ag Uo U3+&_g —a10 5 ﬁé’ +a.12U2—0 (44)
a,= 23 _ _
2 (El, (23) 7%l 2 Vs
WhiL2 Fra +aqq| Up—usz+ 9 +ajg— 9 +a,u3=0 (45)
=B, —(1+i
az=pL1 4hol, (1+in) (24) o2,
— +au,=0 (46)
(pA)0°L* ag
ap=——— (25) —
(ED), Ve _
—a—a4Y4=0 47
_whihl? ¢
8= P 4hgl 4 (1+i) (26) " The solution to Eq(40) is in the form of:

4
wh;h,L _
as= '82—4h o (1+in) (27) Y1:_§:1 Ajeut,  where S;=Ya;, S;,= -1,
=
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Si=ila;, and S,=-iia, (48)
Similarly, solutions to Eqs(41 and 46—4Y are, -
4
E: E A4jes4jg, Whel’e S41: ‘t/a—, 542: 7‘{/3.—, 02
=1 )
2
Si=ila,, and Su=—1Ya, 49 = .2
5 z
[~
=, Agje%i¢,  where Sy=iva;; and Szp=—ivap, 06
j=1
(50)
140
2
U4=E Asje%si¢,  where S;;=iva;,  and Sg=—ivay,
=1 14,3 o1 01 03 05
(51) Time, Second

The solutions for the displacement fields corresponding to that of ) . -
Egs.(42-45 are in the form of, Fig. 3 A typical dynamic response of a bonded joint struck by

a wood block hammer, using an accelerometer to record the

12 system response
Yo= 121 AzeSit, (52)
12 joint struck by wood hammer and using an accelerometer and a
73:2 tlezjesﬂ, (53) Laser Doppler to record its responses are shown in Figs. 3, 5 and
j=1 4, 6, respectively.

12 Resonant frequencies were identified from the peaks in the fre-
UfE tyAyeS¢ (54) quency spectrum, Figs. 4 an_d 6, and the system damping ratios
= a% were obtained from the quality fact@. Although the hammer

test excites many resonant frequencies, the response frequencies
and corresponding to those of the theoretical investigation where iden-
12 tified. Their shift with the adhesive geometry and properties were
ngE tBjAzjeSjg (55) recordeo_l. A typical procedure for evalua_ting damp?ng r_atios cor-
i=1 responding to the frequency spectrum is shown in Fig. 7. The

S, e : - damping ratio was obtained by evaluatitng and w, correspond-
whereS;’s are roots of the characteristic equations gpdi =1 to %\g to half power, Fig. 7. A MATLAB program was developed to

8 andj=1 to § can be calculated from the governing equationl d the best fit to the frequency spectrum from which maximum
of displacement. Details of displacement field calculations al ad 4 quency spectr i
%mplltude and half power points were identified.

provided in[20]. Similar equations are also developed for bonde The d . ti btained f

joints containing a void in the overlap area by dividing the overlap € damping ratio was obtained from,
to three regiong20]. Here we will present the results without 1 wp
stating the corresponding equations. Q~ 2—§*

p— (56)
The results indicate that the accelerometer location has a signifi-
Experimental Investigation cant .effect on the system response. Changing the accelerometer
) -~ ] location from the free end to a location close to the clamped end

Adhesively bonded joints were prepared by using 6061-T6 alkesulted in 35% reduction in the system first resonant frequency.
minum bars with thickness of 3.17 and 12.6 mm, and width ofhis was related to the contribution of accelerometer’s mass to the
25.4 mm as adherents. Aluminum bars were joined together in a
single lap configuration using Hysol EA 9689 epoxy film of 0.13
mm thickness. The adherents’ surfaces in the bond area were sand
blasted and cleaned with acetone prior to bonding. The overle 0
area was 25.4 mw25.4 mm. Shims of 0.08 mm was used during
manufacturing of joints in order to maintain adhesive thicknes
among various specimens. Voids of various sizes were introduct 30 |
in the lap area by cutting the adhesive film and removing it fron
the bond area prior to manufacturing joints. Mold release age!
was sprayed in the void area to ensure no adhesion from a2
possible adhesive seepage to the void area. The lap joints dimeg 20 f
sions corresponding to Fig. 1 were=113.9 mm,l,=25.4mm, <
andl;=113.9 mm.

