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Abstract

Timoshenko’s theory of vibrating beams requires a shear correction factor to correctly take into account
the effects of shear deformation for different beam cross-sections. This correction is crucial for a precise
determination of the shear modulus from the resonant frequencies. Hutchinson’s beam theory is used to
derive a new shear correction coefficient for anisotropic materials. A comparison is made with other shear
coefficients for anisotropic materials published in the literature. Computer-simulated spectra are used to
validate the new anisotropic shear correction coefficient.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

A precondition for the determination of the shear modulus from the resonant frequencies of a
vibrating isotropic beam with Timoshenko’s beam theory [1,2] is a correctional factor k, that takes
the distribution of the shear stress over the cross-section of the beam into account. All attempts to
adapt Timoshenko’s beam theory to anisotropic materials have in common, that they are based
on suitable shear correction factors. The work of Dharmarajan and McCutchen [3] extends the
derivation of Cowper’s [4] shear correction factor to non-isotropic materials, such as composites.
Kawashima [5] derives the shear coefficient for quartz crystals with rectangular cross-sections and
relies also to a small degree on Cowper’s definitions. He also notes, that the shear correction
factor for a rectangular beam resulting from his theory has no dependence on the width and depth
of the vibrating beam. For isotropic materials, both theories reduce to Cowper’s shear correction
coefficient.

The drawback of these shear correction coefficients is that none incorporates a possible
dependence on the width and the height of the beam, and that Cowper’s shear coefficient is not
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considered “best” even if the dependence on the width and the height of the beam is being
neglected [6-9].

Stephen published a second order beam theory [7], based on the idea, that gravitational loading
of a beam represents the flexural vibrations of a beam better than a tip-loaded cantilever.
Hutchinson obtained the same results with a simple dynamic beam theory [6,10]. Both theories
find a dependence of the shear correction coefficient on the width and height of the vibrating
beam. This dependence has also been found [11] in experiments and calculated eigenfrequency
spectra, which have been calculated via the theory of resonant ultrasound spectroscopy (RUS),
which is based on the solution of the three-dimensional free body problem [12-15].

This paper aims to derive a shear correction coefficient for anisotropic beams via the method
that has been employed and published by Hutchinson [6]. It will focus on the differences between
the derivation of the anisotropic and the isotropic shear correction coefficient, since the course of
derivation is similar for both, and tries to complement Hutchinson’s publication. The
performance of the new and the two published [3,5] shear correction coefficients is tested with
eigenfrequency spectra, which are obtained by using the theory of resonant ultrasound
spectroscopy.

2. The new anisotropic shear correction coefficient

In order to be able to find the shear correction coefficient for an anisotropic vibrating beam, the
same assumptions have to be made as in the case of an isotropic beam: the direct stress, shear
stress and displacement are assumed to be well represented by those of a tip-loaded cantilever,
which can be solved analytically (see Ref. [16, Chapter XV]).

Note that this paper uses the co-ordinate system (see Fig. 1) introduced in the paper by
Hutchinson [6].

2.1. The displacement field

The displacement field is based on Love’s [16, Chapter X V] solution for a tip-loaded anisotropic
cantilever. Instead of Love’s bending moment M (x) = V(/ — x), the dynamic moment curvature
relation M(x,t) = E.L.Oy(x,t)/0x is used, where ¥/(x, ) is the rotation of the cross-section, V' is
the shearing force, E, is Young’s modulus in the direction of the beam, /. is the second moment of
area about the z-axis and / is the length of the beam.
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Fig. 1. The co-ordinate system with the moment (M) and shear (V') sign convention.
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Love’s [16, Chapter XV] displacement field u#, v and w for the x-, y- and z-directions,
respectively, can then be written as

u=1¢(y,z) — yp(x, )

