THE FLEXURE OF A NON-UNIFORM BEAM
E. E. JoNEs

Summary. The flexure of a beam of non-uniform flexural rigidity
and non-uniform loading is deduced by the use of the method of the
Laplace transform, the results being in the form of a single equation
involving integrals which are in a suitable form for evaluation, either
numerically or otherwise. Two examples of practical importance are
introduced to illustrate the method, and the results are also applied to
determine the equation to the elastica of a beam supported by many
rigid supports.

1. Introduction. The method of solution of linear differential
equations by means of the Laplace transform was used by Jaegar [6]
to deduce the deflection of a beam with concentrated loads along its
length, the beam having uniform flexural rigidity and variable loading.
These results were extended considerably by Thomson [10], who
indicated that the Laplace transformation method led to the simplest
approach to the beam problem. These results were obtained in the
form of a single equation in terms of certain end conditions, and
eliminated the necessity of determining the equations between points
of discontinuity of load, and then connecting them at these points, [9],
[1]. Thomson’s results apply to problems concerning beams of uniform
flexural rigidity, and in order to extend them to problems involving
beams of varying and discontinuous cross-sectional inertia it was
necessary to reduce these latter problems to the former by the intro-
duction of an artificial modified loading of the beam, [4], [11]. This
present paper indicates how the problem of the beam with non-uniform
loading and flexural rigidity can be solved directly by the use of
standard operational methods, an appeal being made only to well-known
results in the calculus, [3, p. 257], [7, pp. 71, 82], [12].

It is assumed in this paper, that if .~“y(x) is the Laplace transform
of y(«), then

Ly(w)= re""”y(x)dw,
0
and in conjunction with this the following theorem is also required :

L @) L) = .%Sjyl(uwz(w—u)du,
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if these integrals exist.
The results of the subsequent analysis can also be put into more

convenient forms by the introduction of the unit step-function, defined
by

2. The bearn under consideration is assumed to have s sections,
separated by the points z,, (r=1,2, ---, s—1), the origin of coordinates
being at one end of the beam, and the z-axis directed along the
undistorted position of the beam. The y-axis is then taken in the
direction vertically downwards, i.e. in the direction in which the
gravitational forces act. The weight per unit length of the beam in
the section x,.;<a<lzx, is w,(x), and in order to simplify the notation,
the flexural rigidity in this section is defined as B;'(x). The beam is
subjected to m concentrated loads P,, acting at the points X,, (n=1,
2, .., m)

In order to avoid assumptions regarding the distribution of the
concentrated loads along an element of the beam at the positions where
they act, it is more convenient to deduce an expression for the shear
force acting on a right section of the beam in terms of the forces
acting on the beam. If z measures the bending moment at a point of
the beam distant x from the origin, then—dz/dx measures the shear
force at this point. Assuming that 2z, is the value of dz/dx at the
origin, then the shear force at a distance x from this origin is given
by the differential equation

dz

(2.1) P + (@),
where
2.2 #(@) _S wde + 3 PX,) .

Here ¢(x) is equal to an integral plus a step-function, and P(X,)=P,.
Any distributive loads can be included in w, which is & simply dis-
continuous function of a of the form

$—-1
’ZL'(J/') = 7%(”’71 17 Z071)[{(‘%’ - 93,1) ’

where w,=0.
Equation (2.1) can easily be deduced by resolving all the forces acting:
on the length of beam between the origin and the point distant «
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from this origin normally to the beam in the direction of the y-axis.
The Laplace transform of equation (2.1) is

2.3) P L z—zy=z|p+ S:qS(x)e'mdx ,

it being sufficient to assume that p>>0, since ¢ is bounded, and possesses
a finite number of finite discontinuities in the range of integration.
On rearranging equation (2.3),

re="0 4R 1 S d(x)e "da.
p P plo

The inverse of this equation is determined by using the convolution
integral, giving
2x)y=z+z2+ S:qs(u)du.
On integrating by parts, this leads to
(2.4) z=z0+z1x+[u¢(u)]ﬁ—S:ud¢(u)=z0+ zlw+S:(m—u)d¢(u) .

This equation expresses the bending moment z at a point of the beam
in terms of a Stieltjes integral, [13, chap I], and thus can be inter-
preted in a series form.

