


5 

4 

-
�~�I�~� 

3 

--;.. 2 

1 

0 

0 1 

5 

4 

- 3 

�~�I�~� --;.. 2 

1 

o 1 

2 3 4 5 

2 3 4 

--- �-�~� ----------------

__ },=f( P,h,t,E/G.,X/I) 
_____ .. }'=f( P,h,t,E/G.) 
------. E/G. theoretical 
------.----}' experimental 

e 7 8 9 

- y=f( P,h,t,E/G.,X//) 
.---- y=f( P,h,t,E/G.) 
-----. E/G. theoretical 
-------.- y experimental 

8 7 8 9 

Figure 107. Shear strain versus stiffness ratio. Graphical comparison between theory and experiments. 
Top : specimen ARB3. Bottom : specimen ARB4. 
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In the case of the maximum strain versus the stiffness ratio curve, the linear variation indicates 

that the shear stress is only a function of loading and geometry whereas it becomes dependent on 

material properties if E/G. increases. The projection of the experimental data on those curves 

clearly indicates that it would provide erroneous results for the stiffness ratio if the defInition of 

}' ~ax was used. 

The only location where the variation of the maximum shear strain could coincide with that 

of the strain calculated at a particular measurement location, is the linear part of the curve. It is 

accessible for the BMC beams whose stiffness ratio is below 103 but the linear shear strain zone can 

lie over a larger range of stiffness ratio by making the beam longer and by making the adhesive 

thinner. For the beams whose stiffness ratio varies linearly with the shear strain, the test is very easy 

because we have discussed in chapter 3 that in that situation, the shear stress can be calculated di· 

rectly from the beam geometry and the loading alone. In order words, as the shear strain is deter· 

mined by the experiments and because the shear stress is known, the adhesive shear modulus is 

computed simply as the ratio of the shear stress by the shear strain. For large specimen stiffness 

ratio, a long and inconvenient procedure is necessary to evaluate the adhesive shear modulus. 

However, the procedure does not even guarantee the accuracy of the fmal result, specially if prior 

to testing, an analysis aimed at the definition of the beam geometry has not been done. TIlls is 

clearly illustrated by the contents of this section. 

Hence, when we were able to calculate the adhesive shear modulus, we found a good agree­

ment between theory and experiments. Moreover, the conclusions obtained from the optimization 

of the BMC shear deformation method were conf1I1lled. 
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5.5.2 - Evaluation of the adhesive shear modulus from the end deflection 

measurements 

To determine the adhesive shear modulus from the end deflection, it is recommended to use 

a graphical method. It consists in drawing the variation of the dimensionless end deflection "'beta .... 

versus the stiffness ratio according to the geometry of the specimen tested. The computer routine 

mentioned in section 3.3.2 and presented in appendix A has been written for this purpose. Then, 

one has to report the experimental value of beta on the f1 versus E/ Gil curve to deduce the corre­

sponding stiffness ratio. 

Table 13 presents the experimental results. A comparison with analytical predictions is also 

shown. The curves from which these data are deduced are depicted in fig. 1 08 to 115. One can note 

that the results for p agree very well with theory but the error generated for the calculation of E/ 

G(l is larger, depending on the slope of curve ( f1 vs. E/GII ). 

For rubber-to-steel and rubber-to-aluminum specimens, the fast increasing middle zone of the 

beta variations covers the range of stiffness ratios investigated. Therefore, results are obtained with 

a lot of confidence. However, the epoxy-to-aluminum specimens for which E/Ga is about 100, show 

that even for the shorter beams, the disparity between experiments and theory is large. The reason 

is that the method based on parameter P is not appropriate for stiff combinations of adherend and 

adhesive. For these beams, p lies in a region where it is not sensitive to the variation of the stiffness 

ratio. 

