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The stress wave propagation and the stress distribution in adhesive butt joints of similar 
adherends subjected to impact loads are analyzed using a three-dimensional finite- 
element method (FEM). The code employed is DYNA3D. An impact load is applied to a 
joint by dropping a weight. An adherend of a joint is fixed and the other adherend to 
which a bar is connected is impacted by the weight. The height of the weight is changed. 
The effect of Young’s modulus ratio between the adherends and the adhesive, the adhe- 
sive thickness and the geometry of 7’-shaped adherends on the stress wave propaga- 
tion at the interfaces are examined. It is found that the maximum stress is caused at  the 
interfaces of the adherend subjected to an impact load. In the case of a 7‘-shaped 
adherend, it is seen that the maximum stress is caused near the center of the interfaces 
and that it increases as Young’s modulus of the adherends increases. In the special case 
where the web length of the T-shaped adherends equals the interface length, it is seen 
that the singular stress occurs at the edge of the interfaces and it increases as Young’s 
modulus of the adherends decreases. The maximum principal stress increases as the 
adherend thickness increases. In addition, the strain response of adhesive butt joints 
subjected to impact loads was measured using strain gauges. A fairly good agreement is 
found between the numerical and the measured results. 

Keywords: Elasticity; stress analysis; FEM; adhesive joints; 
stress; three-dimensional; T-shaped flange; singular stress 
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1. INTRODUCTION 

Adhesive joints have been used in mechanical structures, automobile 
and aerospace industries, electrical devices and so on. Many researches 
[l -91 have been carried out on stress distributions in butt, lap and 
scarf adhesive joints subjected to static, repeated and thermal loads. 
Few researches [ 10 - 131 have been carried out on stress propagation 
and the stress distribution in adhesive joints subjected to impact loads. 
In practice, it is necessary to know the stress propagation and the 
stress distribution of adhesive joints subjected to impact loads from a 
design reliability standpoint. In this paper, the stress wave propagation 
and the stress distribution in adhesive butt joints of T-shaped similar 
adherends subjected to impact loads are analyzed using a three- 
dimensional finite-element method (FEM) [14]. The code employed is 
DYNA3D. An impact load is applied to a joint by dropping a weight. 
The analysis is performed in elastic deformation. One adherend of a 
joint is fixed and the other adherend to which a bar is connected is 
impacted by the weight. The height of the weight is changed. The effect 
of Young’s modulus ratio between the adherends and the adhesive, 
the adhesive thickness and the geometry of T-shaped adherends on 
the stress wave propagation at the interfaces are examined. In addition, 
the strain response of joints subjected to an impact load was measured. 
The analytical results are compared with the measured results. 

2. FINITE-ELEMENT ANALYSIS 

Figure 1 shows a model for analysis of a T-shaped adhesive butt joint. 
The coordinate system (x, y ,  z) used is as shown in Figure 1. A pin is 
inserted into a hole of the lower adherend (Solid 3) and a circular plate 
is connected to the pin. A weight (Solid 4) is impacted on the circular 
plate. The height of adherends and the flange height of the T-shaped 
adherends are denoted by h3 and h l .  The adhesive thickness, the 
thickness in the z-direction, the length of flange and the web length 
are denoted by h2, 2w, 21, and 212, respectively. Young’s moduli and 
Poisson’s ratio of the T-shaped adherends are denoted by E t ,  u, and 
those of an adhesive by E2 and u2, respectively. Taking the symmetry 
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THREE-DIMENSIONAL ANALYSIS 61 

impacted C i  r 
FIGURE 1 A model for analysis in the case of T-shaped adhesive butt joints. 

of the joint to the axes x = 0 and z = 0 into consideration, one-quarter 
of the joint is analyzed as shown in Figure 1 .  The boundary conditions 
are as follows: the nodal points at x = 0 and z = 0 and the nodal point 
of the hole in the upper adherend (Solid 1) are fixed in the y direction, 
and an impact load is applied to the joint by providing an initial 
velocity, u, at the weight (Solid 4) as shown in Figure 1. Figure 2 shows 
an example of mesh division. Pentahedral and hexahedral elements [15] 
are used. The number of elements and nodes employed are 1508 and 
2534. The finite element method [14] (code name is DYNA3D [16, 171) 
employed is explicit and a three-dimensional elastic analysis is car- 
ried out. 

