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Abstract - This paper presents a finite element formulation for the determination of the critical buckling
load of unified beam element that is free from shear locking using the energy method. The formulated
element is used for the determination of the critical buckling load of beams with different boundary
conditions. The developed formulae for the determination of critical buckling load are based on the effect
of shear deformation. Numerical results for the critical buckling load of the classical Euler-Bernoulli
beam and Timoshenko beam are presented and compared with the exact solutions.

It is shown that the proposed technique provides a unified approach for the stability analysis of beams
with any end conditions. It is concluded that for design purposes, shear deformation may be safely
ignored for beam span-to-depth (I/d) ratio greater than 10, while for I/d ratio of 5 and less, shear
deformation effect is significant and should be accounted for.
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1.0 Introduction

Beams as structural members are of interest in many engineering applications. Some of the applications include
structural frames, pile foundations, grillages, and spread footings supported on groups of piles. The Euler-
Bernoulli theory considers the displacement of beams without shear effects. This approach gives appropriate and
acceptable response in slender beams, in which shear effect is insignificant. The Timoshenko beam theory, on
the other hand, is known to be superior to the Euler-Bernoulli beam model in predicting the transient response of
beams, [1]. The Timoshenko beam theory employs a more accurate representation of beam flexure which
allows for the inclusion of shear strains and is therefore more suited for thick beam analysis. Present
conventional and most shear deformable beam finite elements may give acceptable results in solutions of
particular problems but require substantial mesh refinement to achieve convergent solutions in others and as
such fail in generality.

It has been observed that the use of linear shape functions to represent transverse deflection, w, and cross-
sectional rotation, 6, in a Timoshenko beam leads to an overly stiff element. The net displacement will therefore
be much less than that observed in the actual structure. Such behaviour is known as shear locking, ([2], [3], [5]).
The shear locking phenomenon results when the stiffness of the structure is significantly over-predicted (i.e.
displacement is under-predicted) due to the inconsistency of the assumed interpolation function.

The proposed unified beam element accommodates the quadratic variation of the transverse shear strain. This
paper proposes a new method for determining the critical buckling load of beams with inclusion of shear
deformation..

2.0 Finite Element Formulation

Consider a two-node, straight, prismatic beam element made of a homogenous linear elastic material with
modulus of elasticity, E, moment of inertia, I, and cross-sectional area, A. (Fig. 1).
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Fig. 1 — Beam element

2.1 Interpolation Functions

In formulating the interpolation functions, the beam deflection w is divided into two components; that due to the
flexure, wy, and that due to transverse shear, w,. The angle of rotation of the cross-section @is divided into its
constitutive parts; the angle of cross-section rotation due to bending, t9b and the cross-section slope due to shear,

0, (see Figure.2).
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Fig. 2 — Kinematics of a beam undergoing both bending and shear rotations

Using Hermite cubic polynomial to approximate the flexural deformation, w, (X) . [4, 6]

wy (x)=a, +a,x+a;x* +a,x° (1)

dw, (X)

0, (x) = =a, +2a;X+3a,x*

)
The coefficients @,, &,, 8, and @, are determined from the boundary conditions of the beam element:
Wy (x = 0)=wy, = 2
“New, . = 2 3
wy(x=1)=wy,=a,+a,L+a, L>+a, L
O (x=0)= 6, = a,
0,(x=1)= 6,,= a,+ 2a;L+ 3a,L>

Thus, the generalized nodal displacements for the Bernoulli beam are defined by w,
4

w, ()= o (xHu; | (3)
i=1

where { U; } denotes the column displacement vectors {Wb1 2 Ob1>Wh2 > G }T

and the @; ’s are given as

_ L -3x? 4 2x? Xl -2+ Lx? C3x? - 2% X7 X2

» = L3 s Py = L3 9¢73_Ta ¢4_T
4)

Using a quadratic polynomial to approximate the shear deformation, wy(X): [7]
W (X) = 1+b; +b,yx+byx? )
dwg (x
0, (x) = dS( ):1+b2+2b3x (6)
X

The coefficients b1 , b2 and b3 are determined from the boundary conditions:
W (x=0)=w, = 1+h,

we(x=1)=wg,=1+b+ b, L+ by L?