Dynamic responses of the bonded joints were obtained t ]
clamping the free end of the thicker adherent to a rigid wall an
striking the system with a wood hammer. Both contact and nor
contact methods were used to record the dynamic responses of
joints. In the contact method, the effects of accelerometer locatic o

. . . 0 250 500 750 1000 1250 1500
on the system response was studied by systematically changing Fisgiisndy, Hz
location and evaluating the joint response. In the non-contact
method Laser Dropper Vibrometer were used to record the d¥y. 4 Frequency spectrum corresponding to the system re-
namic responses of bonded joints at its free end. A typical dy¥ponse shown in Fig. 3, used to identify resonant frequencies
namic response and its corresponding frequency spectrum fooksained theoretically
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Fig. 5 Atypical dynamic response of a bonded joint struck by
a wood block hammer, using a noncontact laser vibrometer

Table 1 Mechanical properties of the adhesive and adherents

E (Adherent$
69 GPa

G, (Adhesive
0.8 GPa

p (Adherent$ p (Adhesive
2710 kg/mMm 1200 kg/mnd

strike point did not have a significant effect on the measured reso-
nant frequencies and damping ratio of the structure. The data pre-
sented in this paper were obtained from hammer tests by striking
the system at its free end.

Results and Discussions

MATLAB based codes were written to analyze displacements
and relating shear and peeling stresses. The results were obtained
for similar joints as those used in the experimental investigations.
The mechanical properties of the adhesive and adherents used in
the theoretical investigations are listed in Table 1. Since there was
no data on the adhesive loss factor, the adhesive loss factor was
taken as a variable and its effect on the system response was
investigated. No attempt was made to measure the actual adhesive

total mass of the system. For this reason contact tests were pefs factor, however, the total system damping ratio was obtained
formed with the accelerometer attached at a distance of 25.4 rifperimentally. ,

from the clamped end. For this experimental set-up, the accelerf19ures 8 and 9 show the transverse and axial frequency re-
ometer contribution, in reducing the system resonant frequenciRONSes of the joints at the location of the applied force for joints
was less than 2%. The result further showed that the hamny¥fh different adhesive loss factors. The results indicate that the

500 n T

0 250 500 750 1000 1250
Frequency, Hz

Fig. 6 Frequency spectrum corresponding to the system re-
sponse shown in Fig. 5, used to identify resonant frequencies
obtained theoretically

300 | j
200 r- b
8
i
[ 4
100 h
" W
]
]
i
! }
o :01 . =01L X ®,
1110 1150 1190 1230
frequency, Hz

Fig. 7 A portion of a frequency response used to identify and
to measure natural frequency and damping ratio e
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Anplitude of y{x=0)h,
S, S,

-
D
&

10°

100 1000
Frequency-Hz
Fig. 8 Transverse frequency response at the free end of the

adhesively bonded joints with various adhesive loss factors.
Joints were subjected t o 1 N harmonic peeling load.

n
4
LR
1
A}

10

Amplitude of u(x=0)h,

10 300 1000
Frequency-Hz
Fig. 9 Axial frequency response at the free end of the adhe-

sively bonded joints with various adhesive loss factors. Joints
were subjected t o 1 N harmonic peeling load.
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Fig. 10 Effect of the void size on the first three resonant fre- Fig. 11 Damping ratio of bonded joints vs. central void size

quencies of bonded joints

adhesive from the joint area and its energy dissipation capacity.

Damping ratios of joints without a void was also obtained, using a
first two resonant frequencies are close to those of adherent 1 Wihcontact vibrometer. The damping ratio seems to be much
a fixed end. The third and fourth are also close to the resonahaller when the noncontact vibrometer was used to measure the
frequencies of the second adherent. These results could be jusfistem response. The exact reason for this discrepancy between
fied considering the lap joint geometries. The first adherent #%o methods is not know at this time. However, this could be due
relatively thinner than the second adherent. Therefore first agsl the limited experiments performed using the non-contact
second mode shapes could be considered to be that of adhefggthod and the contribution of accelerometer to the over all sys-
one with a fixed end. The fixed end in this case is the bonded argan response and its damping. A new laser droppler vibrometer is
The results indicate that for these frequencies there were litd@rrently being acquired and we will further investigate the effect
displacements in the second adherent. The results further indicgfeusing an accelerometer vs. non-contact method on measured
that considering axial deformation of adherents in deriving th@brational parameters.
equations of motion resulted in only 2% increase in the resonancerigures 12—14 show the effects of the joint dimensional param-
frequencies when compared to the results presentfH8]. This  eters on the first resonant frequency. Results indicate that the sys-
is due to the fact that bending stiffness of the system dominatesn first resonant frequency initially increases drastically with the
the dynamic response of the system. Furthermore, Figs. 8 ané\&rlap length, Fig. 12. However, further increase in the overlap
indicate that adhesive damping has a significant effect on tighgth may have little effect on the system first resonant fre-
transverse amplitude where peak amplitudes occur and has a ﬂgjhncy. The overlap length apparently has greater effect when
ligible effect when the frequency of applied load is far from the, /h,=1. This could be justified considering that both adherents
system resonant frequencies. In contrast, the effect of adhesg¢mtributing equally to the system stiffness. In addition, it was
damping on the axial amplitude is more pronounced over a larg@served that the first natural frequency asymptotically ap-
range of applied loading frequencies. roaches to the natural frequency of adherent 1Hgpth;>2.