X nyvxy - 2zevxz 2 /
IZ[/(yZ)—i- 6. yz]+ﬁy+ocz+oc, (1)
0 t
= —1zx + [ Vi, ) (Viy)? — Vyez?) + / Y(x, 1) dx} —yz+ Bx+f, ®)
0 t
W=1TX) + Vi ‘ﬁg;’ )yz +yy —ax+7, (3)

where o, B, 7, 7, o/, B and )’ are constants of integration, G,, and v,, are the shear moduli and
the Poisson ratios for the different directions of the beam, ¢(y,z) is the torsion function, and
%(y,z) is a harmonic function that fulfills the criteria set out in [16, Chapter XV], namely

o o
<ny a—yz + G’C7 ) 7()’ Z) (4)
at all points of the cross-section and the boundary condition
0 0y
cos(y,n)Gy, A Z)+cos(z, n)Gy. 1, 2)
oy 0z
E, — Gy — 2G vy
_ Xy 2 xy Vxy xzVxz 2
= —cos(y, n)Gx}< 5 + e z )
— cos(z, n)((Ey, — nyvxy)yz)a (5)

at all points on the boundary curve. The constants of integration in Egs. (1)—(3) can be determined
with several boundary conditions.

The constants o/, B and y’ are zero if the origin is set into the center of the cross-section at the
fixed end of the beam, since the functions ¢(y, z) and y(y, z) can be adjusted to vanish at the origin.
Because the beam is assumed to be a tip-loaded cantilever, the following constraints are valid for
the fixed end of the beam. The first constraint fixes the direction of the line along the z-axis
through the origin, so that it always retains its initial direction.

0 0
a —0 and & — 0. (6)
2| 0)=0 92| (xy.5=0
The second constraint fixes the cross-section through that line
0
o — 0. %
ay (x,y,2)=0
The first constraint gives « = 0 and y = 0, the second
V. ox(,2)
p=- - ®)
EXIZ ay (r,2)=0
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With the definition of s, representing the angle by which the cross-section is turned back towards
the central line (see [16, Chapter XV] for details), as

V_oxy,z)
S0 = _E I a 5 (9)
x4z Y »,2)=0
the displacement in x direction may be written in the form
u= —yp(x,0)+ Py +soy + 19, 2)
V ay(ya Z) Ex - nyvxy - 2zevxz 2
_ L) ,Z) — AR f Z |. 10
EL 1,2 =y oo 6. y (10)

The term in the rectangular brackets represents a distortion of the cross-section. It is ignored,
since one assumes that the cross-sections remain plane after deformation.

The deflection normal to the central line of the beam ¢(x,?) is defined as the value of v at
y=z=0,as

o(x, 1) = /lp(x, t)dx + px. (11)

With this definition and the exclusion of torsional effects (r = 0), which is only possible if the
beam is symmetric about the y-axis, the displacement can then be written as

w= (1), (12)
0= (6. 0) 4 5 (p? Vi) G )0 (13)
W= vy yz OY(x,t)/0x. (14)

2.2. The beam theory

Both the direct and the shear stresses are chosen to be consistent with a tip-loaded cantilever as
in Ref. [6], with the exception that the functions fi(y,z) and f2(y, z) for anisotropic material are
used (see Ref. [16, Chapter XV]).

ny 01y, 2) Vxy 2 E— nyvxy — 2Gy;Vx; 2
= _ - == . 1
fl (ya Z) Ex ( ay + > y 2Gu z ( 5)
G (0x(y,2)  Ex — Gyyvy
70 2) =~ 5 (P2 Bem Bt ), (16)

These functions still fulfill the following properties, since they do not depend on the level of
anisotropy.

/fl(y,z)dA:Iz and /fz(y,z)dAzo. (17)
A A

The dynamic Hellinger—Reissner [17] principle for the anisotropic system with a volume V', which
stands at the beginning of the derivation of the anisotropic shear correction coefficient, differs
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only slightly from the version for an isotropic system.
[ (3 (@) ()
2E 2ny - 2G,.. 2\or 2\ ot 2\ ot
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The course of the derivation is analogous to the derivation of the isotropic shear correction
coefficient presented by Hutchinson [6]. The main difference is that the definitions of the
equations and constants have to be adapted to reflect the different elastic symmetry, i.e., instead
of E, G and v the equations and constants now depend upon Ey, Gy,, Gy, vy, and v,..