O0,(x=0)= 65,=1+b,

O, (x=1)= 6,,=1+b, + 2bsL
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The generalized nodal displacements for the shear beam are defined as w¢ and 6,

w, (0= 1 (0l ™

where {Ui }denotes the column displacement vector {WSl , 01, Wqy, 65, }T

and the 77; ’s are given as

X L[ x X 2 X L x X :
:1——’ = —=] — , e d = ——]| — 8
m L up) Z[L [Lj J’h Lan M4 Z(L (L) ] )

2.2 Bending-Shear Interaction Factor

To ensure continuous interaction between the bending and shear components as a function and to avoid the use
of partial derivatives, an expression for the total cross sectional rotation 6 is proposed as: [8]

O(X) = SOy (X) + (1= £)0 (X) ©)
where 6(X) is the total cross-sectional rotation of the beam
6,(X) is the cross-sectional rotation of the Euler-Bernoulli beam

0, (X) is the cross-sectional rotation of the shear beam

[ is the bending-shear interaction factor and is expressed as the ratio of bending strain energy to total strain
energy of a simply-supported beam under load.

That is:
b Uy 1
gt _ - (10)
g U,+U; 1+®
U
d="5
where U,
U, = bending strain energy
U, =shear strain energy
The integral expression for bending strain energy is given by the familiar expression:
L 2

M ()

U, = j(— dx 11
b SEl (11)
0
where E is the elastic modulus of the beam material.
I = moment of inertia of the beam section.
Consider a simply supported beam with a point load P at midspan.
X d
i
P A ' X Bl 2
2 L 2
Fig. 3- A simply supported beam under a point load P at the center

The bending moment at a section, distance x from a support, is given by:
M(X)=ﬂ , Xx<L/2 and M(x):B—P x—L , x>L/2 (12)

2 2 2
Since the maximum bending moment occurs at midspan (x=L/2),

Px
M(x)=—

() 5
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Substituting for M (x) in Equation (11) and performing integration gives

= 13
" 96El (1)
The shear force at any section, distance x from a support, is:
P
Q(x) = 5 (14)
The integral expressions for shear strain energy is given by the familiar expression
L 2
X
0, = [, s
2kAG
0
Substituting for Q(X) in Equation (15) gives the shear strain energy as:
P’L
= 16
°  8KAG (10
U
_Ys 122EI (17
U, L°KAG

where E= Young’s modulus
G= shear modulus
A= cross-sectional area
k = shear coefficient depending on the shape of cross-section.
Edem [8] proposed that the bending-shear interaction factor, S , be based on the value of @ for midspan point
load, i.e. Equation (17).
3.0 Beam Element Stiffness Matrix

The bending strain energy of the Euler-Bernoulli beam is given Equation (11):

L
(M)
U b = .[de

where M (X) is the bending moment.

M (X)

But Curvature is 6§, = el

L
Thus U, :%Ia(@'xfdx

0 (18)
where 9(X) is the slope.

Using the expression for the total cross-sectional rotation (Equation 9), the total energy in the unified beam
element under a distributed normal load q is expressed as:

00,0~ & [logg + - gy @9

From Equations (30) and (7):

