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Munich, Bavaria, in a paper in which he drew the distinction
between these stresses and Direct oxr Primaxry Stresses,

To exemplify the nature and occurence of Secondary
Stresses, consider a column of area A, moment of inerxtia I,
supporting a disc of weight W. (Plate I) If the centre of
gravity of the disc and column be in the same straight line
as in Fig,l, the unit compressive stress in the column
equals %‘ = F = direct or primary stress,. This unit stress
is uniform across the section of the column as designated
by the stress diagram a b ¢ d.

Next consider the disc to be placed eccentrically
on the column, with its C of G a distance "X" from the
C of G of the column, which is still supporting the disc W,
giving a uniform strésa F across the sectionas ina b c 4.
Now the eccentricity "X" of the weight W sets up a moment
M=W-X giving rise to an additional or secondary stress

F,-_EIE;., which gives a strees diagram of the form a b ¢, d

e
Apply this analysis in the case of a riveted truss
 menmber, of area A, and Moment of inertia I, as shown in
Fig III, Plate I, Suppose the member to be in tension
under the action of a force P, The direct stress is there-

fore E - F, as represented by a b ¢ d. In addition con-

' sider the member to be acted upon by a moment M at its



extremity, due tc the riveting of the member and the dis-
tortion of the truss, Then M = EY!; A¥D F, represents
the secondary stress set up by the rigidity of the joint,
and varies across the membexr from F; +tension to F, :
compression, giving the new stress diagram a b c,d,.

Thus the maximum st ress in the member which was a—d under
the action of the direct foxrce P has been increased to
a-d, by the deformation of the truss,

The moment and therefore the secondary stress
varies throughout the length of the member but is a2 maximum
at the joints. (there is one exception to this in the case
of a compression member of single curvature, which we do
not consider) Therefore,if the moments at the joint can be
detemmined, it would be possible to calculate the maximum
secondary stress in the member, It will be seen that, in
the case of a member in which the direct stress is small,

the secondary stress may be conceived to greatly exceed
¥

| OT even rescrve the sign of the direct stress,

Thus the Primary or Direct stresses are those whose

| Tesultant passes through the C of G of the member and act

uniform along its axis and across the section producging

elongation or contraction of the member. The Secondary

or Additional Stresses are those stresses produced by
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bending, shearing, or tortion of the members and are not
unifoxmpin their action along the member or across its
gection,

In detemining the primaxry stresses in a bridge
truss, it is assumed that the ends of the truss members are
unrestrainred or are free to take any position of revoliution,
about the panel points, required by the elastic defommation
of the truss. This assumption indicates an ideal truss with
friction-less pins, in which the axes of the truss members
remain straight during the deformation and the stresses
induced in a member are unifomm throughout its length and
section,

This condition is never realized in practice, as
even in pin connected trusses there is a greater or less
restraint of the joints due to frictional resistance., This
frictional resistance varies considerably depending upon
the size of the pin, or the surface in contact, and the
stress on the membef. If the frictional resistance of the
surface of the pin exceeds the torsional moment caused by
the member, the joints must be considered as rigid, The
profession is beginning to realize that pos=sibly too great
value mey be attached to the pin joint as a means of re-

; duving the secondary stresses, and that, in the case of a
poorly designed pin, a riveted joint might be used to

| greater advantage,




single fomula M = _E?E_

-5

Now, since the truss is distorted under the action
of the load, the several members tend to assume differemt
angles relative to orne another around the ir common panel
points, This condition, occurring in the idea tru=s with
friection less pins, is impossible in the riveted truss,
as the members are retairned in their initial relative ﬁ
positions by the rigidity of the joints. Therefore, due
to this restraint, each member of the truss is bound to be
defommed in assuming its new position, its axis will Dbe
distorted and bending or secondary stresses will be set up
in addition to the direct or primary stress,

The problem which therefore presents itself is the
calculaticn of the moments induced at the extremities of
each member by the deflection of the truss, from which we
can straight way obtain the secondary streéses by the

The efforts of German scientists are largely

responsible for the introduction and present development of
' the theory of secondary stresses, Consldering the subject

' one of importance, the Munich polytechnic school offered

a prize in 1877 for the solution of this problem, A "nighly

scientific and mathematical paper" entitled "The Calculation

| of Secondary Stresses which occur in simple trusses as a
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consequence of rigid joints" by Mandexrla, was awaXxded this
prize, and was the first great advance towards its solution,
A graﬁhic solution was advanced by Professor Landsbexrg in
1885, in which he assumed only the chords to be restrained,
Wext Professor Mullexr Breslau developed an analytic solution
and Professor Ritter introduced a graphie method ,

The first work published in English dealing with
secondary stresses due to riveted joints was written by
Isaml Foroi of Tokio Imperial University, under the title
of "Statically Indeteminate Stresses"™ in which he deals

withthe: solution of the problem by the method of Least

Vork,

The next publication on the subject was by G.R.
Grimm in 1908, In this work he introduces the methods of
Manderla,Muller-Breslau, Ritter and Morr, with examples
of the calculated secondary stresses for different types
of bridge trusses. IZN presentirg the subject he remarks
"The nature of the problem is such that it offered great
obstacles to a solution; in fact this problem is one of the
most difficult in technical mechanics, and although Manderla's
solution is a very great step forward, the problem in all
its aspects has not yet been completely solved."