In the code DYNA3D, the equation of motion is described using 
the principle of virtual work as the equation [M][A] + [K][U] = [F], 
where [MI is the mass matrix, [A] is the acceleration vector, [ K ]  is the 
stiffness matrix, [ U ]  is the displacement vector, and [ F ]  is the exter- 
nal load vector. Taking into account the initial condition, boundary 
condition and the contact condition, the calculation in DYNA3D is 
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THREE-DIMENSIONAL ANALYSIS 63 

carried out. In the initial condition, the condition u(x, t )  = u1 at t = 0 
on some domain is usually used, where x is the position variable, u is 
the displacement, u1 is the prescribed displacement and t is the time. 
However, in DYNA3D, the condition du/dt(x, 2 )  = o1 at t = 0 on some 
domain is used, where u1 is the prescribed value of velocity. In addi- 
tion, in DYNA3D, the time integration is done by using the center 
difference method. 

Figure 3 shows a joint in the case where the web length, 2Z2, is equal 
to the flange length 21, (Z2 = l1 in Fig. 1). In the analysis, the com- 
putations are performed for the joint shown in Figure 3 in order to 
examine the effect of the web length on the interface stress dis- 
tributions. 

Y 

FIGURE 3 A model for analysis where web length 21, is equal to flange length 21,. 
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64 I. HTGUCHI et al. 

3. EXPERIMENTAL METHOD 

Figure 4 shows the dimensions of specimens used in the strain 
measurement. The specimens are joined by an epoxy adhesive 
[SUMITOMO 3M Co. Ltd. in Japan, Scotch-Weld 18381. Figure 5 
shows a schematic experimental setup and the positions of the 
attached strain gauges. The strain gauges are attached 2mm from 
the interfaces and the positions are 0,8,12 and 16mm from the 
center of the joint as shown in Figure 5. The joint was fixed using 
a 12mm diameter pin and the weight of 26.754 N was dropped 
from the height of H = 500mm. The strain responses were recorded 
using an analyzing recorder the resolution of which is better than 
1 ps (1 x second). The length of the connected bar from the 
impacted circular plate to the pin of the lower adherend shown in 
Figure 1 is 1370mm. 

FIGURE 4 Dimensions of specimen used in the experiment. 
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we i ght  
(Mild Steel ,26.754N) 

we i ght  
(Mild Steel ,26.754N) 

f impacted circular 
plate 

7 

1 
FIGURE 5 A schematic experimental setup for measuring strain response. 

4. RESULTS OF ANALYSIS AND THE COMPARISONS 
BETWEEN THE ANALYTICAL AND THE MEASURED 
RESULTS 

4.1. Results of Analysis 

In the numerical calculations, the dimensions of the specimens used 
are the same as those used in the strain measurements (Fig. 4). The 
weight is dropped from the height H = 500 mm and the initial velocity 
of the weight, W, is chosen as u = - 3130mm/s. Figures 6-9 show the 
results of analysis for the T-shaped joint of 12/Z1 = 0.4 (2Z1 = 50mm, 
212 = 20 mm). Figure 6 shows the maximum principal stress propaga- 
tion at the positions x/Zl = 0,0.4,0.8 and 1.0 of the interface between 
the adherend and the adhesive ( y  = - h2/2, z = w), where Young’s 
modulus, El ,  and Poission’s ratio, vI, of the adherends are 206 GPa 
and 0.3, respectively and those of the adhesive are E2 = 3.6 GPa and 
u2 = 0.38. The ordinate is the maximum principal stress, nl, and the 
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66 1. HIGUCHI et al. 

FIGURE 6 Maximum principal stress at the interface ( y  = - h2/2, z = w) in 
the case of T-shaped joints ( Iz / l l  = 0.4, hZ/hl = 0.0067, h3/hl = 4, E,/EZ = 57, v = 
- 3130mm/s). 

abscissa is the time initiated. It is seen that the maximum principal 
stress, cl, becomes maximal at the center (x/ l l  = 0, y = - h2/2, z = w) 
of the adherend to which the impact load is applied. 