Hence, the BMC test method based on the measurement of the beam end deflection works 

well with large stiffness ratios but it is limited in the case of the small ratios, even when acting on 

the specimen geometry. This comes to reinforce the conclusions provided from the optimization 

of the BMC theory. 
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Table 13. Comparison between experiments and theory for the calculation of the adhesive shear 
modulus from the end deflection measurements. 

specimen theory experiments error 0/0 

code E/Ga {J E/Ga {J E/Ga {J 

RB3 2.3xlOS 5.57 1.6xlOS 5.35 28 4 

RB4 2.3xlOS 5.78 2.6xlOS 5.86 12 1 
RB5 2.3xlOS 5.21 1.8xlOS 5.04 20 3 

RB6 2.3xlOS 4.89 2.1xlOS 4.77 6 2 
RB7 2.3xlOS 5.11 1.9xlOS 4.92 17 4 

ARBI 7.8xlQ4 3.87 1.0xlOS 4.03 28 4 

ARB2 7.8xlQ4 3.56 7.4xlQ4 3.52 5 1 

ARB3 7.8xlQ4 5.24 7.0xlQ4 5.10 9 3 

ARB4 7.8xlQ4 3.80 7.3xlQ4 3.72 6 2 

EALI 85 1.11 108 1.19 27 8 

EAL2 85 1.23 106 1.35 25 10 

EAL3 85 1.06 110 1.12 29 7 

EAL4 85 1.12 110 1.23 29 7 

EAL5 85 1.03 123 1.10 45 5 

EAL6 85 1.07 103 1.12 21 5 
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Figure 108. Dimensionless end denection versus stiffness ratio - graphical comparison between theory 
and experiments - top: specimen RB3 - bottom : specimen RB4 
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6 - CONCLUSION AND 

RECOMMENDATIONS 

In conclusion to the present report, we recall that the analysis of the BMC theory has been 

oriented towards three directions : 

• a parametric analysis in order to study the capability of the BMC theory to provide adequate 

shear data on structural adhesives via relatively simple and reliable test, 

• a numerical analysis developed in two and three dimensions in order to check the validity of 

the shear stress and the beam deflection equations from the Bl\1C theory as well as to check 

the validity of the pure shear stress assumption in the adhesive layer with constant regards to 

practical purposes, 

• an experimental study. 

PARAMETRIC ANALYSIS: 

Starting from the general concepts of the BMC theory, two tests of different nature were de­

rived. These are referred as the BMC shear deformation tests and the BMC end deflection test. The 

parametric analysis based on the shear stress and the end deflection concepts revealed the BlVlC 
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specimen dimensions required for reliable adhesive shear property detennination. Procedures and 

recommendations were provided to design the BMC specimen in order to calculate the adhesive 

stiffness and in order to make reproducible tests. 

As a result from the parametric study, in the case of the BMC shear deformation test, the shear 

stress can be calculated easily from loading and geometry alone but only if the adhesive stiffness 

investigated is relatively high which requires that the stiffness ratio should not exceed 103• A unique 

specimen geometry was proposed to characterize relatively stiff adhesives from the lecture of the 

shear deformation inside the bond in conjunction with the analytically predicted shear stress. A 

simple pure shear test with a constant shear stress inside almost the entire the bondline was also 

presented. 

It also resulted from the parametric analysis that the characterization of the joint shear stiffness 

with the end deflection concept can be made only if the value of the stiffness ratio E/Ga investigated 

lies in the zone where the en~ deflection increases the most rapidly with this ratio. This condition 

is highly dependent on the choice of the specimen geometry. 

NUly/ERICAL ANALYSIS: 

Solutions for shear stress and for beam deflection derived from the BMC theory were com­

pared with the Finite Element codes NOV A in plane stress and VISTA to pursue the numerical 

evaluation started in reference [61 which motivated the realization of the present study. The use of 

VISTA required to extend the BMC theory in the plane strain situation to make possible a com­

plete comparison between numerical and analytical results. Very good agreements were found in 

any case of material properties and specimen geometries which constitutes a validation of the the­

ory. Numerical analysis provided a better understanding about the stress state existing in the adhe­

sive layer and about the conditions required for a pure shear state. Tensile stresses (1" and (1y do exist 

in the adhesive layer whose magnitudes increase with the adhesive thickness and/or stiffness. 

Three-dimensional analysis with the program ABAQ US showed the presence of stress concen­

tration at the adherend/adhesive interface and both the two-dimensional and the three-dimensional 
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studies revealed that the magnitudes of the tensile stresses are negligible in comparison to that of 

the shear stress. In addition, tensile stresses do not modify the state of shear because Finite Element 

showed that in the cases investigated, good agreements were obtained for the shear stress distrib­

ution between theory and numerical results. In other words, the negligible magnitudes of tensile 

stresses confum that the BMC specimen configuration produces a shear stress state in the adhesive 

layer and, the good agreement between numerical and analytical approaches constitutes a validation 

of the bonded cantilever beam concept as a shear test. Using VISTA, a modified BMC specimen 