In his report to the Royal Commissior on the

design of the Quebec Bridge, C,C, Schneider drew the
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attention of the Commission to the importance of secondary

gt resses in a structure of such megnitude, DPe further gave

s 2

a brief outline of the theory, with the calculation of
these stresses for the bottom chord members of the cantilever N dly
and anchor arms, assuming only the chords themselves to be ;;
restrained, This details the only available infommation on
secondary stresses published in English,

The calculations entailed in the solution of
secondary stresses are very extensive and laborious and in
this Thesis Manderla's method will be indicated and
solut ion executed by the integration of the equation of
the elastic line, ”

In the detemmination of secondary stresses, in the
members of any truss, undsr the action of exterior forces,
cextain preliminary assumptions must be made. The exterior
forces acting vpon the truss, together with the deflections ~fﬂ
and defommations accompanying the same, must occur wholly :>_?
within the plane of the truss., No toréion should exist, M
The load is considered as applied at the panel points, and
each member is assumed to be of unifoxm section throughout.
This final assumption does not take into account the sudden L
increase in section at the panel points due to the gusset

plates, Manderla further assumes that in = riveted truss,
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the positions of the panel points are the same, under the
influence of the exterior forces, as in a truss with

frictionless joints,

Now considering two members of a truss A B and B C, Iet
the joint at B be considered a frictionless pin offering no
resistance to the relative movement of the members underx
the defoxmation of the truss, Suppose the original angle

between A B and B C to have been oC +« Under the
influence of the deflection, and with complete frecdom of
rotation about B, the angle is changed to oc+A4c<.
Reversirg the arguent, considexr the members A B
and B C to be in complete restraint at B, Then in the de-
formmation of the truss, the extremities of these members
will retain their original angle oc to one another, but

will be distorted throughout their length, their elastic
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lines being represented by the curved lines and B C,
the tangents B D and BE to the elastic lines at B containing
the angle =< . The tendency of these members is to assume
the position they would hold if B were a frictionless joint,
in which case the angle between them was shown 1o be oc + AeC
and the angles B,and B, between the positions they tend to
assume and those they actually take are called the Angles

of Deflect ion. In the case of the member B A, the

resisting moment at the end i:
the joint B deflected the member from the position B A to
that of B D, through the angle B,

The problem then is: fiist to express the

anzle deflections in temms of the exterior forces, second

to establish a r=lation between the angie deflections and

-+ 1

the moments of restraint at the extremit ies of t1

5 |

18

members, This gives us the momentis in terms of the
exterior forces, from which the secondary stress can be

readily deduced.

3
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Conaider a truss element ABC, Under the influence

o
H
ct
&

extemal forces the sides L,, L, and Lg of the element
will be defommed, and altered 1in length due to their be ing

strained, Now if 1th

W

joints of the truss offer no resistance
to the rotation of the members, their chaagein length will
cause a corxesponding chain in the ir contained angles,

The elastic deformation of each member will have

an influence on the defommation of the angl

@

a, , and in

this analysis, it is assumed that two of the members are

L]

non-c¢lastic, the effect of the deforming of one being
considered at a time, The effect of the straining of each
member with regard to the deformation of the angle a, is
thus separately determined and the summation of these

for the three sides gives the resuiting total deflection

of the anzgle,




uppose the side AC to be elastic, Then the sides
BC and AB will undergo no change in length, AB being imagined
as held fast,

Suppose the sides AC to suffer a contraction
Then the point C will assume a new pos ition D and BC must
revolve about B and AC about A,

In this new position, caused by the deformation of
AC, the change in the angle aywill be A4 ds y the
suffix indicating the side distorted,

Then
A Six= G, '—b‘

where B, 1s the new angle between the sides BC and AC,

1800 - g = ds

o
=

L
I

and b=180°% - 8, - ds - X + Z
--- Aa‘3= X 5 Z
In DCE and BCF we have two similar triangles,
. D
Now Z = D2C for small angles
RC
Again g, - DCE

o
R
N
!
Q

1

D
—
o
o

Thexefore knowing Z and ﬁ—
Alsg alsh
= - + =
2.5 h hLs
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i i 55 denotes the total stress in AC when the cross section
s Ay then S5 = s8; = unit stress,

As
Yherefore the deformation of g, due to the altexation in

AC

T AT ;;3)‘ L‘Shﬂb = — -——-—E__‘__S:sCoT-aaz "-EE—S—C"* G

Similarly if BC ig consijdered elastic we get the change in
o =2

the angle.d,-

A=~ SE‘E Cof ds

If AB only is elastic
= AL s a e . =
A gy —-F-'i = Xl = —-—’-' (—r-_ + ‘%) - —E-—(COTSE"'Cofé‘s).

The total result of these deformations of the angle g,
is found by the sum of these three results,
Ad =438, +A8;+Ad3"
By proceeding in a similar manner with the angles g, and Jd3
the other threce equations for the deformation of the
angles of the truss increment are derived,

Aa = —55 (Cot 82 +Cotas) - :"Ee_ Cot 3s -iEs—Cof dz

I

Ad; Eée (COT(S', + COfas)— —-‘-SE'-COTaj = EE'?-COfd|

A 85 = “Z-(Cof gz + Cot &) - 22Cota - F Cofae




These are the fundamental equations in the solution

m

L0

of secondary stresses and are the basis of both Mandexrla's
and the least Work methods,
Having considered the behaviour of the members

2

her T

L]

relatively to one anot om the point of their combined

(4]

action as a structure, the next step is the investigation of
a single member, its defoxmation and the analysis of the

forces acting wpon it.

