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SYNOPSIS

This paper concerns itself mainly with the stability of a metal
structural member under prestress. A very simple method to increase
the stability under high compressive prestressing loads has been
discussed and a mathematical 'analysis based on linear elastic and
small deflection theory has been worked out. Results of experiments
on an aluminum and a steel model are given in Part II of the paper.
Part III is devoted to a few examples of practical applications, illustrat-
ing the economy in materials and fabrication costs.

It is shown that by maintaining the prestressing forces on both
sides of the member under prestress, at fixed equal distances from
the center line of the member, and at a number of points in the span,
the buckling strength of the member can be increased many-fold. This

fact is also demonstrated experimentally,



I. INTRODUCTION

During the last twenty years, great strides have been made in
the use of prestressed concrete. The low tensile strength of concrete
has been offset by inducing high compressive stresses in regions,
where,under service loads, tensile stresses would develop. An extension
of this idea to metal structures is a natural corollary and several
excellent papers on this subject have already been published (references
1, 3, 4, 5 and 6 of bibliography). Starting with simple units such as a
member carrying a direct tensile force these papers illustrate how the
prestressing technique can be effectively employed for more complex
structures. Prestressed steel construction has not been widely adopted,
mainly because of the instability of relatively thin sections under high
prestressing forces. Some of the other reasons are the availability of
high strength steels in the form of usual structural sections, the difficulty
in protecting steel prestressing cables from the elements and the high cost
of prestressing at the site of construction,

The problem of instability is not a consideration in prestressed
concrete construction, where the prestressing elements are embedded
throughout their lengths within the section itself and are symmetrically
located about the weaker axis of bending. In the case of metal structures,
however, the cables must be placed outside the section and the buckling
of the member becomes one of primary concern.

The method to improve stability proposed in this paper is both
simple and effective. The equal prestressing forces on the two sides of
the member are maintained"at fixed equal distances from the axis about
which buckling would occur. This is éccomplished by passing the cables

through spacers fixed to the member at a number of points throughout the



span. By this means, considerable resistance to buckling is obtained.
With the buckling of the member, the prestressing wires must follow
the bent form at all points where they pass through spacers fixed to the
member. In this deformed state, the tensions in the wires on both

the sides of any spacer and on both the sides of the member have
lateral components of the same sign. These lateral loads produce a
bending moment in the member which tends to straighten the bent form.
This stabilizing effect is in addition to that provided by the internal
bending stresses produced in the member. The closer the spacing of
the spacers, the gréater is the stability of the member. A minimum
distance between the spacers can be found so that a given axial prestress-
ing force does not cause instability in the member being prestressed.
This is the problem which is considered in detail in the following

paragraphs.

Buckling Load Under Prestress

Notation:

L = Total length of the member.

£ = Length between adjacent spacers (assumed equal).

n = Number of equal panels, L = n.£,

A = Area of prestressing wires on one side,

E = Modulus of elasticity of the wires.

Ep = Modulus of elasticity of the member.

I, = Moment of inertia of the member about the axis about

which buckling pccurs.
T = Tensile force in the wires on one side of the member.
T, = Tensile force in the wires on one side at buckling.

6T, 6 T = Change in tension in the wires on one side as a
result of bending of the member.

d = Distance from the center line of the wires to the longitudinal
axis of the member, at the points where the wires pass
through spacers.



yx = Deflection of any point from the original straight axis.
yk = Deflection of the point at the kth spacer,
vk » y¥ = First and second derivatives of y with respect to x.

.
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Figure 1

Figure | shows the member under the action of prestressing
tensions 1T, symmetrical about the longitudinal axis of the member.

At some tension T_, the member will be in a state of neutral equi-

o’
librium, when both the straight and the bent configurations are static.
The straight form constitutes the trivial solution. An equation of the
elastic curve in the buckled state, which satisfies the conditions of
equilibrium and continuity must then be found. Figure 2 shows the

member in this latter state when the prestressing tension is at its

critical value.