Figure 10 shows the theoretical and experimental results of thgwever, the magnitude of the natural frequency depends on the

effect of a central void size on the first three resonant frequenciggio of elastic modulus of adhesive to adherent. These results
of the system. Experimental results were obtained using an acegduld be justified considering the bending rigidity of adherent 2.
erometer attached to the system close to the fixed end for all tegisreasing adherent 2 thickness makes it to behave as a rigid
and a non-contact Laser Doppler Vibrometer for specimens wiglement, thus it contributes little to the system natural frequency.

no defects. The results indicate that the measured natural frequaBiherent 1, thus can be assumed to be supported by an elastic
cies using these two methods are within 2% of each other and the

accelerometer mass at the installed position has a negligible effect
on the system resonant frequencies. Each experimental data pri-%eo r ,
is the mean value of at least three experiments for each specim
Furthermore, the experimental data are within 8% of the theore
ical values for joints with and without a void. This could be due t¢,, = | f --—-—"—=—-—"—-—-—-—-—omu_____
error in the experimental setup such as a slight variation in tt5 150
clamping position, resulting in some variation in the over all sys%
tem length, contribution of the accelerometer mass to the overg‘
system mass, which was not considered in the theoretical invedg
gation and the changes in the adhesive mechanical properties &
to variation in the curing time. Results indicate that for the joint§
investigated a void size covering up to 80% of the overlap lengg 50
has little effect on the resonant frequencies of the structure. It w™
also observed that a void location apparently has greater effect
resonant frequencies than the void size. A similar conclusion w B
reached if2-3|. o — . .

The modal damping ratios of joints with and without a void 00 o8 ,:,,? s 290
were also evaluated. Figure 11 shows the effect of void size on the
modal damping ratios. Results show that damping ratios decreasgs 12 First resonant frequency of the bonded joint vs. over-
with increasing the void size. This is consistent with the loss tdp length /,//,, for joints with various  h,/h,

S ——
-

-

00

—————
———
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Fig. 13 Variation of the first resonance frequency vs.  h,/h, for ~ Fig- 15 Distribution of peeling stress amplitude within the
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several E,/E
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Fig. 16 Distribution of shear stress amplitude within the over-

lap for the bonded joint subjectedt o0 a 1 N harmonic force at
five different frequencies. Adhesive was assumed to be elastic
with 7=0.

Fig. 14 Variation of the first resonance frequency vs. adhesive
thickness, t/h,, for several h,/h, ratios

foundation on a rigid element. Furthermore, For bonded joint with }

h,/h;<1, the natural frequency seems to be little affected witfPONclusions

the adhesive properties, Fig. 13. The results also do not show anyynamic response of the adhesively bonded joints with and
asymptotic value for the natural frequency withy/h; ratio. without a defect in the lap area was obtained by modeling the lap
These results again can be justified considering that the systgimts as Euler-Bernouli beams supported on an elastic foundation,
response is mainly controlled with low bending rigidity of thewhich resist both peeling and shear stresses. Both axial and trans-
adherent 2 and both adhesive and adherent 1 have little effectwamse displacements were considered in deriving the coupled
the system natural frequency. The effect of adhesive thickness uations of motion. The system resonant frequencies and the peel
the system natural frequency is shown in Fig. 14. The resuf&§d shear stress distributions were obtained for several forcing
indicate that for the range of adhesive thickness studied in tff§quencies. ) ]

part, the system natural frequency decreases with increasing add@sed on the analyses, it was found that the first natural fre-

hesive thickness. This can be explained considering the systgﬁﬁndes of the system correspond to the natural frequency of
adherents. The experimental results indeed confirmed the theoret-

stiffness is reduced with increasing the adhesive thickness. | Its f ¢ ies. Th f ; ¢
The distribution of the peeling and shearing stresses along 1{@3 results for re_lc,_olnant re_q_uenmehs. g € re_zsonar;t re?uhenmgﬁ 0
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