The result is the new anisotropic shear correction coefficient k

Ey

k= ny[(A/Izz)C4 T+ Vay — (Iy/lz)vxz]’ (19
with C; defined as
Ci = /A (i (022) + 20cfi(0:2)
2 2
— v o0, 2) — Ey (f‘ 0,2 | f20:2) )]dy dz. (20)
ny ze

By inserting the definitions of fi(y,z), f2(y,z) and applying the potential transformation from
Appendix A, C4 has the general form
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C4 can then be obtained by inserting the appropriate harmonic function y(y, z) into Eq. (21) and
integrating over the cross-section.

The potential transformation converts the the shear correction coefficient from the type of
representation used by Hutchinson for his isotropic shear correction coefficient to the type of
representation used by Stephen (see Ref. [10]). The benefit of this conversion is that the
integration over the cross-section in Stephen’s expression can be performed much easier for the
rectangular cross-section, because the harmonic function y(y,z) for a rectangular cross-section
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includes a summation. This is not necessarily true for other types of cross-sections with different
harmonic functions.

The most useful cross-section in practical applications for anisotropic beams is likely the
rectangular cross-section with the harmonic function

bzvu az(—Ex + Gy — GyyVyz)
2, 2) = + )y
2Gy,

E,— Gyvyy , 4b3 v), (— 1) sinh(%%) nmz
Sx” Telos g ). 22
%G, W) Z cosh(%cos( y) 22)

Its derivation is similar to the derivation of the harmonic function for an isotropic beam with a
rectangular cross-section [16, Chapter XV]. The final form of C, for beams with a rectangular
cross-section remains unquoted, since it is even more lengthy than Eq. (21).

3. Comparison with computer simulations

The shear correction coefficient has been tested with simulated resonant spectra of rectangular
cubic “‘copper” beams. Young’s modulus (66.7 GPa) and the Poisson ratio (0.41) are held
constant and the shear modulus is varied from 5 to 75 GPa, where 75 GPa is the shear modulus of
of real cubic copper crystals. The resonant spectra themselves were obtained using the theory of
RUS. This measurement method is based on a series solution of the three-dimensional free body
problem. The calculated spectra are usually fitted to the measured spectra with the elastic
constants as fitting parameters. Here, this theory is only employed to calculate an eigenfrequency
spectrum from a known set of elastic constants. Care has been taken to use a high enough order in
the series expansion, so that further elements in the series expansion would not change the
calculated eigenfrequency-spectra further. This high order is necessary, because the samples used
in connection with Timoshenko’s beam theory are much longer than the typical RUS sample,
which is a small cube.

A beam with rectangular cross-section and cubic anisotropy was chosen to test the different
shear correction coefficients. It is a simple and concise system and allows the variation of the
anisotropy over a wide range, including the special case of isotropy.

The shear correction coefficient for a beam with a rectangular cross-section and cubic
anisotropy is

k = —E/G[(9/4d’b)Cy + v(1 — b*/d?)), (23)

with

) (24)

275 _
Cy— a5b<— 8 E 4 ) PN Z 32Gv*b>(nma — b tanh(nna /b))

156 15 (nn)’E

where 2b is the width (direction of the z-axis) and 2« is the depth of the beam (direction of the
y-axis).

Samples with various width to depth ratios and a varying shear modulus were simulated and
used to compare the new shear correction coefficient with the shear correction coefficients by
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Fig. 2. A comparison of the reciprocal shear correction coefficient taken from the simulated measurements (denoted by
the circles) with the reciprocal of the three shear correction coefficients from the different models (denoted by the lines).
The width to length ratio of the beams, which have a square cross-section, is 1—10 in the left figure and % in the right figure.
The different models are: D—Dharmarajan, K—Kawashima, and N—the new coefficient.
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Fig. 3. The simulated and the calculated reciprocal shear correction coefficient for the flatwise and the edgewise
vibrational modes of two beams with different width to depth ratios. The circles and crosses denote simulated and the
lines the corresponding calculated values for the three different models. The different models are: D—Dharmarajan,
K—Kawashima, and N—the new coefficient for flatwise (fw, b > a) and edgewise (ew, b <a) vibrations of beams with a
cross-section of 5 x 7 in the left and 6 x 7 in the right figure. The units of depth and width are of no importance for k,
since it depends only on the ratio a/b. All beams are 50 units long.