Take the member AB, Considering it entirely independant

]
7]

¢

of the truss, let the resultant of all the external forces
imposed upon it be represented by Pg , acting at an angle
with its chord, Py can be resolved into three forces,
A direct force Sg4 y & transverse force 04 and

a moment Mg . The combined action of these forces

causes the member to assure the double curvature as shown

A



' step in the problem, namely, the establishing of a relation

| Wnere Mx,= a moment at any point of the axis of the mamber,

| Mx = +Sy-QsX *Ma-

=14 =
by its elastic line, Due to the equilibrium of the member
Y

in the truss,

Sa=Sps Wa=Wb and M_Q_E.’\—A-?=Qb

The transverse force O is uniform througwut the length
of the member, as there is no external force acting between
its extremit ies,

The forn assumed by the elastic line of the member
depends upon the magnitude and direction of the end moments
Mg and My In the case of moments having the same sign
as shown in the figure, a double curvature is induced, having
a point of inflection through which the resultant of the
exterior forces passes, since there is no moment in the mem-
ber at that point, Where the end moments are of opposite
signs, the elastic line assumes a simple curve with no
point of inflection,

Manderla proceeds to the solution of the second

between the moments at the extremit ies of the member and

the deflection angles, fram the equation of the elastic line,

o

Considering all the forces acting on the member,

From this he obtained an expression of the bending
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moments in terms of the deflection angles using hyperbolie
functions for the intergrations, ZExpressing the deformation
angles in temms of the original angles, he founnd the result
by trial,

Generally it is assumed that in well designed com-
pression members, the tension members not being so important,
where ample allowance has been made against buckling, the

-r

value of the lever arxm Y is so small that the moment S Y

-

can be neglected, together with the effect of the trans-
verse force 9

The simplest and most direct method of obtaining the
relation between the end moments =nd the deflection lines
is by the in‘tegration of the equation of the elastic line,

-
-_—

\
\
\
\
N—s

/\vfﬁ Mb
= R
c
a b

Mx

d
Consider a member suffering a double curvature as shown,

neglecting all othsxr forces but the end moments My, and

Mp o+ Representing these moments graphically My = ad

and Mp= cb-
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At any point X on the axis of the member

Mx =f\/fa—'(’Vfa'”\/[b)ﬁ &

Wi My il X
Nowa}__gff__,E[Ma (Nfa+Mb)J
_g_;_/____J_If MaX~— (Ma+Mb) ]+C
when X = 0 dy T L
y= E’ [MaXa (M3+Mb) ] C,
whenX =0 Y =0 i Bow O
=k Yz

Where Z = total displacement of the point B due to

L

resist ing moment,

Z__-(MaLE Mal® _ bef)

Sk Ol
o 2Malf-Mbl=
G6E] g
Now = 5 M i
=== (FMa—-Mb)L=
i ke )&t
5 -Ma) L
b= (eMb-Ma) =
///1
Mo i z
e B, S 5mey

o \ Applying this method to the case of a member having end




=
moments of an opposite sign, the curwve assumed by the

elastic line is a single one with no point of inflection,
The bending moment on the axis at X = Mx = L.fld+(Mb'M6’)-i—-

&Y, - [Ma+(Mo=MD] i
_&l-ﬂ- [__MaX +(Mb- Ma)-_—] +C.
When X « 0 %{(—=O C-"=O

X* o X3
y= ML (M- MIZE]+

Vhen X =0, y= O C om0
X=L y=- Z
_ L (Mal®, bL e
__E( a M Ma )
Z= (EMa-be)_lf_.
41
Now
and

(o
o Z
e
/ AMes .
e ocC =

In finding the deflections in temms of the bending
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moments, the fomulae for the case of moments with the

generslly : )
game sign is eeuwmily used, Xeeping to this formula and

e lement o
& ARUIC LIV S )

maintaining the same order round the various truss

the signs will take care of themselves,

Applying the equation to the members AB and AC
at the joint A

A BAC= Z€ - Z£L .
* Lec Lab

Therefore 6EA BAC———E-‘EE(C?Mac‘MCé‘)--L—@(EMabFMba)-
Iac Iab
Summing up the resultsof the theoretical investigation of
the secondary stresses of the truss elements ABC due to
rigidity of its joints, the relatlons arei-
. For the deflection angles in terms of the exterior

forces.

Ad = %(Cof 8z +Cof‘aj)— _SE_f—’_ Cotds — S8 Cot 8

E
Aap= %(Cof&. -)-CoTaa) - —E’—Cofds = %Cof’d,

- 28C — 2 Cota
A ds= ;SE-E(Cofd¢+Cofa,) .Eé-cofa, =~ Cot oz

For ¢

¥

16 end moments in temms of the deflection angles,

L 6EA6]:%E(EMCb‘MbC)'%(EMca~MaC).
: 2 -
-Mba).
ol 65Aae=lf-3(£Mac-MC6)~—£f_i’_(£Mab Mba)
3

g - Lz —Meb).
5. 6E A33=L—T(5Mba—Mab) L2 (2Mbe )

q




Further by the equilibrin

-

hexrefore

ct

+ o J‘;Ch
5. M a ¢
6. L b a

truss element, and t
the required end moments are obtained and the theoretical

deterxmination of the

i\r

s

The

o

o

solutions of these six equations

-~ iy
eacs

Q

secondary st resses is accomplished,

2 A4 e M = 0
Joint £ M = 0O,
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This method was applied in the determination

ne

of the theoretical secondary stresses occurring in

ct

Warren Type Truss shown in Plates II and IX, Fig.lI
for a load of 1%,050 1lbs, at the panel points D and F
as shown, In designating the moments, strain, or other
observation on 2 member, the first letter indicates the
end of the member at which they occuXx.
- Compression + Tens ion .,
The following table gives the direct stresses

and general infommation of the action of the truss under

<

this load.