was proposed in order to increase the deformations of stiff beams. Tensile and shear stresses peaks 

occurred at the adhesive ends, with axial and peel stresses concentrations at the adherend/adhesive 

interface, especially close to the loaded end. By comparing the stress magnitudes, stress analysis 

showed that in the major part of the joint, the state of stress is pure shear, uniform over the thick­

ness and with an increasing magnitude in the x direction. These numerical results are confirmed in 

a recent work by K.M. Liechti which is presented in reference [21). Finally, the fact that the shear 

strain increases from 20 % up to 100 % from that of the classic beam when the length of the ad­

hesive layer is reduced between the adherends is especially appealing for experimental purpose and 

should be considered as a recommendation for future work. 

EXPERIME1VTAL ANALYSIS: 

The last part of our work consisted in the experimental application and verification of the 

theoretical concepts. For that purpose, shear deformation and end deflection measurements were 

performed on BMC-method-shaped specimens which pennitted to compare the experimental re­

sults to the analytical predictions. Most of the time with the shear deformation method, the ad­

hesive shear modulus is determined with an accuracy not exceeding 10 % which satisfies the 

requirements for engineering errors. The evaluation of the adhesive shear modulus from the shear 

deformation test data required the use of a long numerical procedure because in the cases investi­

gated, the shear stress could not be derived directly from geometry and loading alone as suggested 

in the parametric analysis. The use of the simplest form of the shear stress equation which does not 
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depend on adhesive mechanical properties was discussed and graphs showed the error generated in 

rmding the value of the shear stiffness when the BMC theory is not used properly. Also, the de­

velopment of shear deformation measurement with the Krieger gage was limited especially for stiff 

adhesives. We found that the shear deformation test would necessitate the development of a special 

deformation measurement instrumentation. The device should satisfactorily monitor the relative 

displacement between the adherends without being constrained by their bending. 

The method based on the end deflection test is easy to perform and tests on specimens of low 

deformability such as epoxy-to-aluminum, revealed the importance of keeping the boundary con­

ditions for loading similar to those used in the BMC theory. In addition, the calculation of the 

adhesive shear modulus is highly sensitive to the value of the dimensionless end deflection fJ. 

Consequently, sensitive equipment must be used for measuring the beam end deflection. Provided 

that the specimen geometry is dermed prior to the test by bearing in mind the shear stiffness in­

vestigated, the test can give reliable and accurate results. 

Finally, an important conclusion is that the limitations defined in terms of specimen geometry 

and stiffness ratio in the parametric analysis and which concerned the shear deformation test as well 

as the end deflection test were confirmed experimentally. For that reason, it seemed essential to 

recall in the present section the origin, the nature and the consequences of these limitations. 

If we compare the effect of geometrical quantities such as i, h and t on curves ( T~IJ[ vs. E/Ga 

) and ( fJ vs. E/ G a ) in fig. 19 to 21 and fig.28 to 30 respectively I we see that the curves move together 

from left to right as the slenderness ratio increases and the thickness ratio decreases. It is thus im­

possible to have, at the same time, the conditions required for a constant shear in the adhesive layer 

and those for a deflection highly sensitive to the variation of stiffness ratio. The parametric analysis 

showed that a constant shear state cannot be reached for the soft adhesive unless an unrealistic ex­

perimental design of the beam is used. Conversely, a highly sensitive deflection response is more 

favorable for soft adhesive. Then, a deflection measurement for soft adhesives will replace a shear 

deformation measurement for stiff adhesives. The BMC test can work, but the specimen dimension 

has to be dermed in regard to the adhesive tested in order to make the theory suitable for practical 

6 - CONCLUSION AND RECOMMENDATIONS 179 



use. Simple numerical codes are available to facilitate the defmition of the beams geometry in each 

situation. Hence, in order to evaluate the shear modulus with the bonded cantilever beams for the 

range of soft or stiff adhesives with a testing method satisfying the conditions of simplicity, reli­

ability and rapidity, two different types of measurements must be made which proper procedure are 

recalled below : 

SHEAR DEFORMATION MEASUREMENTS: 

The analysis of the BMC theory revealed that the influence the parameter a which contains 

both the material and the geometrical properties of the specimen has been shown to have a very 

significant effect on the magnitude and the uniformity of the shear stress in the adhesive. With the 

curve ( a vs. xli ), a value of parameter a is defined for which the shear stress is constant over a 

portion of the beam. In this particular region of the beam, the shear stress has a magnitude function 

of geometry and loading only. This is a requirement to facilitate the use and the analysis of the data 

provided from the shear deformation test. Then, the shear defonnation is measured at the place 

of known shear stress and the shear strain is derived from the shear deformation as the ratio of the 

latter to the adhesive thickness. Due to the choice of a, the shear stress is predicted from simple 

theoretical formula. Finally, Ga is calculated using the classical linear relationship between shear 

stress and strain for elastic materials. 