Figure 2



In the following derivation axial shortening of the member is
neglected and where terms such as ¢ and L occur in the derivation,
the effect of axial shortening is considered negligible.

The tensions in the wires on the two sides of the member will
undergo changes as a result of bending of the member. The changes
will depend on the changes in the original lengths of the wires on the
two sides.

Consider one of the segments of the member between the (k-l)th

and the kth spacer (Figure 3). In this segment, the shortening of the

wire on the concave side of the curve is 6€ = d { sin( y'k_l) - sin

(y'1) } see ‘Bk

i Figure 3



For small deflections and consequently small angles, sine of

the angle = tangent of the angle = the angle in radians and sec 8, ~ 1,'

k

S8 = Ay -y e e e el (@)

n
Total change in length= 6L =d = (y'k_l “ V') oo .. (b)

n k=1
but = (y'k_l - y'k) = y'o - y'n
k=1
... 6L=d(y'o'y'n)cn.'0'0-000(1)
A E

The change in tension= 48T = ——L—b—k— =

. AEd

coéTo- L (y'o‘y'n)oooaooo(z)

The sign of § T will depend on the sign of the term (y', - y',).

By similar reasoning, the change in tension in the wires on the
other side will be of the same magnitude, but opposite in sign.

It will now be shown, that neglecting friction, the tensions in
the wires on both the sides of any spacer have equal magnitudes for

small deflection of the member.

Figure 4



Referring to Figure 4, the components of tensions at right

angles to any spacer must balance.

If T, and T, are the tensions on the two sides of any spacer,

then,
T, cos (y'k - ekH) = T, cos (Ok - y'k)

Since y'y, . Ok and 0 are all small angles,

v

kt+1
T, ~ T;.
Thus in the buckled state, the tension- in the wires on one side
will be T_ + 6 T, while that in the wires on the opposite side of the

member will be To -6 To. The tensions in the wires on any side will,

for all practical purposes, be uniform throughout their lengths.

T +6T,
c /v
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Figure 5 shows the free body diagram of the segment, obtained

after making a cut at any point betweert the (k-l)th and the kth spacers,

All other forces are self equilibrated and the only external forces

acting on the member are T + § T, ahd T, - 6 T,
The axes chosen are showh in the figure.

any point distant x from the (k-l)th spacer is

Bending moment at

My = (Tp - 6§ T,) AB cos Ok - (Tg + 6 Ty) AC cos 6

Again assuming cos 6 ~ 1

M, =(T,-8Tg) AB- (T, +6T ) AC. ... .... (c)
X
AB = yx - &ykl'd+(yk'yk-1)T ........ (d)
AC = iyk_l A4y - Vo) ) - Y o e e e (e)
Ed .
§T, = T (Yo -0« v oo v v v . (2)
AEd . X
Mx'_'[ o~ T 1 . (YO' Y'n)] [Yx' &‘Yk_l‘d"'(Yk'Yk-l)"Z_} ]
1
AEd , %
[To+ == Oo-y'] [ {yi, ¥ 4+ biemyieny) z’} - ¥x ]
which upon simplifying gives,
2d°AE

M, = 2T { Yx-Yk-1 - (yk-yk_l)—’é—} -

but MX = -EbIb y')'(

L

(Y'O-Y'n) . e . (f)

: X 2d*AE
. . - Eblb Y;{' = ZTO Yx-Yk-1 - (yk-yk_l)—- bl il (yto_yln)
L L
2To 2To x } 2d2AE
X ™ 1. = - [
x TEI, YxT Eplp { Vkn vk F LT (¥'o-y'y) - - (3)

2
SettingE—%Q— = p? leads to the standard form of a sec
b'b

differential equation,
" 2. _ 2 X
V' T Pyx = P %\Yk_1+(Yk‘Yk_l)T}+p

Solution of this equation is

, d’AE
T

ond order linear

L y'o=v'p) - - o (4)