e ———— e e e ———— T — e e . ————— A —————— e —

Member Iength li,of I, Area Tot .Stress  Unit Str, Elong'n
AR 71,88" 1,28 5.795 -17,2239.8  -6203.8 =.,006,592
ED 42.0 " 1,28 5.795 -22,837.5  =8170.8 =-.011,429
DF 42.0 " 1.28 2.795 -34,256.2  -1®»56.2 -,017,15€
CE 42,0 " 1.28 2,795  34,256,2  12266.2 017,158
AC 42000 M & A B 11,418.7 5166 .8 007,233
BC 31,88" .77 0.21  +417,399.8 + 7810.7 +.008,300

c 31.88" all P -17,%29.8 - 7810.,7 =.008,300

DB 31.88" o177 2,21 0 Q 0

e g et S B S S ——— e e

Cot. BAC = ,87492

Cot. ACE = .87492

Cot, ABC = ,13402
The results of this table were found by considering the
/4 ) truss to have pin conrnected and frictionless joints,




To detemmine the angular changes which would eccur with

free and unrestrained joints, use the formulae previousl

A BAC = .000260% (,12402 + .87492) + .0002067 (.13402)
- 0001722 (.87492) = .0001397

A ACE = -.0002067 (.13402 +.87492) - ,0002603 (.13402)
- .0001722 (.87492) = -.0003939

A CBA

= ,0001722 (.87492 +.87492) + ,0002067 (.87492)
- .0002603 (.87492) = .0002544
A DBC = - .0002603 (.87492 + ,12402) - .0002603 (.12402)

+ .000272% (,87492) = - ,0000592
A BCD = - 0002723 (.87492 + ,87492) + .000260% (.87492)
- 0002603 (.87492) a - ,00047648

A CDB = 0002603 (.,87492 + ,12402) + 0002'?2.3 (.87492)

A DCE = 0 - 0004085 (.87492) + ,0002603 (.,12402) = - ,0003226

A CED = - ,0002602 (,12402 +,87492) - 0 = ,0004085 (.87492)

A EDC = ,0004085 (.87492 + ,87492) - 0 + ,0002603 (.87492)

4 FTE

[

0 - 0 + .0004085 (,87492) = ,0003574

ATEF = - ,0004085 (.87492 + .87492 ) = - 0007148
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- - e ke :-\; T ar
10, 6E .0003574 = ——p= (2 Mde - Med)

o
T

1. 6 E -,00071480 = - ‘~'*’~,}Tﬁ°_‘ (2 Med - lde)
i
L ]
12, Mac + Mab = O
13, Mba + Mbc + Mbd « O

14, Mca + Meb + Med + lMce =

O

15, Mdb + Mde + Mde + Mdf = O

The solution of these fifteen equations gives the

momente at the extremities of the members and from these

3 T i .F r 5 ' 2 -5 A
the secondary stresses by M = 7 when Y = 1,6"'and 1.3

q
v

Mab = -725,95 in/lbs., Stress per sq. in, = 862.4

Mba = =-754.1 " " = 88Z%,.8
1

Mck = 41,65 °* » 72.82

|




3f - A e it '3 ” 5 ‘
Med - =757.6 in/lbs. Stress per sq.in - 1%18,

3 2103 .5 n L] " eAnA B
WMQae T A-.Ul-a‘l i v g
led = =-274,90 " " » 478 ,3

"

As this solution does not take into account tre
g s "

size of the gusset plates and their undoubted/ on the moment
at the end of the members, another solution was made in whiel
only the free length of the member was considered,
is, the distance from the outfemmost rivet of the gusset
plates at the ends of the member was taken as the lergtl
of the member,

1 e (2 Mac

Med )

Ve

Q0

|o
F

- -1.-?'8 (h Ilﬁb = :t--ta) = ?5,&.‘:\,.
il A1 . ; 40 .50 ]
2. 77 (2 Mcb - lbe) - “%?VWwa—:u,:-r:pw,
7 18013 A 1 :Lf,'f‘a
9 '7g (2 liva - Mab) - 7y (2 Mbe - Mcb) = 45,792,

, 17.68 I 29 .75 , Sk
&, KT (2 Mbe - Mchk) - 1.28 (2 Mbd - Mdb) = - 10,656,

5. ,r?'? (F ‘iCd =2 11:10) = —r_:.f?.r? {2 L..Cb - .u..bC) -~y dL,fL: .
y ) s 17.68 - LY -~ A -

6, 22275 (o Map - Mbd) - ——+ (2 Mdo - Mcd) = 96,408,
1,28

2
£
’_l
-3
(&)}
-
-2
-
o
(3]

le —2* (2 Moe =- liec) = 7;‘(: Med = Mde)= - 58,068
L]

N

=
.
n

o ™

o1 475
1.28

(:\
»
(9}

(2 Med - M3e) - (2 Meec = Mece) = =-111,600,

™
-3
-2




= e —e T N ey L #
~Lx8 -
;l..~ ’:'3 \ 0\").;‘\6 %
——e y Ar \r | N N > 1 o] ol W
r? {'7,4{(',‘ - u.c.l,‘ - - N { -38 - -e-i} — J__iﬁ’,\.'_u
» P
b A