END DEFLECTION MEASUREMENTS: 

The end deflection test permits the characterization of a large range of adhesives. For proper 

application, the user should bear in mind that the specimen geometry must be defUled in accordance 

with the adhesive stiffness investigated. Guidelines showing the variations of the dimensionless end 

deflection {J versus E/Ga can help to defUle appropriate specimen dimensions. Then, the BMC 

theory combined with end deflection measurements lead to a graphical determination of the adhe­

sive shear properties. 
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RECOMMENDA TIONS FOR FUTURE WORK 

Our recommendations to develop further the studies about the bonded cantilever plates test 

method are oriented towards four directions. 

First of all, is the fact that in all our work, from the BMC analysis and the Finite Element 

analysis to experimental verifications of predictions, we always assumed the adhesive to be a linear 

elastic material. This has been done on account of the fact that the BMC theory was developed by 

assuming both the adherend and the adhesive to be linear elastic materials in order to facilitate the 

mathematical analysis. In reality, most of adhesives exhibit complex material characteristics like 

nonlinear and/or time dependent behavior that has to be taken into account in the analytical model 

as well as in the Finite Element analysis. 

Secondly, in addition to these complex characteristics, the chemical and mechanical bonding 

between adherends and adhesive is not well understood for the majority of shear tests, so more 

particularly for the BMC test specimen. The interface layer between adherend and adhesive is not 

well defined in most of the cases although it can have an important influence on the determination 

of the mechanical properties of the bond. Attention must thus be concentrated on that problem. 

Then, experiments showed that there is a lack in pursuing accurate shear deformation meas­

urements on stiff beams. In order to solve that inconvenience, optical methods such as Scanning 

Electron Microscopy or a digital imaging strain measurement system [21,22] would be probably the 

best candidates. 

Finally, the last recommendation concerns the development of mathematical solutions to 

model the shear stress in the adhesive layer of the modified BMC specimen presented in chapter 4 

and also to provide the BMC concept the capacity of including fracture predictions for future ap­

plication of the BMC specimen in fracture mechanics. 
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Listing of the program for computing the data points of the curves alpha bar 

versus E/Ga. 

PAIWETRIC ANALYSIS I YARIAnON OF ALPHA BAR NITH E/GA 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• * This program has been written for the definition of the BHC * 
* specimen dimensions. The thickness ratio must be arbitrary chosen * 
• and input for the execution of the program. * 
* The M.I'\ gives the variations of the parameter beta versus the * 
* ratio E/Sa for varying !/h values. Each curves is associated to * 
• a specific value of !/h. This ratio varies from 10 to 170 with a * 
• .tep of 10. The program provides the plane stress and the plane * 
• .train options. * 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

****** NOTATION •••••••••••••••••••••••••••••••••••••••••••••••••••••• 
* DTR Thickness ratio * 
• DLR Slenderness ratio * 
• DGA Stiffness ratio * 
• DGAL Decimal logarithm of the stiffness ratio * 
• ALPHAB Parameter alpha bar * 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

HRITE(5,100) 
READ'6,.) DTR 
HRITE( 5,200) 
READ'6,.) ICHOl1 
DLR=10. 
DO 20 J=1,17 
A3=DLR**2 
DGAL=O. 
DO 10 1=1,43 
C=DGAL 
DGA=10**C 
81=(1.+2.*DTR)**2 
A1=81/0TR 
A2=1.+(1./(3.*81» 
ALPHAB=((3.*A3.A1.A2)/DGA)**0.5 
IF(ALPHAB.GT.80) GO TO 30 
IF(ICHOl1.EQ.0) GO TO 40 
HRITE(7,300) J,DGA,ALPHAB 
GO TO 30 

40 HRITE(7,300) 4,DGAL,ALPHAB 
30 DGAL=OGAL+0.2 
10 CONTIMJE 

DLR=DLR+10. 
20 CONTINUE 

100 FORHAT(ZX,'Enter the thickness ratio') 
200 FORMAT( ZX, 'To compute alpha bar versus log10 E/Ga ,.,ter 0', 

* 12X, 'If you prefer to compute alpha bar versus E/Ga,enter 1') 
300 FORHAT(ZX,I2,tX,lPE15.7,tX,lPE15.7) 

STOP 
END 
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Listing of the program for computing the data points of the curves beta versus 

E/Ga. 