Figure 7 shows the maximum principal stress, cr l ,  at the interface 
( y  = - h2/2, z = w) between the adhesive and the lower adherend 
(Solid 3 in Fig. 1) when the time initiated t is 0.3, 0.4, 0.5 and 0.6ms. 
The maximum principal stress, cl, is found to be maximal at the center 
of the interface (x/li = 0, y = - h2/2, z = w) between the adhesive 
and the lower adherend. It is also seen that the maximum principal 
stress increases near the position x / l l  = 0.5-0.6 due to the wave 
reflection at the flange end ( y  = h2/2 + hl ) .  Figure 8 shows the 
maximum principal stress propagation at the interfaces of y = - h2/2 
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FIGURE 7 
in the case 

I 1  
0 1 

X / l l  

Maximum principal stress distributions at the interface ( y  = - h2/2, z = w) 
of T-shaped joints (12 /1 ,  = 0.4, hz/hl = 0.0067, h3/hl = 4, El/E2 = 57, 

u = -3130mm/s). 

and y = h2/2 (x/Zl = 0, z = w)  and at the center y = 0 (x/ll = 0, z = w) 
in the adhesive. It is indicated that the maximum principal stress, ~ 1 ,  
becomes maximal at the interface (x/ll = 0, y = - h2/2, z = w) of the 
lower adherend (Solid 3 in Fig. 1) to which the impact load is applied. 
From the result, it can be predicted that a rupture initiates from the 
interface of the lower adherend to which the impact load is applied. 
Figure 9 shows the propagation of stress components at the interface 
( y  = - h2/2, z = w )  between the adhesive and the lower adherend 
when the time initiated, t ,  is 0.5 ms. It is found that the stress ay is the 
greatest while the normal stresses nX and oZ are greater. These stresses, 
ax and a=, are thought to be Stoneley waves which propagate along 
the interface. 
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\ 
\ 

I I 

0 1 2 
time t (ms) 

FIGURE 8 Maximum principal stress at the interface ( y  = - h2/2, hz/2) and at  the 
middle of adhesive ( y  = 0) in the case of T-shaped joints (lz/ll = 0.4, h2/hl = 0.0067, 
h3/hl = 4, E I / E 2  = 57, u = - 3130mm/s). 

Figures 10- 13 show the results of analysis for the joints shown in 
Figure 3 when the web length 212 is equal to the flange length 211 and 
the initial velocity v (-626 mmjs) is one ~ fifth, in comparison with the 
results (Figs. 6-9) for the T-shaped joints shown in Figure I.  The 
rupture stress of the adhesive is supposed to be about 50 MPa. Thus, 
the height H i s  reduced to H = 100mm in this joint. Figure 10 shows 
the maximum principal stress propagation at the positions x = 0, 0.4, 
0.8 and 1.0 of the interface between the adhesive and the lower ad- 
herend. It is seen that the maximum principal stress, ol, becomes 
maximal at the edge (x/l l  = 1 .O) of the interface of the lower adherend 
to which the impact load is applied. Figure 11 shows the maximum 
principal stress, uI,  at the interface ( y  = - h2/2, z = w) between the 
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30 

20 
3 
W 

In cn 

cn 
CI !! 10 
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I I 

I 1 I 

0 1 
X / l l  

FIGURE 9 Each stress at the interface ( y  = - h2/2, z = w )  in the case of T-shaped 
joints ( l ~ / l ,  = 0.4, h2/hl = 0.0067, h3/hl = 4, E1/E2 = 57, u = - 3130mm/s, t = 0.5ms). 

adhesive and the lower adherend when the time initiated, t ,  is 0.5, 1 . 1  
and 1.5 ms. When the time initiated, t ,  is 1.1 ms, the maximum 
principal stress, al, becomes maximal at the edge of the interface 
(x/Zl = 1.0, y = - h2/2, z = w) and it seems to be singular. 

Figure 12 shows the maximum principal stress propagation at the 
positions y = - h2/2, y = 0 and y = h2/2 of  the edge (x / l l  = 0, z = w). 
It is seen that the stress, al, becomes maximal at the edge (x / l l  = 1.0, 
y = - h2/2, z = w) of the interface of the lower adherend to which the 
impact load is applied. Figure 13 shows the propagation of stress 
components at the interface ( y  = - h2/2, z = w) between the adhesive 
and the lower adherend. Each stress component seems to be singular 
at the edge of the interface and the effect of the flange end which 
occurred in the T-shaped joint is not seen in this joint. Furthermore, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



70 

h 40 

2 
(d 
a, 
v 
T- 

t3 
cn cn 
!?? 
- 20 
c., 

(d 
Q 
0 c 
.- 
.- z 
E 
.- z 
g o  

FIGURE 10 

I. HTGUCHI et al. 

1.0 i 
i 

I 

I 
I 

I 

I 

I 
; 

/ 

\ 

\ , 
\ , 
\ 
! 