2‘/-‘ r":‘.‘ r.a n st > 1.1 1 3 2N L
20 (2 Mde - Med) - 057 (2 Mdf - Mfd) = 64,332

TR 1,28

Mba
Mbd

Mdb

lce
Mec
Mac
lca
WUbe
Med

IiI '1C

P
Ea
Q

[N

o

i

1]

"

A\
bl U

Mbe
Meb

adh

Mde

’..J-
-]
@
o

&

+

the end moment

Mbd
Med

Mde

~+
+

n"

"

n

0

-
ri
uee

Mdf

a

o

and the secondary stresses

"

L]

i

(]

i

n

U 0

-t

A 7z
U g

e
c08J3
l:lh'-‘
2
™y A T
rdﬁl.‘.g‘

[
(51

} J
-2

L]
=

N
N
(8]
*

-2

PR R e




These stresses if added to the calculated

y it _ h .
direct stress, will give the maximum stxess occuriing in
the member., Their signs are plus for one side o»f the member

and minus for the opposite side, A comparison of these

caloulated secondary stresses with the observed secondary i

i %]

stresses, together with their pexrcentage of the calculated

direct stresses is given in Table IIIL, Lod
I 3 -
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THE EXPERIMENTAL DETER(INATION,

The experimental method of detemining the
gsecondary stresses induced in truss members by the actual
observat ion of their distortion,when subjected to definite
eéxterior loads, is entirely new and hitherto undeveloped.

If a truss member (as shown in Fig,III, Plate I)
be subjected to a direct stress and a bending mome nt M at
its extremity, and if the elongation or contraction on the
opposite sides of the member be observed by means of ex-
tekesometers, then the unit stresses ad and be, could be
determined, and hence the direct stress ad and the secondary
stress dd,or cog.

The truss used in these experiments was of the
Warren type, with 4 - 2'6" panels, length 14' ¢ - ¢ of
bearings, depth 2', It was constructed of 4%-7,5"and 4%=9,5
I beams as shown (élates II and I11) the end panel of the
bottom chord and the web members being of the lighter metal,
I beams wezre used to avoid eccentric connections and on
account of their comparatively high moment of inertia at
right angles to the plane of the truss providing against
pPossible deflection in this direction, Their small moment
of inextia in the plane of the truss gave ample opportunity

to obssrve the secondary stresses, They were also mozxe

convenient in this instance than built up sections, and
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apply equally well for these experiments,
4" rivets and 3" gusset plates were used throughout,

with 7 /16" gplice plates at the splices at C and G in th

w

bottom chord, 2 - 33" x 21" x 3" x 91" angles with a

2o

94" x 5/16" x 0' - 91" bearing plate composing the end bearings.
i preparing the truss, prior to its being placed
in the testing machine, the neutral axes of the members were
accurately layed off and the panel points determined, It
should be stated that the panel points obtained by the
intersect ion of the neutral axes of the members, check with
remarkable accuracy. This is a testimony to the precise
methods of construction of the Dominion Bridge Co,, to whose
kindness and generosity we are indebted for this truss and
the possibility of carrying out these experiments,
Having determined the neutral axes, the positions
extensometers
of the extremities were marked out, These were placed as
close to the panel points as the gusset plates would allow,
it beinz considered that, though thexs undoubtedly was
bending within the plate, the maximum bending moment in
the member would occur just beyond the restrainmt of the
last rivet in the gusset plate.

For experiments of this nature the Testing Laboratory

of MeGill University is probably the best and most completely
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equipped on the continent, and includes one of the thres
Wicksteed or Buckétin machines in use in America, This
machine, whose front and rear elevations are shown in Plates
IV and ﬁ respectively, is particularly adapted for the
loading required on the truss described,

The beam of the machine A, rests upon a knife edge
B, as shown in Plates IV, V, VIII and X. The le ngth of beam
on one side of the knife edge greatly exceeds that on the
opposite side, and the balance is maintained by the moving
weight C, From the knife edge D, which is fixed to the beam
is suspended the loading system ﬁ, ¥, G, The Plates VIII
and X show the arrangement of the machine for two systems of
loading in which ¥ and ¥ are two hydraulic rams exerting a
ferce upon the end bearings of the truss, which in turn
transfers this force to the Plate G, thence it passes through
the suspension bars F F to the head E and 80 to the knife
edge D,

By advancing the moving weight C along the beam,
we maintain the equilibrium of the beam and measure the load
applied by the rams, Actually, the moving weight C is placed
in a position requiring a certain force on the hydraulic
rams to balance the beam. Fluid under pressure is then
admitted to the rams from the accumulator I (Plate V) till

the beam is balanced,
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In oxder to accommodate the depth of the truss and
the different arrangements used for the several systems of
loading, it was found necessary to raise the rams some 18"
by means of hardwood blocks as shown in accompanying plates,

Plates VIII and IX show the arrangement for a
symetrical loading at the panel point ¥ and D, A loading
block was placed on the plate G, and upon this 2-7"-15%
I beams, side by side. Upon théi:e and directly under the
predetemined panel points D and F, two steel loading blocks
were placed, The white arrows indicate the pointsof appli=-
cation of the loads. The arrangement of the loading system
was made with the greatest possible care, the whole being
symetrically placed with regard to the céntre of the truss
and of the machine.