PAIWETRIC ANALYSIS: VARIATIl»f Of BETA taTH E/GA 

• This progra. has been written for the definition of the 8MC * 
• specimen dimensions. The thickness ratio aaust be arbitrary chosen * 
• and input for the execution of the program. * 
• The M.81 gives the variations of the parameter beta versus the • 
• ratio E/Ga for varying l/h values. Each curves is associated to • 
• • specific value of !/h. This ratio varies from 20 to 170 with a • 
• step of 10. The progra. provides the plane stress and the plane * 
• strain options. • 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

****** NOTATION •••••••••••••••••••••••••••••••••••••••••••••••••••••• 
• DTR Thickness ratio • 
• DLR Slenderness ratio • 
• DGA sti ffness ratio • 
• DGAL Decimal logarithm of the stiffness ratio * 
• ALPHAB Parameter alpha bar * 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

IMPLICIT REAL*8(A-H,0-Z) 
HRITE(S,100) 
READ(6,*) DTR 
DE=1.E+07 
DA=0.3 
DB=l. 
DP=100. 
HR1TE(S,200) 
READ(6,.) ICHOIC 
IF(ICH01C.EQ.O) GO TO 10 

• PLANE STRESS ANALYSIS •••••••••••••••••••••••••••••••••• __ ••••• _ ••• -

WRITE( 7,300) 
HRITE(7,400) 
DLR=20. 
DO 20 J=1,16 
A1=1.+2.*DTR 
A2=A1**2 
A3=1.+((3.*A2)**(-1» 
A4=AUDTR 
A5=(DLR)**2 
DGAL=O. 
DO 30 1=1,18 
DGA=10**DGAL 
ALPHAB=(3*A5*A4*A3/DGAJ**0.S 
XL=1S0. 
1F(ALPHAB.GT.XL) GO TO 40 
CO=(EXP(ALPHAB)+EXPC-ALPHAB»)/2. 
SI=(EXP(ALPHAB)-EXP(-ALPHAB»)/2. 
TA=SI/CO 
GO TO 50 

40 TA-1. 
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SO Fl=(1.+DTR)**3 
F3=4.*(1.-ll./A3» 
F4=3.*(1.+DA)*(DLR**(-2» 
FS=12./A3 
F6=(1.-(TA/ALPHAB»/(ALPHAB**2) 
F7=FS*F6 
BETA=(F3+F4+F7)*Fl 
HRITE(7,SOO) J,DGAL,BETA 
DGAL=DGAL+0.5 

30 CONTINUE 
DLR=DLR+1. 

20 CONTINUE 
GO TO 60 

* PLANE STRAIN ANALYSIS MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM.MM.MMMM.MM.M 

10 DE=DE/(1.-(DA**2» 

** END DEFLECTION OF THE BEAM M.MMMMMM.M.MM.MMM.MM.M.MM •• MMM.MMM •••• M. 

HRITE(7,lt(JO) 
HRITE(7,600) 
DLR=20. 
DO 70 J=1,16 
A1=1.+2.*OTR 
A2=A1**2 
A3=1.+(3.*A2)**(-11) 
A4=A2/DTR 
AS=. DLR)**2 
DGAL=2. 
DO 80 1=1,13 
DGA=lO**DGAL 
ALPHAB=(3*AS*A4*A3*(1-da**2)/DGA)**O.S 
XL=lSO. 
IFCALPHAB.GT.XL) GO TO 90 
CO=CEXP(ALPHAB)+EXPI-ALPHAB»/2. 
SI=(EXPCALPHAB1-EXP(-ALPHAB»/2. 
TA=SI/CO 
GO TO 9S 

90 TA=l. 

** END DEFLECTION OF THE BEAM •• M ••••• MM •• MM.MMM •••• M •• M.M •••••••••••• 

9S Fl=C1.+DTR)**3 
F3=4.*(1.-(1./A3» 
F4=3.*(1.+DA)*CDLR**(-2» 
FS=12./A3 
F6=(1.-(TA/ALPHAB»/(ALPHAB**21 
F7=F5*F6 
BETA=(F3+F4+F7)*Fl 
HRITE(7,SOO) J,DGAL,8ETA 
DGAL=DGAL+O.S 