\ 
\ , 
\ 
I 

\ 
! 

\ 

I I 

0 1 
time t (ms) 

Maximum principal stress at the interface ( y  = - h2/2, z = w) in the 
special case where web length 212 equals to flange length 21, (12 = 11, h2/hl = 0.0017, 
E,/E2 = 57, v = - 626mm/s). 

it is noticed that the stress, a,, at the edge is the greatest while the 
stresses oz and ay are greater. The stresses ax and a, are thought to 
be Stonely waves which propagate along the interface. This result is 
different from the result for the T-shaped joint shown in Figure 9. 
In addition, it can be predicted that the maximum principal stress, al, 
of joints (u = -626mm/s, Figs. 10- 13) shown in Figure 3 when the 
height of the weight is H = 500mm is greater than that of the T- 
shaped joints (u = -3 130 mm/s, Figs. 6 - 9) shown in Figure 1. Thus, it 
can be concluded that the strength of T-shaped joints is greater than 
that of joints where the web length is equal to the flange length. 

Figure 14 shows the maximum principal stress propagation at the 
positions x / l ,  = 0, 0.3, 0.7 and 1.0 of the interface ( y  = - h2/2, z = w) 
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X / l l  

FIGURE 11 
in the special case (l, = I , ,  h2/hl = 0.0017, E I / E ~  = 57, u = - 626mm/s). 

Maximum principal stress distribution at the interface ( y  = - h2/2, z = w) 

between the adhesive and the lower adherend, where the ratio 12/11 in 
the T-shaped adherends is 0.7 (211 = 50, 212 = 35). The maximum prin- 
cipal stress, ol, is found to be maximal at the position of x/l l  = 0.3 
(x = 7.5mm). From the comparison with the results in the case 
I2/l1 = 0.4 shown in Figure 6 ,  it can be predicted that the position 
where the maximum principal stress o1 occurs moves from the center 
(x/ll = 0)  toward the edge (x/ll = 1 .O) of the interface ( y  = - h2/2, 
z = w) between the adhesive and the lower adherend. In addition, it is 
seen that the maximum principal stress, ol, decreases as the ratio I2/l1 
increases and it becomes maximal when the ratio I2/l1 is 1.0, that is, 
when the web length is equal to the flange length. In general, it is 
noticed that the stress waves propagate through the lower pin and the 
lower web shown in Figure 1 and they start to disperse at the flange 
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time t (ms) 
FIGURE 12 Maximum principal stress at the interface ( y  = -h2/2, z = w) and at 
the middle of adhesion ( y  = 0) in the special case (12 = I , ,  h2/hl = 0.0017, EI/E2 = 57, 
v = - 626 mmjs). 

end ( y  = h2/2 + h,),  which is the intersection between the web and the 
flange, and the reflections are repeated. Thus, it is supposed that 
the position where the maximum value of o1 occurs moves toward the 
edge of the interface due to the dispersive and the reflection effects a t  
the flange end as the web length, 12, increases. In addition, since the 
impacted load is the same, the propagated stress at the interface is 
decreased as the web length, Z2, increases. Thus, the maximum value of 
o1 is decreased as the web length, 12, increases. 

Figure 15 shows the maximum principal stress propagation at the 
lower interface ( y  = - h2/2, z = w) when the time t is 0.4, 0.5 and 
0.6 ms. The maximum principal stress, o1, is seen to be maximal at the 
position x/ll = 0.3 ( y  = -h2/2, z = w )  when the time t is 0.5ms. In the 
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I I I 
0 1 

X / l l  
FIGURE 13 
h2/hl = 0.0017, El/& = 57, u = -626mm/s, t = 1.5ms). 