In the obszrvation of strain due to secondary
stress, the quantities observed are very small, requiring
high accuracy in the method of determination, 7W:Lth the
lmportance of this . in mind, a simple but exceedingly efficient
extensometre, made in the McGill Jﬁ‘:{;;.togy, was used, It was

a modification of the Martens type and consisted of a cast

steel extensometer bar 38" x 32/22" x 4-1/8" over all

(Plate VII), The bar was made of comparatively large
section to overcome the effects of temperature changes, One
end was turnsd &t right angles 5 A6" and brought to a
qtempered knife edge as shown, From this knife edge 4" was

I
B
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accurately guaged to a precisely cut V shaped noteh which
was at right angles to the axls of the bar and parallel to
the knife edge.

A st eel diamond, having two highly t empered, and

ground
accurately, knife edges was attached to one end of a steel
rod 1/16" diameter, to whose other extremity was fastened
a small mirror 1" square, One knife edge of this diamond
rested in the notch of the bar, while the other edge, and
that at the extremity of the bar were placed on the member
4" apart and held firmly in place by a spring S as shown
in Plates VI and X, Any deformation of the member, elongation
0r contractilon, altered the distance between the i::nife edges
on the member, causing the diamond to rock and the mirror at
the end of bar to revolve.

A telescope with a scale as shown in Plate VII
recorded the deflect ion of the mirror, Each extensometer
was calibrated, that is the distance ofthescale from the
mirror was determined at which a certain elongation of a
member would give a definite reading on the scale: in this
case the calibration was made so that one inch on the scale
indicated 002" elongation of the member, This gave a
very sensitive and sat isfactory extensometer,

Eight extensometeres were numbered and calibmted

way
in this, woden rods being cut the calibrated di stance for

each instrument,




& i R F ‘b\‘ A

-3 -
In placing the extensameters on the members it
was first thought that it would glve the regquired results

if they were placed on the front face of the member, near

the edge., But as the secondary stress varies from zero at

the axis to a maximum at the top fibre of the member, and

as the knife edges of the diamonds were 7/16" long, the

elongation of thre speciman would vary over the 7/15". Now

as the knife edge of the diamond and that of the bar are
held parallel and as the elongation of the member varies
over theixr width, therefore one or other knife edge must
8lip on the membér, thus making a reliable or consistent
result impossible, Comparative tests prove this to be
true and the observations taken on the side were fram 25%
to 507 less than those taken at the top fibre.
Extensometers were therefore placed on the edge
or extreme fibre of the member where there could be no
possible variation of strain across the knife edges, By

this arrangement, as shown in E and E; Plate VI, it was

necessary to read the inst rume ntsby placing the telescopesd

parallel to the plane of the truss, This necessitated
longer bars (8") supporting the mirrors to bring them

c¢lear of ohstruction by the machine so they could be read,
(See M, Plates VIII and X).

As stated previously, the elongation or contraction

- "\
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must be measured on opposite sides of the member, therefore
the extensometers E and E, were arranged as shown in Plate

VI and were placed accurately over one another, the mirror

rods being parallel,

These two extensometers did not have exactly the

same calibrated distance, and as they were but 3" apart

it was very inconvenient to read them separately with two

telescopes, It was therefore necessary to observe the two
instruments with one telescope, having them reading on the
same scale, To overcome the difference in calibration, the

rod A (Plate VI) supporting the scale B and adjusted by the

thumd screw C was provided with two aluminium collars D
and D, , with adjusting screws, These collars were so
arranged that,when observing the mirror of the greatest
calibrated distance, the scale and rod A were moved back
till the collar D ﬁhich was set for the calibrated
distance, came in contact with the rod support., Reading
the other instrument, the scale was advanced, till the
collar D,came in contact with the support. This allowed
of the two instruments being read on the same scale,

In orxder to admit of both instruments being
read by the telescope, the telescope was first s ight ed

on the top mirror, then an aluminum disc F, machined so

that its faces were absolutely parallel , was placed between

the vertical adjusting screw G and its bearing , and given

A & =
X w0
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a few turns to insure its true setting. This disc was so
guaged as to be just deep enough to bring the other mirror
squarely into the field of view,

The height of the telescope was such as to bring
its level half way between the mirrors of the instruments,
The telescope stand was then set at aprroximately the cali-
brated distance from the mirrors and the aluninum collars
on the scale rod used to male the final adjustment, The
mirrors being traimed on the scale, was set with their
Zéro readings on a level with their centres.This was done
by revolving them about their supports, to which they am
held by friction by small aluminum clamps, Since their
travel on the scale was so limited,this setting eliminates
any possible error due to the obliquity of the line of gight .
This combined arrangement of telescope and extensometers
required much care in the setting, but when accurately done
the results obtained warranted the trouble taken. Faving
considered the elimination of errors due to the construction
and arrangement of the extensameters and telescope, the next
Possible source of error is that arising from the ieflection
of the truss under the loading. The telescope and scale,
on which the readings are talen, are separate from the

truss and extensometers, Due to the deflection of the

truss, the extensometers nearest the end of th

e truss




5 ]

f:-,‘
L=

S

7ill move slightly relative to the scale.At the ext reme end

of the truss, the deflection under the first system of loading

by & = Ef‘:‘.{ ’ taking account of the deflection of the
=

7" I beams is 16", Now if the plane of the mirror re=-
mained exactly at the same angle to the plane of the scale
throughout this vertical movement, there would be no error
in the readings due to such i?flﬁétion, but the mirror might
rass from the field of view, As it is the angle of the
miixor to the plare of the scale changes due to the mirrors
having revolved about the centre of the truss, the amount
that the angle has changed being equal to the angle sub-
tented by ,16"™ at the centre of the truss. As the result

is a comparative ¢rne, and the two mirrors woilld be moved

-

the same amount, this exror need not be Trecognized in de-
termining the séco:dary st resses,