, - x d’AE
y, = Cy cos px + C, sin px + {yk-l + (yk-yk_l)l—} + T.L (yto_yvn) .. (5)

The constants C; and C, are the two constants which must be determined

from the boundary conditions. Setting x = 0 in equation (5)

d’AE .
Y-y = C; + T L (y'o-yn) t Yk, from which,
d’AE
Ci= - TOL (y'o-y'n) o v e e (g)

Setting x = € in equation (5),

Vi = Cilcos pt-1) + yi + C; sin pl  from which,
(1-cos pt) :' ‘
C, = —_— . (h

Thus: the equation of the deflected curve of any segment is;

(l-cos pl ) : ps
yxzcl (cos px - 1) + G, E—p—%— + Yk—l+(yk'yk—1)_i— . .. (6)

If C, :’; 0, the deflection will be indefinitely large for sin p{ =0
or p{ = nm where nis odd. For even values of n the second term

becomes indeterminate. Differentiating (5) with“r'espect to x

y'xz-Clpsinpx+Czpcospx+(X&.zxk;—l) coeoe . (1)

Substituting x = 0 in the above equation
V'k-1 = Czp + (ﬂ%&;ﬁ A )]
and substituting x = £ in equation (i)
y'x = -Cipsinpl +Cypcospl + (Xk-é—Xh‘) e e (k)
Subtracting (k) from (j)
Y'key " YV'k = Cipsinpl +Cpp (L-cospl)..... ()

and summing over the 'n' panels
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n
= y'k_l-y'k = yY'6-Y'p, = P sin p?_ Z C; + p(l-cos pQ )ZC,. .. (m)
k=1

where £ Cy and £ C, represent the sums of the two constants obtained
for each of the n panels.
For the case when C; ;f-_ 0 C; is independent of any properties
peculiar to any segment and hence is the same for all the segments.
So is C; because C, = C, (1-cos pt ). We have also seen that in this case,

sin p¢
the lowest buckling load is that given by pl = .

If C; = 0, then C; is indeterminate if pl =
Also since C;, = dAE (y' -y'_), the last term in th
o sinc 1 < T.L Y'o¥'n) s m e

parenthesis must be zero, i.e., y'o b AP 0

The equation of the deflected form is, in this case,

. X
v, = Ca sin px + yp_, *+ Yk =Y T -+« - - ()

and setting x = ¢ in equation (n)
yi = Gz sinpl + ygor C, sinpl =0....(7)

Now if C; = 0, C, cannot be zero for a nontrivial solution. .". sinp{ =0
or pl = nn

The lowest buckling load is again, therefore, given by

2
pl = ¥ or 2T0=ﬂ—fzb'1-b-......(8)

Referring again to equation (6), we find that for sin pl =0, y, becomes
infinite if C, is not zero. Since this is impossible, sin pl = 0 neclessarily
.implies that C; = 0 because only in that case, can C; have an indeterminate
value. We thus arrive at the condition that in the buckled state
Y- V'n=0.... (A).

From equation (m) we have,

y'o - y;'x =0=p(l-cos pf. ) £ C, and since (.l - cos pQ ) is
not zeroforpl = w, ZC,=0. . ... (B)
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T}}us we arrive at two important conditions governing the
buckled configuration of the member. They are: 1) The slopes at
the two ends of the member have equal magnitudes of the same sign.
This follows from condition (A) above, 2) the sum of the amplitudes
of the sine curves of deflections must add up to zero. This latter
condition can be satisfied in a variety of ways. The buckled shape
can consist of complete sine waves of alternately .positive and negative
signs but equal maénitudes, when the number of panels is even, The
magnitudes of the amplitudes could be different but must add up ta zero.