From equation (2.2), by substituting for ¢(x) into the integral involved
in equation (2.4),

(2.5) [[@ =g~ @—npeoan 3 @ X)P,

since contributions to the integral from the step-function only oceur
when u passes through a point of discontinuity. Hence finally equation
(2.4) takes the form

(2.6) 2o+ 2+ Su (@ —wyw)du+ SP (@~ X, ) Ho—X,) ,
n=1

where the last term in equation (2.5) has been modified by the use of
the unit step-function.

The deflection y at the point o of the beam is given by the
differential equation

‘%4@)3@) ,

where
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B(@)= 5 (Byu—B)H@—7,)

with B,=0. Here B(x) is a simply discontinuous function of «, and
2(x) is defined by equation (2.6)

If 4=(Y)e-o, and y,=(dy/dz),.,, then by repeating the above
process

sy= 0 b e,
D P
whence
2.7) y=y0+ylx+S"(x-u)z(u)B(u)du ,
0

using again the property of the convolution integral.
By combining equations (2.6) and (2.7), the deflection of the beam
can be written in the more convenient form

Y=y + &+ Y(a: —u)(2o+2,u)Bdu + Sm(w -v)Bdv Sv(v —u)wdu
0 0 0
(2.8)
+ 5P, H@—X)| (=) X,)Bdn

n=1
n

The integrals involved in this expression are all interpreted in the
same manner, the range of integration is subdivided into intervals
corresponding to the subdivisions of the functions B and w, thus

x r=1Tn+1 x*
S (m——u)Bdu=Z§ (7 —u) B,,Hdu+s (x—1)B,odut |
0 r,.

n=0 r,

when @.<a<®,.;, (0<r<s—1). This integral may also be interpreted
in the form

EH(m—mg“ (@~ 1)(By a1 — B, )d.
n=0

Similar expressions occur for the remaining integrals although greater
care must be taken over the subdivision of the last two integrals of
equation (2.8).
It follows from equation (2.7) that
gy—:yl + Sm(zo +zu)Bdu + Sv degn(v —u)wdu
2.9) x 0 0 0

+ 3P H(z— X)S“’ (u—X,)Bdu .
n=1 X,
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In any practical problem the values of the constants y,, i, 2, and
2, can be deduced from the given end conditions, it being noticed that
the equations apply along the whole length of the beam.

3. The first example illustrates the effect on the flexure of a beam
of a variation in the flexural rigidity of the beam. The beam is assumed
to have uniform loading w, and is freely supported at the same level
at the ends =0, {. The beam is subdivided and stepped in cross-
section at the points z,, (n=1,2, ---,2s), so that x,,,=I[, and these
points are symmetrically placed with respect to the mid-point of the
beam, such that

(3.1) oo+, fn=0,1, -+, ).
Lys—n+1— L, =0y «
The flexural rigidity of the stepped beam is constant in each section,
and is also symmetrically distributed, such that, in the usual notation,
st—n+1=Bn+u (/n:()! 1’ ct S)°
The deflection of the beam at a point distant a« from one end,
given by equation (2.8), is

y=y1w+zl§lo(8n+1— B,)H (a:—:c,,,)r w(x—u)du
n= T,

(3.2) N
+ @;’—Z(B,M—B,I)H(x—:v,,ﬂ‘” P@—v)dv
n=0

X

since yy=2,=0 at x=0, where y=d%/da’=0. Also y=d%/da*=0 at
xr=I[, hence from equation (2.6), z,=—wl/2, and from equation (3.2),
after some reduction,

w
l? + lgn [ n l n 3'
— o S B = B+ 32,) )

Y =

The integrals of equation (3.2) are easily evaluated, and after substi-
tuting for #, and 2z, rearrangement leads to the final expression for the
deflection

Y= 214 wa B, (I°+ «* — 2[a* )+ wacZ(Bn+1 B,)(3l*—1%)L,

3% . }jH(a: 2,)(Byyi— B)(BE + Al — 4a* — 20 1, + 4al, —31,) (2w — L +1,)*

3821— ZH(x Togop+1)(Brs1— B,) (01 + 4la —4x* + 20 1, — 4ol ,, — 3I5) 2w — 1 —1, ).
When x=1[/2 this relation reduces to the result deduced by Hetényi,
[5], using another method.
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4. The second example refers to a cantilever beam clamped
horizontally at the end =0, free at x=I, and loaded linearly according
to the relation w=ma, where m is a constant. The beam is subdivided
and stepped in cross-section at z,, (n=1,2, --.,s~1), in such a way
that B, is constant in each section, but increases in magnitude as n
increases. A concentrated load acts at the mid-point X of the end
section x,. <x<ax,.