Another source of error which must be considered
is that due to temperature changess, Although no special

-

observations were made along these dines, it was discovered
€21ly in the exper iment, that, to obtain a consistent
result , the temperature must be maintained as nearly unifomm
as practical, To prevent local tempe rature effects, the
truss was wholly protected from the direct rays of ghé sun,
The first series of experiments was made with a symetrical
loading of 13,050 1bs, at the top panel points F and D

(Plates VIII and IX). 2 - 7" - 151b. I beams were used,
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as previously described with loading blocks 2s shown to
distribute the load uniformly to F and D. The hydraulic
Tems were carefully set, so that their centres coincidegd
with the centres of the end bearings,

In oxder to avoid exror in the results due to
the deplession of one end of the truss by unequal loading
of the hydraulic rame, a very sensitive 18" lsvel was
placed directly in thé centrey, and ovexr the panel point
E. 1In loading the truss paxtiéular care was taken to
keep the level bubble strictly in the centre. Further a
plete guage K (Plate X) was used to balance the beanm
in exactly the same position for successive loadings.

Trial runs were made to check the stresses in
corresponding members on opposite ends of the trusse, These
proved entirely symetrical, checking to within 800 1bs.

in a members whose calculeted total stress was 24,000 lbs
?

“

Test® were further made as to the stresses on oppo

ite

n

sides of the same members., These were not as satisfactoxry
as the previous ones, but were within reassonable limits

and wexre constant., This small variation in reading of

the front from the back of the truss would not effect the
secondaxy stresses, which are the comparative zresults of

the distortion of tlre top and bottom of the member orn the

same side, It would to a slight extent effect the co-direct

tress, or the direct stress measured at the same time as the
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sécondary strxess, The front of the truss was in all cases
taken as the standard,

After setting the instrumentson the members of
the truss, it was found advisable to load the structure to
50% or 754 of the intended doading in order that the
extensometers might work into position or limber up,

X

.

setting the zerc of reading, the weight of
the truss was not considered, An initiai_load of 100 lbs.,
was taken as the zero reading in all cases, The load was
applied in 2000M. increments to a maximum load of 13,050 lbs,
at F and D, The load was then removed and the extensameters
checked back to the zerxo reading, which they did in every
case to within ,00001 or .00002 of an inch,

The method of hydraulie loading of the
Wicksteed machine . proved the ideal one forthis woxk and
with care, the load could be applied very steadily without
shock, thus giving most unifomn Tresults, Sce Table I
for the method of recording observations,

It was found inconvenient to observe more ¥han
two members at a ¢ me, but this did not influence the final
Tesults as exactly thé same condit ons were maintained for
each run.

In addition to the determination of the secondary

Stresses, observations were made for the direot stresses,




The extensometers were placed upon the neutral axes of the

+ -

members at their centres, as shown in Plate X on the member

T » - P N R
in orxder to determine the effect of secondarvy

stresses in a cantilever, an unsymetrical loading of 26,300

1bs was concenirated at the panel point B by the arrangement

as shown in Plate IX, Fig.2 and Plate X. The same methods
and precautions were used as in the case of the symetrical
loading. Obscrvations were made for sscondary and direct
stresses in the same mamner as before, More care was
required in loading the truss as the pressure exerted by

3

the two rams was not equal, In the case of the maximum
load of 26,100 1lbs, the ram at A caused a reaction of
16,312 1lbs, and at K, 9,787} lhs,

Tables II and IV give the total observed elongation
or compression of the members under the maximum load in the
two cases, together with the distance of the nearest
knife efige o: extensometer from the panel poimt, By

-

the formula F =

these observations
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give ¥, the stress in the extreme fibre of the member due

to its distortion. In the case of F being of the same sign

T
47

on each side of the member, — %5 is the secondazry

T - ¥ Ens) - 3
stress induced, and — 5 b + Fv = the co-direct stress,

-
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direct atresses, and its significance, It is

very evident from the figures of Tables III and v,

egpeciall

7 in the case of the cantilever, that the

[

observed direct stresses and those detemmined by cal-
culation are not the same, The explanation of this
is in the form and style of the truss on which the
experiments were made, A rivetted truss,with rigid

Joints,differs from a pin conrected truss ,with frictionless

joints, not only

act that the rigidity of the

Joints set wp secondary or bending stresses at the
ext remit ies of the member, but the fixture of the joints

also alters the distribution of the

ie direct stresses aBi0LE
vhe various members,

™

4or example, in the case of the first system

of loading, for exterior forges wit hin certain limits

3
the chord member AC ocould be cut, and the truss would
et aallanae aa +h ead at £ : S kom Rl
web o collapse, as the resistance offered by the Joint B

would maintain the equilibrium., This shows that, for

var}rﬂ v‘

> condit ions, depending on the loading, the desigr

of if® end connections and its position in the truss,

stress in any member may be greater

I

the actusl direct

0T less than that de termined vy caleulation

The joints having

the heaviest conrections

and offering the greates v resistance are those at A,B C




and the corresponding points at the opposite end of the

truss, It is therefore at these points that the srcatest

discrepancies between the theory and the practice might Ye

4

expected to occur, Considering the members AC and CD

U

in the first case (Plate IX, Fig.I) . Due to the fact
that the rigidity of the joint B absorbed part of the
direct stress that, in a pin connected truss, would go to
AC and CD, the observed direct stresses in these members
were 5,900 lbs. pexr square inch, and 6,975 lbs, per square

inch as compared with ¢

a g

e calculated stress of 5,166,8 and
1,8l0.7 1lbs, pexsquare inch,

Again in the member DE, the caleculated stress
is zero, but the observed stress is 275 1lbs, per squaze
inch, induced by the restraint of the joints, and the dis-
¥ributlon of the stresses thus introduced,