In an experimental verification of these results the panel which
has the largest initial eccentricity will ﬁr;t bend and then buckle as
the buckling load is approached. ‘Other panels bend in such a way that
they satisfy conditions (A) and (B) found above.

Results of the two loading experiments which are given in
Part II of this paper, show that even with the unequal amplitudes of

defleciions in the first test and the unsymmetrical buckling phenomena

which occurred in the second, conditions A and B were satisfied,



II. EXPERIMENTAL VERIFICATION OF THE
BUCKLING LOAD

Two experiments were conducted to verify the foregoing
derivation. The object was to verify both the buckling load and the

buckling mode shape of the member.

Screw jack 0.124''dia. high tensile 1''%1"x}" Angles
\

! steel wire L' Anchor

> = 25 _q'L@ ,/..(..@2 %r L z plate
J T . %. ;T -Anchor
/ == ﬁ

Anchor —_ng ot (D' l A o l 'c o I o il Scrjc.aa\(v:k

Dummy Strain gage Plan
gaee £ ) ﬁ? §
PR . = —— . — . -
Panel 1| ) Panql 2 | Panel 3 Panel 4 1 Anchor
Screw jack|
Elevation

Figure 6  (not to scale)

1. Loading Experiment on an Aluminum Model

The test member was made of 3003-H-14 aluminum, which
has a modulus of elasticity of 10 x 10° P-s.i. The member had a
length of 4'0", a width of i—“ and was 4' deep, Spacers were made
from 1" x 1" x -;-" aluminum angles and were fixed to.the member by

two i—" diameter brass bolts. The spacing between the centers of out-

standing angle legs was 1'0'". High tensile steel wires, 0.124" in

12
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diameter and with an ultimate strength between 270,000 and 300, 000
p.s. i.)were used as prestressing elements. One wire was placed on
each side of the member at -12-" from the center line of the member.
Strain gages were fixed at mid-depth on both the sides of the member
at positions A, B and C shown in Figure 6. Gages at A and B were
connected through a switching unit to the strain meter, with tempera-
ture compensating gages as dummy gages, fixed on the end anchor plates
of the same material as the member. Gages at C were connected in the
adjacent arms of the bridge, so that they recorded only the strains due
to bending, the equal axial compressive stresses being balanced out.
The center lines of all the gages at A and C, coincided with the center
lines of the bolts connecting the angles to the member. It was proposed
to ensure equal tensions on the two sides, by adjusting the jacks so that
the gages at C gave no‘output. It was found that the bolt center lines
on which the gages were fixed did not truly represent the points through
which the resultant of the lateral components of the tensions on the two
sides of the spacers passed, since the wire on the convex side of the
curve pressed on to the spacer and that on the concave side pulled on
the spacer. The compressive load exerted on the spacer was trans-
mitted through the outstanding leg of the angle while the tensile load
was transmitted to the member through the brass bolts. This caused
a difference between the gage center line and the line on which the
resultant of the lateral loads acted. As a result of this difference,
when the bending moment at C was maintained zero, the beam was
found to deflect on one side. This showed that the tensions on the two
sides were unequal. It was decided to obtain symmetry and zero deflection
at the center by adjusting the tensions on the two sides.

The first noticeable deflection occurred in panel 1, which was
later followed by a similar deformation in panel 4. Gage readings were

taken at frequent intervals to ensure that the strains did not attain very
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large values, At the buckling load, however, the bend in panel 1
began to increase and all the strain gages showed continuous straining
without corresponding increase in the tension in the wires. The
tensions in the wires were immediately reduced until the strainsrﬁl were
steady.

The strain meter readings for all the gages just before buckling

took place,;are tabulated helow.

Gage No. Strain (micro inches per inch) ' Average Station

1 -372

2 -270 -321 A

3 -485

-332. B

4 -180 >

5

6 110 diff. between 5 and 6

321 + . .

The average strain just before buckling was __Zﬁ_Z_S. = 326.75 micro

inches per inch.