80 CONTINUE 
DLR=DLR+10. 

70 CONTINUE 
GO TO 60 

* FORMATS ••••• M ••• MM ••••••••••••••••••••••••••••••••••••••••• M ••••••• 

100 FORMAT ( /2X,'Entar t/h') 
200 FaRHAT ( /2)(, 'For plana stress analysis enter 1 else 0') 
300 FaRHAT ( /2X,'Plane stress analysis l ) 
400 FORHATl/lOX, IE/Gal ,2.5)(, 'Beta' ) 
500 FORMATe /2X,I2,2)(,1PE15.7,12X,1PE15.7) 
600 FORMAT' /2X,'Plana strain analysis-) 
60 STOP 

END 
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Execs for plotting outputs 

In order to plot the results generated by the preceding routines, the user can invoke the SAS 

Graphics package provided by SAS Institute Inc .. This package can be accessed by writing SAS plot 

commands in a plot data fue such as that presented below. 

/ 1bc»cnuIbe,. JOB aoooLnt ....... r ,USERID .RE9Ic:»I=1536K 
/-PRIORITY IDLE 
/ /sTEPl EXEC SAS 
I'-JOBPARH L=S 
I'*ROUTE PRINT VTVHl.userid 
GOPTIONS OEVICE=VER80 HSIZE=6 VSIZE=6 NlTEXT82 VPOS=43t 
DATA ONEJ 
INPUT GROUPl X YJ 
CARDSJ 

.... ENTER THE OUTPUT .... 

PROC GPLOTJ 
TITLEl C=BLACK F=~SS H=l 

• COIIIJ'I8I'1ts • J 
FooTNOTEl C=BLACK F=XSHISS H=l 

FOOTNOTE2 C=8LACK F=XSHISS H=l 
'tIh:: ••• ·J 

AXISl LABEL = (A=90 F=XSHISS H=l. • legend ') 
VALUE :: «F=XSHISS H=l ) 
color = black 
MINOR = NONE) 

AXIS2 LABEL =( F=XSHISS H=l • loglO E/Ga .) 
VALUE = (F=XSHISS H=l ) 
COLOR = BLACKJ 

PLOT Y*X=GROUPl/ 
OVERLAY FRAME NllEGEND VAXIS=AXISl HAXIS=AXIS2J 
SYMBOLl C=RED L=l I=SPLINE V=NONEJ 
SYHBOL2 C=RED L=l I=SPLINE V=NONEJ 
SYMBOL3 C=RED L=l I=SPLINE V=NONEJ 
SYHBOL4 C=RED L=l I=5PLINE V=NONEJ 
/* 
// 

In the following figures are given guidelines for detennining the proper BMC specimen ge-

ometry in order to perfonn shear defonnation or end deflection tests. 
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Figure 116. Parametric analysis for alpha bar versus E{Ga with t{h - 0.1. From left to right, (/h varies 
from 10 to 170 in steps of 10 between each curves. 
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Figure 117. Parametric analysis for alpha bar versus E/Ga with tfb - 0.2. From left to rig ht, Ilh varies 
from 10 to 170 in steps of 10 between each curves. 
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Figure 118. Parametric anaJysis for alpha bar l'ersus E/Ga with t/h" 0.02. From left to right, '/h 
l'aries from 10 to 170 in steps or 10 between each cune5. 
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Figure 119. Parametric analysis for alpha bar versus E/Ga with t/h - 0.04. From left to right, Ilh 
varies from 10 to 170 in steps of' 10 between each curves. 
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Figure 120. Parametric: analysis for beta versus E/Ga with tlh - 0.1. From left to right, (Ib varies from 
20 to 170 in steps of 10 between each curves. 
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Figure 121. Parametric analysis for beta versus E/Ga with t/h = 0.2. From left to right, Ilh varies from 
20 to 170 in steps of 10 between each curves. 
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Filure Ill. Parametric analysis for beta versus E/Ga with tlh - 0.01. From left to right, llh varies 
from 20 to 170 in steps of 10 between each curves. 
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Figure 123. Parametric anaJysis for beta versus E/Ga with tlh - 0.02. From left to right, '/h varies 
f'rom 20 to 170 in steps of 10 between each curves. 
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