Dharmarajan and Kawashima, that have no dependence on the width to depth ratio of the beam
(Figs. 2 and 3).

Fig. 2 shows 1/k for two samples with square cross-sections, and a width to length ratio of %
and %, respectively. It is obvious, that only the shear correction coefficient presented in this paper
is able to reproduce the simulated values. It is also apparent from the two figures, that the shear
correction coefficient coincides better with the simulated values from the beam with the lower
width/length ratio. This should not be much of a problem if higher vibrational modes are used,
since the accuracy of higher and higher modes becomes more and more dependent on a low width/
length ratio. A rule of thumb for the isotropic theory is that accurate results can be obtained with
Timoshenko’s shear coefficient for wave lengths greater than twice the beam depth [18].

The reciprocal shear correction coefficients for flatwise (a <b) and edgewise (a > b) vibrations of
two different rectangular beams with non-square cross-section in Fig. 3 exhibit the same behavior
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as isotropic beams [11]. The shear correction coefficient is always better for beams with a depth
greater than their width (a > b). Since the ratio a/b of the beam in the right subfigure is closer to 1
than in the left subfigure, the flat- and edgewise coefficients of the beam in the right subfigure
converge to the value for the beam with a square cross-section and a width to length ratio of % It
should also be noted that the agreement of the shear correction coefficient published by
Dharmarajan and McCutchen [3] with the edgewise vibrational mode becomes better as the ratio
b/a decreases. This is very similar to the situation that can be observed with isotropic beams,
where Timoshenko’s shear correction coefficient is the limit of Hutchinson’s coefficient for small
ratios b/a.

That the reciprocal shear correction coefficient tends to decrease as the shear modulus becomes
small is a distinct feature that can be found in most, but not in all shear correction coefficients of
the simulated beams. Although Kawashima’s coefficient seems to describe this tendency, it should
not be over-interpreted. The transversal-shear deformation is a perturbation in Timoshenko’s
beam theory that vanishes as the shear modulus goes towards zero. Thus, it also becomes more
difficult to quantify the corresponding correctional coefficient k for small shear moduli. Therefore
it is probable that this deviation of the simulated values from the theoretical values in the limit of
G —0 is only an artifact of the evaluation of the calculated spectra.

4. Conclusion

A new shear correction coefficient k& for Timoshenko’s beam theory has been derived for
anisotropic materials based on Hutchinson’s theory for isotropic beams. Results based on
Timoshenko’s beam theory and this shear correction coefficient agree very well with numerical
results based on the theory of resonant ultrasound spectroscopy. The new shear correction
coefficient is a vital step towards the precise measurement of the shear modulus of anisotropic
beams with different cross-sections via the resonant frequencies.
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Appendix A. The potential transformation

The potential transformation is an extension of the potential transformation published by
Stephen [10]. It is based on the identity

[ 2l owtra 13 PEI - 26z 1 292 aya:
A0y y Z

0z

_/ ze GX(yaZ) 2yZ+6X(yaZ) + ny 6%(.)}92) Z2 +8X()}72) dy dZ. (Al)
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The left side of the equation is first transformed via Gauss’s theorem into a line integral. Then the
general boundary conditions for an anisotropic beams [16, Chapter XV]

o — Vxy 2 E, - nyvxy — 2Gyx;Vx: 2
oy 27 2G,- ’

(A.2)

9

0z Gy,

are inserted into the integral and it is transformed back into an area integral, again via Gauss’s
theorem. Rearranging the terms gives then the required transformation

2 2
/ G 0y(y,2) LGy oy(y,2) dydz
A oz oy

EY_ xyVx,
O1_ _Ex=Govy (A.3)