6 = 326.75x 10 = 3267.5 p.s.i.
Area of member = 4" x ' = 1 sq. in.
Buckling load = 3267.5x 1 =3267.5 1b.
2 2 6
. . _ w°El = m*x10x 10 4 1
Theoretical buckling load = Vi = 17 % 12 X g7 * ¥y
for L = 1'0",
= 3580 1b.
) 313 .
- Percent difference = 3580 % 100 = 8.75% between the experimental and

‘the theoretical values.
To find the deflection curve, dial gages were used at positions

shown in Figure 7. Two readings were taken at each dial gage.
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T N A S ST
)

N

Dial gages

Figure 7 (not to scale)

One reading was taken in the maximum deflected state and the other
when the tensions in the two wires were completely released. The
pressures exerted by the dial gage spindles were sufficient to bend
this slender member and to minimize t“iﬁs effect, the dial gages were
fixed to the table on both sides of the member in a symMetrical
manner, . Because of the permanent deformation which occurred in
panel 1, the deflection curve does not truly represent the ideal curve
which is shown by dotted lines in Figure §.on the following page.

The buckling load, however, agrees well with the theoretical value.

2. Tests on Steel Model

The steel member had a section 3" x " and a length of 4'6"
between end anchors. Two intermediate spacers 1" wide and -}- " thick
were welded to the member on both sides, thus dividing the member into
three equal panels, each 1'6'" long. Prestressing was accomplished by
means of a high tensile steel wire placed on each side. Sttrain gages
were fixed on both sides at positions A, B, C, D and E shown in
Figure 9. Equal tensions on both sides were obtained by making the
bending stresses at the point B equal to zero. Gages at the other
stations recorded the strains at various positions in the span. They also

served as a check on the total compressive load on the section.
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%_n Anchor - Strain gages — D
I plates é
A 2 £ ‘\—gg;;’—\‘e L8 =
B 3 —— o ¥ ,(;-
=
fl@ 1'6" 116" jli Lo
Dummy |
gage

Figure 9 (not to scale)

The actual strains just before buckling were:

—_— e — — —————  _— — __ ——— —___ . __—_____ %

Gage No. Strain ( | -inch/inch) Average Position
! -158 -155 A
2 -152
3 <
4 } Difference maintained zero % —- B
5 +290 159 c
6 -608
7 B 150} -152,5 D
8 -155
9 -595 -152.5 E

10 +290

Average strain =

Corresponding stress =

154,75 micro inches per inch

Area= 3"x }'" = 0.75 in’,
Load = 4642 x 0.75 = 3480 1b.

. T2 x 30 x 10°® 3 1
Theoretical Load = 18 x 18 X W X v

154,75 x 30 x 10® = 4642 1b pet*in®.

3560 1b.

my
gage
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Deflections were not measured but the approximate deflected

shape at buckling is sketched in Figure 8(a), page 16.

Conclusion

The results of the two experiments show that, 1) the buckling .
load is that obtained in the theoretical derivation,. i. e, ,. Pcr = E}E;-I,—,
where g is the length of the member between the adjacent spacers;
2) the slopes at the ends of the member are equal and of the same
sign, and 3) the amplitudes of the sine curves of deflections,are also
equal but opposite in sign, so that their sum is equal to zero.

The buckling load found experimentally agreged:well with the
theoretical value. The buckled mode shapes were, however, not
exactly what one would expect in a model having similar properties in
all the panels. This discrepancy can be explained by the fact that,
all the panels did not in fact have identical properties. Some of the
panels may have had a greater built-in eccentricity than others.

Bending of these panels may have dictated the mode shape; of the whole

member in its:final buckled form.
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General Arrangement of the Apparatus for Experiment with
the Aluminum Model,

General Arrangement of the Apparatus for Experiment with
the Steel Model.