6,(x)= i@, (X)u; for the flexural beam (20)
io1

0, (x) = 24:;7, u; for the shear beam 1)

i=1

From Castigliano’s first theorem, the stiffness coefficient Kj; is given by
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i = iiu p(g) (22)
i ou;
2 01 R
Kyi =——— '[ X)U; —_—— I 1- EI X)U;
T (qu.() ] T B) [Zn.() J
x=0 x=0
L L
= [ AE16,006; 0odx+ [ (1= B)EN (07 (X)X 23)
x=0 x=0
d2g; d?n,
where ¢; = o and77; = Z'
dx
The assembled unified beam element stiffness matrix is K is
12 6L -12 6L
K - PEL (oL (@4+d)L> -6L Q- o)L’ (24)
B |12 —6L 12 —6L
6L 2-o)L* 6L (4+D)L?
o=/
¢ 25)

4.0 Beam Element Stability Matrix
The stability matrix is formulated using the kinetic energy principle.
Consider a long compression member shown in Figure 4

S e——

L
[ |
Fig. 4 — Beam under compression

If an axial load P is applied and increased slowly, it will ultimately reach a value P, that will cause buckling of
the beam or column. P, is called the critical buckling load of the beam or column.

The total kinetic energy for the rotation of the cross-section due to bending is given by
1 2
UK ZEZPiHi (26)

Following the finite element method philosophy, the element displacement field is interpolated for flexure and
shear rotation by shape functions, Equations (3) and (7):

-3 o )

The rotation of the cross-section is given by Equation (9):

O(X) = By (X) + (1= )05 (X)

4 4
Or 0(x) = BZ @ (u; +(1- ﬁ)z M, (X o7
i=1 i=1
. o . dr
where the ¢; = d_xl and 77; = d_XI
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The stability coefficient is given by

o 0
Gij 53:;;;; «(6)
L 2
0 01 01
Kejj IIEXIO (ﬂZ%(X)UJ dx+— ——I ( ;U.(X)Uij dx

~p ijl (03 (0dx+ 1 j Pil; (9 (X)dx

x=0 x=0
The assembled unified beam element stability matrix is
(36+30D) 3L -(36+300)
5 2 - —(14+5 2
/P 3L (4+Aq>)| 3L (1+A(D)L
9 30L [-(36+30D) -3L (36+300) 3L
3L —(1+%<D)L2 -3L (4+%<D)L2
where © = 1=s

5.0 Governing Equilibrium Equations

M. E. Onyia et al. / International Journal of Engineering and Technology (IJET)

(28)

(29)

(30)

Consider an element of a beam-column in the deformed position with the forces acting as shown in Fig. 5:

" er:E
q M+ ar x

Fig. 4 — Axially-loaded propped cantilever beam

Considering vertical equilibrium:
dQ

=4
Taking moments and ignoring second-order terms,
dM dw

T Q+tP—=0

Differentiating with respect to x:

d*m
EEtPLE =0
_ Eld2w d_Q_
ButM = ——=and = =q
d4w d?w
o EIF-F PE: —q

Equation (31) is the beam-column differential equation.

The strain energy due to bending is:

U(®) = I—dx
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where M is the bending moment.

BtM—EIdZW
u T dx?
2
Ly d’w
u@)=|— dx
2| dx?
0
Bu V= g
u dx
L[ 99 2
.'.UH:I— —— | dx
©) 2| dx

The force P will move through a distance given by

dW2

L
1
o=|—| — | dx
2[2 dx

Thus, the total potential energy is given by
2

Ly d*w o dw )
U(@,P,q)=£7 — dx—zz.). o dx—Iqu
L 2 L 2 L
) El ¢(d?6 P(do
ieU (o, P,q)=7 (dx_zJ dx—EJ(E] dx—'[qw
0 0 0

(32)
For equilibrium, the total potential energy is minimum:

. d _
1.e.EU(9,P, q)=0

L/ o \2 L 2 L
or EL[1 420 dx—EJ.(d—e) dx—jqw -0 (33)
2 o dx? 2 o dx o

For stability analysis and determination of the magnitude of the static compressive axial load that will cause the
beam to buckle, the lateral load g=0.