_/(Ex GyyVyy) <yz +x(y,z) + 2yZ + ydyd:z
A

Vy (Ex — GypVxy — 2Gyovy2) ox(y,z)
Gx V2 _ y Xy 2 2 v d
+ /A y( 27 2G.. AT

_ / Gayy (022 + 2 2))y dy dz — / 26, 252 a‘(y ?)
A A

- / Gy 022 244 (A.4)
A oy

x(y)>

———yzdydz

References

[1] S.P. Timoshenko, On the correction for shear of the differential equation for transverse vibrations of prismatic
bars, Philosophical Magazine 41 (1921) 744-746.

[2] S.P. Timoshenko, On the transverse vibrations of bars of uniform cross-section, Philosophical Magazine 43 (1922)
125-131.

[3] S. Dharmarajan, H. McCutchen, Shear coefficients for orthotropic beams, Journal of Composite Materials 7
(1973) 530-534.

[4] G.R. Cowper, The shear coefficient in Timoshenko’s beam theory, American Society of Mechanical Engineers
Journal of Applied Mechanics 33 (1966) 335-340.

[5] H. Kawashima, The shear coefficient for quartz crystal of rectangular cross section in Timoshenko’s beam theory,
IEEE Transactions on Ultrasonics, Ferroelectics, and Frequency Control 43 (3) (1996) 434—440.

[6] J.R. Hutchinson, Shear coefficients for Timoshenko beam theory, American Society of Mechanical Engineers
Journal of Applied Mechanics 68 (2001) 8§7-92.

[7]1 N.G. Stephen, A second order beam theory, Journal of Sound and Vibration 67 (1979) 293-305.

[8] N.G. Stephen, Timoshenko’s shear coefficient from a beam subjected to gravity loading, American Society of
Mechanical Engineers Journal of Applied Mechanics 47 (1980) 121-127.

[9] T. Kaneko, On Timoshenko’s correction for shear in vibrating beams, Journal of Physics D: Applied Physics 8
(1975) 1927-1936.

[10] N.G. Stephen, J.R. Hutchinson, Discussion: shear coefficients for Timoshenko beam theory, American Society of
Mechanical Engineers Journal of Applied Mechanics 68 (2001) 959-961.
[11] S. Puchegger, S. Bauer, D. Loidl, K. Kromp, H. Peterlik, Experimental validation of the shear correction factor,

Journal of Sound and Vibration 261 (1) (2003) 177-184.



216 S. Puchegger et al. | Journal of Sound and Vibration 266 (2003) 207-216

[12] H.H. Demarest, Cube-resonance method to determine the elastic constants of solids, Journal of the Acoustic
Society of America 49 (1969) 768-775.

[13] I. Ohno, Free vibration of a rectangular parallelepiped crystal and its application to determination of elastic
constants of orthorombic crystals, Journal of the Physics of the Earth 24 (1976) 355-379.

[14] W.M. Visscher, A. Migliori, T.M. Bell, R.A. Reinert, On the normal modes of free vibration of inhomogeneous
and anisotropic objects, Journal of the Acoustic Society of America 80 (4) (1991) 2154-2162.

[15] R.G. Leisure, F.A. Willis, Resonant ultrasound spectroscopy, Journal of Physics: Condensed Matter 9 (1997)
6001-6029.

[16] A.E. Love, A Treatise on the Mathematical Theory of Elasticity, Dover Publications, New York, 1944.

[17] E. Reissner, On a variational theorem in elasticity, Journal of Mathematics and Physics 29 (1950) 90-95.

[18] J.R. Hutchinson, On the transverse vibration of beams of rectangular cross-section, American Society of
Mechanical Engineers Journal of Applied Mechanics 53 (1986) 39-44.



	Hutchinson’s shear coefficient for anisotropic beams
	Introduction
	The new anisotropic shear correction coefficient
	The displacement field
	The beam theory

	Comparison with computer simulations
	Conclusion
	Acknowledgements
	The potential transformation
	References