IIT. APPLICATIONS

From the foregoing anale1s and its experimental verification,
it is apparent that the capacity ot any structural member to sustain
large compressive stresses, under prestress can be increased to
any desired level,within the elastic range,by the use of spacers.

With a sufficiently close spacing, the full working stress in compres-
sion can be induced in a member without causing instability.

Several applications to practical problems are possible. . Simple
tension carrying members can be effectively prestressed and their load
resisting capacity increased. An extension of this idea to indeterrr;inate
trusses will be more economical since prestressing tension carrying
members will induce stresses of opposite kind in other members as
well. However, with the availability of high strength steels in the
form of the usual structural sections, such applications lose their
significance. As inthe prestressed concrete.construction prestressing
can be effectively utilized in steel construction as well. Steel can
resist both the tensile and compressive stresses equally well and hence
there is no limitation to the maximum eccentricity. Thus with a
smaller prestressing force, large moments can be induced in the
girder. Full advantage of the prestressing technique cannot, however,
be realized in steel construction because of the reasons mentioned
below:

With an eccentric prestressing force, the tension flange can be
prestressed to the full allowable stress in compression. But on
account of the presence of the direct compression, uniform over the
whole section, which has to be superimposed on the bending stresses
due to the eccentricity of the prestressing force, the maximum tensile

stress in the compression flange is much lower than the permissible

19
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tensile stress. Under the action of external loads, then, the con-
trolling design consideration 'is the compression in the compression
flange, while the tension flange remains understressed. This is
particularly true in the case of symmetrical sections such as rolled
I beams. With an unsymmetrical section having a larger tension
flange, it may become possible to have a greater range of stress in
the compression flange between the loaded and the unloaded states of
the beam. With a small compression flange, however, the problem
of its buckling under full working load, then is of primary concern.,

This drawback is automatically overcome in the composite:
construction in steel and concrete. The addition of a large area on
the top flange, by way of the concrete slab connected to the steel
girder by shear connectors, increases the modulus of the composite
section with respect to the top, compression flange. The stress
variation due to the superimposed loading is, therefore, much
greater in the tension flange than it is in the compression flange.

Full working stresses under maximum load, can then be simultaneously
reached in both the flanges, by suitably proportioning the section.

In the following few paragraphs, the various. advantages possible
in prestressed composite construction are enumerated.

Many of these observatiensrare with particular reference to
large span bridge girders, in which use of unsymmetrical sections is
possible. No attempt is made to present detailed design calculations
and anyone interested is referred to serial nos. 5 and 6 of the
bibliography.

Figures 10(a) to 10(d)(on the following page) show diagramatically
the various loading stages, section properties:-and the stress variation
across the section at each of the loading stage. Different moduli of
elasticity for concrete under.permanent and nonpermanent loads have

been assumed. These assumptions are based on those made in
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"Composite Construction in Steel and Concrete' (reference 1l in the
Bibliography). The same textbook may be referred 1;0 for .other
particulars such és choice of trial seclcion, calculatidn of .section‘
properties of composite and noncomposite sections and stresses.

The many advantages resulting from using prestréséing
technique are enumerated below. Some of these observations are
based on the stress variations at the different states of loading,
sketched in Figures 10(a) to 10(d), to which reference is made,

1. For the bottom flange, the change in stress is from -fg to
+fs where f5 is the maximum permissible stress in steel. The effective
stress utilization is theréfore twice that for normal structural steel
construction.

2., The top flange, under prestréss, carries a small tensile
stress. The working stress range in this region though not as large
as in the case of the bottom flange is still significant.

3. The top flange is adequai':ely supported along its entire length
by itg rigid connection to the concrete slab by shear connectors. The
compi'éssive stress can therefore be as high as fthe full dllowable
stress in steel.