Thus, the critical buckling load P, that satisfies Equation (33) is:

L 2 2 L 2
Elpjee dx -2 | 99 4x=0 (34)
2 dx? 2 dx
0 0
But from Equations (22) and (28):
o 0

Ki=—-—"U_,(6
U0

C 2 4, (o)

and KG” B aau.
i

Substituting into Equation (34) and taking u=w:
[ K_PCI’KG ]\NZO (35)

where K = structure stiffness matrix given by Equation (21)
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K = stability matrix given by Equation (26)
P, = critical buckling load

W = vector of structure nodal displacement
Equation (35) is an eigenvalue problem which gives nontrivial solution when P, satisfies the equation:

det (K—P,Kg)=0 6)

The lowest positive eigenvalue of this equation is the magnitude of the buckling load and the corresponding
eigenvector is the deformed shape of the buckled beam.

Substituting for [K] and [Kg] in Equation (36) gives:

12 6L -12 6L
BEI| 6L (4+D)L* -6L (2-d)L°
13 |-12 —6L 12 —6L
6L (2-®)L2 -6L (4+d)L?
det =0
(36 +30D) 3L -(36+30D) 3L
m |3t (4+%®)L2 3L —(1+%<D)L2
30L [ —(36+30D) -3L (36+30d)  -3L
3L —(l+%cD)L2 -3L (4+%®)L2

(37
6.0 Presentation And Discussion Of Results
Consider the propped cantilever beam loaded axially with P as shown in Fig. 5:

p A B P

‘ L ]

Fig. 5 — Axially-loaded propped cantilever beam

A 2-clement finite element idealization of the beam is shown in Fig. 6
2 4
O YA O
K i
L T 3

Fig. 6 — Finite element idealization of beam structure

] e
N

The nodal displacements are numbered as shown.

The boundary conditions of the propped cantilever are

Wa=Wp=0,=0

Expanding equation (37) for the two elements and implementing the boundary conditions (noting that L=1/2 for
each element) leads to Equation (38):
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24 0 3L ]
L> L?
0 (4+d)— 2-0)—
( )2 ( )2
L? L?
3L 2-D)— 4+®)—
L ( )2 ( )2 J
det =0
- 3 -
(72 + 60D) 0 JL
Y L> L>
-0 4+ D)= —(1+ 3, ®)—=
120 ( A ) +72®5
3 L> L>
ZL —(1+ D)= 443 D)=
E 1+ @)= @ ho7 | -

PL?
where A = H

Solving Equation (38) gives:
A =20.089 +14.7285® +2.1928 @ °
Thus the critical buckling load is

P, = 2‘”"89“(1 +0.7112 @ + 0.1059 @ 2) (39)

L2

Using the relationship given by Equation (17) for @ :
_12El
L*kAG

(40)
The following parameters are assumed for the beam section, [11]:

(1) Shear correction factor, k=5/6
(ii) Poisson’s ratio, v=0.25
(1ii) L/d=100
G E _ E _E
T 2(1+v) 2(14025) 25
_12El

T L’KAG

12E (bd?®\ / 1\ 2.5\ /6
- (1) E)E)
. 2
ie. @ =3 (%)
Substituting for @ in Equation (39) and L/d=100, the critical buckling load of the beam is:
Pcr — 20.7i;’,2 EI (41)
In general, the Euler critical buckling load for any support condition is given by: [9, 10]

n? El

Per = ®D)?
where K = effective length factor

K= |ZE 42)

L2P¢r

I 7089 EI
Substituting P.. = 20 73? 2

degree of @), then
. K f— T
20.7089(1 + 0.7112 @)

(1 +0.7112 CD) as derived for the propped cantilever beam (neglecting higher
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1

2.10+1.49 O

Similar finite element analysis using a 2-element mesh is performed for other support conditions of the beam
and the results are presented in Table 1:

ie. K= (43)

Table 1 — Derived Formulae for the Critical Buckling Load and Effective Length of Beams

Support Condition | Critical Buckling Load, P, Effective Length Factor, K
(x )

Pinned-Pinned 9.94(1+0.92) 1
/1.01 + 0920

Clamped-Free 2.47(1+2.520) 1
’0.25 +0.630

Clamped-Pinned 20.71(1+0.72® ) I S
f2.10 + 1490

Clamped-Clamped 40.004(1+0.37®) 1
’4.05 +1.490

Legend:
E = Modulus of elasticity (N/m?)