The equation governing the deflection of the beam reduces to

x

y———;i_‘;H(w—- @,) (Brs1— B,,)S (@ —u)(=o+2u)du

Ty

s=1 X A
+m EH(x——x,,)(B,m—B,,)S (x— v)dvg (v—w)udu
L

n=0 0
+ PH@—X)S (B, — B,Z)Sx (@—u)u—X)du ,
=0 X

since y,=1=0 at =0, where y=dy/dz=0.
When x=wa,=(, then z=dz/dx=0, hence from equations (2.6) and
(2.1),
zl+z,+P(l—X)+ml[6=0,
2+ P+ml2=0 .

Thus
2o=PX+ml¥3, and z=—(P+mi*2).

The deflection at any point x of the beam then becomes

§—=1
Y= 112 S H(z—2,)(Byi— B,) (@, ){2P(3X ~ 2 —21,) + ml(2l — 1~ 2x)}

§=1
+ m ZH(Q? - xn)(B1L+1 "-Bn)(xb - wajl + 456:’)
120 <o

+ g H(ac—X)S'Z:O(B,m-Bn)(x—X):s .

5. When a beam is constrained at various points along its length
by means of rigid supports, the reactions at these points will occur in
the equations for the flexture of the beam. It is thus necessary to
eliminate, or at least to determine these reactions. A particular
example will suffice to indicate the procedure. It is required to deter-
mine the form of the elastica of a beam of varying section clamped
at each end, and supported at several points along its length, one of
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these supports being a distance d out of alignment with the remainder.
There are m supports, one at each of the points X, (r=1,2, .--,
m), the beam being divided into s sections at points =z, (r=1,2, ---,
s—1). The beam is clamped horizontally at =0 and at x=x,=X,
and there y=dy/dz=0.
The following notation is introduced :

X, X,
al;g (X,—u)Bdu , b7.=g (X, —uw)uBdu ,

0 0

v

X, ! X,
c,.=g (X,,——v)dei (0 —uywdu, dng (X, —u)(u—X,)Bdu ,
0

0 . n

the integrals being interpreted as in § 2.

If P, (n=1,2,---,m), are the reactions at the supports, then
from equations (2.8) and (2.9), at =0, y=y—=0, and at zr=z,=X,,
then

m
2o+ 20 +c, + S P,d, =0,
(5.1) n=1
20 + 2.0, +c; + >, P,dys =0,
n=1

X

where agzi Bdu, etc., i.e. the partial derivatives of the integrals
Ju

with respect to x at z=2X, .
Solving equation (5.1) for 2z, and z; we obtain

m m
20:f8+ZIPnFns ’ Zl=gs+ZPnGns ’

n=1
where
fs = (C\b;_ C;bs)/(a;bs - a’sb;) ’ 9s= (asC; - a;cs)f/(a;bs *Cl/sb;) ’
lﬂns z(b;dﬁs - bsd;zs)/(a;bs - asbs/) ’ G:zs :(a'sd;bs - a;dvzs)/(a;bs - asb;) .

It is assumed that the supports are in line along y=0, with the
exception of the support at the point (x,, d). If 6,,=1 when r=t¢,
and is zero when r=kt, then y,=dd,,, and from equation (2.8),

_dgrt -a'rfs _brgs _07':% {aans +errz»S +dn7'H(n_’r)}Pn .
n=1

This equation can be written in the matrix form
(5'2) pr7LP77=Q7~ ’ (7‘, n::ly 2y ct Y m)’

where
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p'rn,:aans +er,-1s +dm'H(n—-l)') ’
q,=— (d67't +ar.fs +brgs +C'7') .

The matrix equation can be solved for P, by any of the standard
methods [2, pp. 96-155], i.e. by an iterative process, or by forming a
triangular matrix by premultiplying both sides of equation (5.2) by a
suitable matrix and solving the resulting equations either directly or
by considering the reciprocal matrix solution.

The elastica is determined by inserting the values of P, in equation
(2.8), since y,=y,=0, and 2, and z, are already known. The procedure
is similar for other end conditions. When the reactions at the supports
are known, it is also possible to determine the slope, the bending
moment, and the shear stress at any point of the beam. All the
integrals can be evaluated numerically, [8], or directly if the variation
of B and w is in a simple form, and a tabular process can be readily
set up.
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