"4, The utilization of the full working stress in both the flanges
is made possible by the addition of concrete slab. Whereas, the
stress in the bottom flange varies from -fg to +f,the variation in the
top flange is not so large. However, the addition of further area on
the top flange by ;way of the concrete slab, while increasirig the moment
of inertid of the section considerably, shifts the neutrai dxis of the
composite. section very near to the top flange. This results in a large
inctease in the modulus of section with respect to the top flange. The
resulting stresses on account of the composite dead load bending moment
and the composite live load bending mometits in the top flange are much

lower than thése in the bottom flange. A judicious selection of the
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section therefore makes it possible for the full working stress to be
reached simultaneously in both the flanges.

5. A major portion of the compressive strength of the slab in
the longitudinal direction is utilized in resisting moments, due to
superimposed loading. This results in further economy.

6. Shear resistance of the girder is increased. The vertical
components of the prestressing forcés offer part of the resistance to
external shears, thus relieving the girder web of this part of the total
shear.

7. Loss in prestress due to creep is much less significant than
in prestressed concrete construction.

8. Gain in prestress due to deformation of the girder under
load is significantly larger than in prestressed concrete.'( :I‘his is so
because of the proportionately larger area of the prestressing steel,
This large gain offers a greater resistance to moments,

9. The construction being light, the dead load moments are
very much smaller.

10. Girders can be fabricated and prestressed ifi the shops and
erected directly on the superstructure. The erection may require
little or no shoring. ’

11, Slab formwork can be directly supported on the steel girder,
This saves considerable shoring needed for supporting the slab form-
work.

The design of prestressed composite structures is much more
complex than similar unprestressed structures or non-composite
structures. This is so because the design depends on several para-
meters. Proportions of dead load, composite dead load and live load
moments will dictate the initial choice of trial section. For example,
if the proportion of non-composite dead load moment is high, the

girder section will have to be comparatively heavy and unsymmetrical,
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with a larger tension flange. The relative magnitudes of steel and
concrete areas will decide the position of the neutral axis for the
composite section. Since the slab thickness is decidec% on strength
requirements in a direction transverse to the length of the beam,— any
variation required in the slab thickness will necessitate changes in girder
spacing. The prestressing cable profile will largely be decic_led on the
type of loading. Shear resistance offered by the prestressing cables
will in turn depend on the cable profile. The external shear and part
resisted by the prestressing cables decide the web area required.

On the proportions of web area to the total steel area and to the top and
bottom flanges depend the properties of the section.

All these interdependent factors make the design 6f“’c‘omposite,
prestressed structures a very complex problem. With any improvement in
the technique, such complexities are inevitable.

The prestressing technique, using spacers, can be advantageously
used for prestressing thin plates and shells. While the‘ more complicated
two and three dimensional problems are outside the scope of this paper,
the principle can be illustrated for a line structure such as a plate

simply supported on two opposite edges.

Figure 11

Figure 11(a)
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Figure 1l shows such a plate under the action of prestressing
force, applied on one side of the plate, by means of high tensile steel
wire, which passes through a number of spacers. The spacers main-
tain the distance 'd' between the wire and the center line of the plate
at those points where the wire passes through the spacers. Figure 11(a)
shows one panel of the plate between any two adjacent spacers. Each
such panel is acted upon by two collinear forces T acting at a fixed
eccentricity d at the two ends.

Let y, be the deflection of any point in the plate panel. The 'x'
axis is the chord joining the ends of the panel.

The bending moment at this point is

_ EIY"x - T (d + yx) e e v e e e e s (1)

or
T T ..
ynx + -—i:T yx + —E-I—d = 0. ... (11)

Letting -Ell = p?, solution of this equation is,

Yy = Cycospx + C,sinpx -d -- (1)
Forx=20
0=C; -dfromwhichC;=d. . . . . (iii)

and for x = {
0= C,cospl + Cpsinpl -d from which
C,= allzecospl) g

sin p €
_ 1 - cos p¢ .
yx—d(cospx— 1 + m sin px) . . . . (II)
yx becomes infinitely large for p{ = nm where n is
odd and in particular for p¢ =
mEl