Each stress at  the interface ( y  = - h2/2, z = w )  in the special case (12 = 11, 

comparison with the case of Figure 11 (the case of l2 = I , ) ,  the time 
( t  = 0.5ms) when the maximum value of o1 occurs is faster. It 
supposed that the maximum value gf c1 occurs due to the dispersive 
and reflection effects at the flange end ( y  = h2/2 + h l )  and the inter- 
face in the T-shaped joints because the stress component cry is the 
greatest in comparison with the Stoneley waves ox and oz. On the 
other hand, the dispersive effect does not occur in the case where 
the web length is equal to the flange length (Figs. 10 - 13) and, thus, 
it is supposed that the time ( t  = 1.1 ms) when the maximum value 
of c1 occurs is later than that ( t  = 0.5ms) in the T-shaped joints. In 
addition, the effect of the height, h l ,  of the T-shaped joint shown in 
Figure 2 on the interface stress distribution is examined by changing 
the height, h,, to 5, 15 and 60mm. As a result, it is found that when the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



I. HIGUCHI et al. 

I I 

FIGURE 14 
h2/hl = 0.0067, h3/hl = 4, E1/E2 = 57, v = ~ 3130mm/s). 

Maximum principal stress at the interface ( y  = - h2/2, z = w) = 0.7, 

value of hl is 60 mm, the interface stress distribution is the same as that 
of the joint where the web length is equal to the flange length shown in 
Figures 10- 13. When the value of hi is 60mm in the T-shaped joint, 
the incident stress waves are seen to be approximately uniform in the 
lower adherend through the lower pin and the effect of the reflection at 
the flange end is thought to be small. Thus, it can be concluded that 
the effect of the flange in T-shaped joints is substantial. 

Figure 16 shows the effect of Young’s modulus ratio, E,/E2,  between 
the adherend and the adhesive on the maximum principal stress, ol, at 
the position x = 0 of the lower interface ( y  = - h2/2, z = w )  when the 
ratio l2/l1 is 0.4 (T-shaped adherend shown in Fig. 4). It is seen that the 
maximum principal stress, ol, becomes maximal as the ratio E1/E2 
increases. In addition, it is also found that the time when the maximum 
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X / l l  
FIGURE 15 
(12/11 = 0.7, hZ/hl = 0.0067, h3/hl = 4, E I / E 2  = 51, u = - 3130mm/s). 

Maximum principal stress distributions at the interface ( y  = - h2/2, h2/2) 

value of ‘ T ~  occurs is decreased. It is thought that the number of 
superimposed reflected stress waves is increased at the lower interface 
as Young’s modulus El increases because the velocity of the wave 
which propagates in the adherends increases (while Young’s modulus 
E2 is held constant) and, thus, the maximum stress increases and the 
time when the maximum value occurs is decreased. 

Figure 17 shows the effect of Young’s modulus ratio, E*/E2, on the 
maximum principal stress, al, at the edge (x / l l  = 1) of the lower 
interface ( y  = - h2/2,  z = w) when the ratio I2/l1 is 1.0; that is, when 
the web length is equal to the flange length (Fig. 3). It is seen that the 
maximum principal stress, ol, increases as the ratio E1/E2  decreases. 
This result is opposite to the result for the T-shaped joints shown in 
Figure 16. In this case of l2 = 11, Stoneley stress waves ax and a, which 
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I 0 

I I 1  I I 
0 1 2 

time t (ms) 
FIGURE 16 Effects of Young’s modulus ratio E1/E2 on the maximum principal stress 
at the interface (x = 0, y = - h2/2, z = w) in the case of T-shaped joints (12/11 = 0.4, 
h2/hl = 0.0067, h3/hl = 4, u = - 3130mm/s). 

propagate along the interface are greater than the normal stress, av, 
and they influence the maximum principal stress 01. In addition, it is 
supposed that Stoneley waves depend on Young’s modulus ratio E1/E2 
between the adherend and the adhesive and they increase as the ratio 
E1/E2 decreases (El # E2) due to the characteristics of Stonely waves. 

Figure 18 shows the effect of the adhesive thickness ratio h2/hl 
(h,  = 1Smm in Fig. 4) on the maximum principal stress, c1, at the 
center (x = 0, y = - h2/2, z = w )  of the lower interface when the ratio 
L2/l1 in the T-shaped joint is 0.4 (Fig. 4). It is seen that the maximum 
value of the stress increases as the ratio h2/hl increases. These results 
show the same tendency as those for the joints subjected to static ten- 
sile loads [S, 71. Figure 19 shows the effect of the thickness ratio, h2/hl ,  
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time t (ms) 
FIGURE 17 Effects of Young's modulus ratio EI/E2 on the maximum principal stress 
at the interface (x = / I ,  y = - h2/2, z = w) in the special case (12 = 11,  h*/hl = 0.0017, 
u = ~ 626mm/s) .  