L = Length of beam (m)

® =3(d/L)?

The effect of span-to-depth (1/d) ratio of beam on the critical buckling load for different support conditions is
presented in Table 2.

The parameters assumed for the beam section are, [11]:

(1) Shear correction factor, k=5/6
(ii) Poisson’s ratio, v=0.25

P
Table 2 - Relationship Between Span/depth (L/d) Ratio and ( cr P Ratio
crE

(L/d) Pinned-Pinned | Clamped-Free | Clamped-Pinned | Clamped-Clamped
100 1.01 1.00 1.00 1.01
20 1.01 1.02 1.00 1.02
10 1.03 1.08 1.02 1.02
5 1.13 1.35 1.09 1.06
4 1.21 1.60 1.14 1.08
2 2.11 4.86 1.59 1.29
1 10.39 40.07 4.11 2.14

Legend:
P., - critical buckling load of Unified beam

P, g - critical buckling load of Timoshenko beam

A comparison of solutions for the critical buckling load of beams for different support conditions using
analytical, Timoshenko and Unified beam models is presented in Table 3.

The following parameters are assumed for the beam section, [6]:

(1) Shear correction factor, k=5/6
(i1) Poisson’s ratio, v=1/3
(iii) Modulus of elasticity, E=10" N/mm’
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(iv) Length of beam =1.0 m
The beam was discretised into five finite elements in each case.

Table 3 — Comparison of Critical Buckling Load of Beams Using Different Models

M. E. Onyia et al. / International Journal of Engineering and Technology (IJET)

L/d Simply- Supported Ends Fixed Ends

Analytical TBT UBE Analytical TBT UBE
10 8013.80 8013.86 8014.97 29766 29877 29880
100 8.223 8.231 8.224 32.864 32.999 33.666
1000 0.0082 0.0082 0.0082 0.0329 0.0330 0.0338

Legend: UBE — Unified Beam Element, TBT — Timoshenko Beam Element

The results in Table 1 demonstrate the advantage of the shear locking-free unified beam elements. The results
show that it requires just a 2-element mesh to produce excellent results, in contrast to the 16-element mesh used
by Reddy [11] for the same problem. The unified beam element thus models shear deformation extremely

closely, [12]. The results also show that the shear deformation parameter @ influences the critical buckling

load. As the beam changes from stocky to slender, the shear deformation parameter reduces from 1 to 0, and the
critical buckling analysis reduces to classical solution. This is also applicable to the effective length factor.

The results in Table 2 show that shear deformation contributes less than 5% to the critical buckling load for L/d
ratio greater than 10. Also, the critical buckling load increases as the L/d ratio decreases

The results in Table 3 demonstrate the accuracy of the unified beam element model for both deep and slender
beams in comparison with the analytical and Timoshenko beam models.

7.0 Conclusion

In this paper, a unified beam element model of the Euler-Bernoulli and Timoshenko beam theories is developed.
Bending stiffness and stability coefficients of the unified beam element are derived by employing a bending-
shear interaction factor. Explicit formulae for the critical buckling loads and effective lengths of Timoshenko
beams based on the proposed unified element have been developed for different support conditions.

The numerical examples presented demonstrate the validity and accuracy of the proposed unified beam element
model in the evaluation of the critical buckling load of beams. The results suggest that for design purposes,
shear deformation may be safely ignored for beam span-to-depth (1/d) ratio greater than 10, while for 1/d ratio of
5 and less, shear deformation effect is significant and should be accounted for.
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