The critical load is therefore T = as before,

Z.Z

where EI refer to the properties of the plate.
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The spae‘fﬁ_g can always be so adjusted, that the design consideratibn
under:the prestressipg load, is the maximum compressive stress due
to bending and dirvect‘fqrce, and not instability. The distance d can be
suitably adjusted for the kind of plate being prestressed. Thus for a
simply supported plate, the distance d would be the minimum practicable at
the ends increasing to some predetermined value at the centre, linearly
or parabolically, depending on loading. The significantly large gain in
prestress, as the plate deforms under loading, further increases
resistance to moment. For a plate material with a modulus of'elasticity
considerably lower than that of steel such a gain can be really significant.

The following simple example illustrates the increase.in load
carrying capacity of a simply supported plate. The Engineer's Theory
of Bending is used and although it is not strictly accurate becauwse .of
large deflections involved, it can be a rough guide for comparison.

Consider an aluminum plate, {-" thick and 12" wide,simply sup-
ported at the ends of a span of 3'0".

The plate is prestressed by high tensile steel wire 0.03 sq. in,
in area and placed through spacers,at an eccentricity of -ﬂ-" at the ends
increasing linearly to %—" at the centre of the span, at the bottom of the
plate.

Let T be the initial tension.

Max. stress at the bottom fibre

T 3 16 x 6 T .
= _Tllxz- + Txg X 12 - -3--!- 3T = 3.33T 1b. per sq. in,

If the maximum permissible stress in the plate is 10,000 p. s.i.
3.33 T = 10,000 and T = 3,000 1b.
Let W be the maximum concentrated central load on the plate

and let § T be ine increase in prestressing force in the wires,
X,
18

» |~

w 1
Change in Bending moment at any section = X - (6 T)(E +

Rotation of the elementary length dx =

L w 1, ox

= "M x - (67T) (= =
P2 ( TR

EL dx.

3
|
J
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Assuming E =10 x 10° p.s.i.

64 w 1 x
60 = 1_67)( 2—-x- (GT)(‘g +-7—2) dx.

Change in length of a small element dx of the wire =
64 W 1 ps 1 X
—r ) - x - -+ = — =
o7 § z *- (eTg 72)} (g t7z) &

Total change in length of the wire

18
2 x 64 W 1 x 1 X
= 107 f gz-x- (5T)(-8-+7-2')}(-8- +7—Z-ﬂdx.

o

128
10

23.62 W - 1.22 GT}

Change in the tension in the wires

1 3 x 107
Tgvs— (23.62W - 1,22 6T)x0.03x3_.§_6_.

7.55W -0.39 6T =6T

7.55W
= —— oz '43 W‘
6T = 7355 >

Max. stress at the top fibre in the loaded state

36 3 16 x 6 3000 + 5.43 W
%\T - (3000 + 5.43 W) -é-}x 3 + 3

57.52 W - 8000 = 10,000 p.s.i.

1]

1l

18, 000
= 2 = 1 .
w 57.52 -3-—5-1b

For an unprestressed plate if W' is the max. central concentrated

136, 16x6
load, ( W4—) oo 10,000
10, 000
w's Y o )
= 139 1b
Lo . 315
Additional load capacity = === x 100 = 226%.

139
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Total load in the wire = 3000 + 5,43 x 315 = 4710 1b,
4710 _
0.03 ~
Max. stress at the end supports = 1,33 x 4710 = 6260 p.s.i.

Stress in the wire = 157,000 p.s. i,

Conclusion

The pr-stressing technique, using spacers, opens up immense
possibilities for designing light, economical structures at a fraction of
their present costs. While only very simple structures have been
discussed in this paper, the idea can obviously hbe exterded to more
complex structures such as plates and shells. Further research in
this field, it is hoped, will pave the way for very light and stiff

structures to meet our future nceds.
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