on the maximum principal stress, (T~, at the edge (x = Z I ,  y = - h2/2, 
z = w) of the lower interface when the web length is equal to the 
flange length, that is, the ratio Z2/Zl is 1.0. It is seen that the maximum 
principal stress, C T ~ ,  increases as the ratio hz/hl increases. In Figure 19, 
it  is seen that the time when'the maximum value of g1 occurs is the 
same, independent of the adhesive thickness. In Figure 20, the same 
tendency is seen. From both the results shown in Figures 19 and 20, 
it can be supposed that the maximum value of 01 depends on the 
magnitude of the stresses (T, and oZ (Stoneley waves) and that these 
stresses increase as the adhesive thickness increases within the thick- 
ness range 20 - 30 pm. 
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I I 

0 1 
time t (ms) 

FIGURE 18 Effects of the thickness ratio h2/hl on the maximum principal stress at the 
interface ( x  = 0, y = - h2/2, z = w) in the case of T-shaped joints (12/11 = 0.4, h3/hl = 4, 
El /E2 = 57, u = - 3130mm/s). 

Figure 20 shows the effect of the height, H ,  on the maximum 
principal stress, el, at the center (x/ll = 0, y = - h2/2, z = w) of the 
lower interface. It is seen that the maximum principal stress, ol, 
increases as the value of H increases. In addition, no difference in the 
tendency of the stress propagation is found. The maximum value 
of the principal stress, ol, is proportional to the value of H .  The 
maximum value of the principal stress, ol, of the joint is calculated 
when the height H is changed to 0.1 mm in Figure 5. In addition, the 
maximum value of the principal stress, ol, of the joint subjected to a 
static load of 26.754 N shown in Figure 5 is analyzed in our previous 
paper [5]. It is found that the maximum value of the principal stress, 
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1 

time t (ms) 
FIGURE 19 Effects of the thickness ratio h2/hI on the maximum principal stress 
at the interface (x = 0, y = - h2/2, z = w) in the special case (12 = 11, El/E2 = 57, 
u = - 626rnrn/s). 

ol, in the case when the value of H is 0.1 mm is about 4.2 times larger 
than that of a joint subjected to a static load [5].  

4.2. Comparison between the Numerical and the Measured 

Figure 21 shows the comparison of the strain response. The strain 
response was measured at the positions of x = 0, 8, 12 and 16mm 
shown in Figure 5. In Figure 21, the strain responses at the positions of 
x = 0 and 12mm are indicated. The ordinate is the strain in the y- 
direction and the abscissa is the time. A fairly good agreement is seen 
befween the numerical and the measured results. 

Results on the Strain Response 
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r i  

time t (ms) 
FIGURE 20 Effects of the dropping height, H, on the maximum principal stress at the 
interface (x = 0, y = - h2/2, z = w )  in the case of T-shaped joints (E2/f1 = 0.4, hz/hl = 
0.0067, h3/hl = 4, El/Ez = 57). 

5. CONCLUSIONS 

This paper dealt with stress response of adhesive butt joints subjected 
to impact load by using the FEM code DYNA3D. The results ob- 
tained are as follows. 

(1) The maximum principal stress, g1, became maximal at the 
interface of the adherend to which the impact load was applied. 

(2) The maximum value of the maximum principal stress, ol, in T- 
shaped joints moved from the center toward the edge of the lower 
interface and it decreased as the web length, 212, increased. In 
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FIGURE 21 
strain response. (a) x = Omm (b) x = 12mm. 

Comparison between the numerical and experimental results concerning 

addition, the maximum principal stress, ol, of a joint in the case 
when the web length, 212, was equal to the flange length, 211, was 
singular at the edge of the interface. In addition, it was found 
that the maximum value of the maximum principal stress, ol, was 
greater than that for the T-shaped joint when the drop height was 
the same. 
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(3)  

(4) 

It was found that the maximum value of the maximum principal 
stress, cl, increased as the ratios E1/E2 and h2/hl increased in the 
case of the T-shaped joints. In the case where the web length was 
equal to the flange length, the maximum value of c1 increased as 
the ratio E1/E2 decreased and the ratio h2/hl increased. 
Strain measurements on adherends were carried out. A fairly good 
agreement was seen between the measured and the numerical 
results. 
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