In the unsymetrical loading, the members XKG and GF
show this point very clearly, while the web members in
geéneral show the effeet of the redistribution of stress,

It is therefore evident that proper allowance
must be made for these conditions in determining the
secondary stresse=s. In the calculation of these stresses,
1t:will be remembered that the stresses considered as
causing the elongation of the members, and hence the

angle distortions, were the direct stressee obtainsd by

calculation, Now since the actual direct stresses differ




to a greater or less degree from the calculated, the
gsecondary stresses obtained from the latter and those given
by observation will vary correspondingly., It will be

seen in Table III that 75% of the calculatsd secondary

stresses are greater than the observed, ani that the members
true
in vwnick the revesse is 4hrough have a direct relation to

the aforementioned joints. (R in Table III indicates a
difference in the sign of the moment obtainsd by observation
and calculation),

In oomparing the two results, it must be further
remembered that the moments obtained in the case of
observation are farther along the member than those given

by caleculation, As the moment at the 2xis at the bar

ct

varies throughout its length, therefore there will be

a proportional lifference between the moment at the end
of the member and that at the extensometer, depending on
he distance. of the instrument from the panel point. If

fhe nature of the curvature of the elastie li%® was taken

from the solution, a correction could be applied to th
calculated value for the position of the extensometer,

For these reasons it is very apparent that the
comparison of the theoretical and observed results will
not mean a check in the cases where these discrepancies

ars large,




»

A
i T
experimental truss,

exceed those encountered in practice. The general structure

welght of the wed members
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to enhance these, and in actual practiee, the effect of the
restraint of the joints on the general distribution of
the direct stresses might very properly be neglscted.

In case I, the secondary stresses, which it is
customary to express as percentage of the direct stresses,
are a maximum in the choxd, and increase towards the end,
The webd members show a tendency to increase towards the
centre, This is a fortunate coincidence, as the excess of
section of the chord and web members generally occur at
these respective points., In case II, the meximum percentage

of secondary stress occurs in the chord members towards

the end of the centilever,

Though this Thesis has been confined to the

calculation and observation secondary st resses due to

Iiveted joints, there are other important sources of these
stresses occurring in bridge construction,

Auiong these

may be ment loned the sscondary stresses induced in the

ts of

t

the truss due to the connection and deformation

L1

po:

of the floor beams, the portal, and the lateral hiracing,

These stresses are in a plane at right angles to the plane




of the truss, and in th
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or heavy wind loads are of considerable magnitude. In
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seconcdary stiresses are set up, The designer must take into
account all possible maximum conditions and make ample

allowance for cases of this kind,

In conclusion, this investigation clearly
lemonstrates the impor tance of considering the secondary
st resses in all bridge construction in which the riveted

or rigid joint is used. It further shows the nature of
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of a quick determination
oI these stresses, and the impessibility of deducing

definite rules or formulae, In visw of the increasing

S

7 0T the riveted truss for long spans, in American

s ¢ 144
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rioge practice, further and more exhaustive investigations

and comparisons of these stresses would be timely and
P 2 L)

,_\ Montreal, April lst, 1909.
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Tabulated Form of Notes,

Run ¥o, 12

Member G Hat G,

Top Extems 2

Load Reading
100 01850
2100 «01852
410 .0185
6100 01857
8100 .01860
10100 «01862
12100 «01865
14100 .01868
16100 .01871
18100 01874
20100 01877
22100 .01880
24100 .01882
26100 01885
Returning
100 .01851
Total Difference + .00035

(Indicates that both sides of th

March 1lth,

Dist. tO P.Pc 8.':)‘3

+01163
+01185

«»0114"7

«01263

\r
advl o

»00010
«00010

FaTalels
«00009

+.00118"

€ member have elongated)
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3 15
Tl Mem 2 T
LU JAC _"u‘h"' I

Web Members

3

3

Obsexrved Strain.

Symetrical Losding.

00117
+00169
.00128
00118

Q0055

00073 T

.00152 T

.00107
.00087

«000 :7;C

,00011

3

3

£

Q
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Comparison of Obsexrved and Calculated

Secondary and Direct Stresses,

s 1.7 - a1
hemba;k Cal.

Chord%L

ARB
EBA

BD

AC
CA

Veb.

CB

DC

CD

ED

Obser{ Co,Dir.| Obser.|Calcul. |4
2rd .St 2nd St Bt. Plr bt .| Dix.Bt,
:
|
!I
| 862.4R 4312,5 -0812.,5{~6226. | -6203,8
. s .
| 883.8 5300 . -6450, 6226, | -6203.8

)
O
'
N
L

o

[ |
O
€A
-2
()]

N
(0}
0o
.

o

4987 .5
3900.

187.5

~8170 .8
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_TABIE IV,

Total Obsexrved Strain.
Unsymetrical Loading,

Chord Top.BExtens. Bottom Extens,. Dist, to P,P,
Members ,
AB 00102 C .00105 C g”
BA «00149 C 00067 C 6.5"
ED +00170 C 00088 C S.OO"
DE 00105 C 00174 C S0¥
DF 00142 C 00194 C 5.;0"
FD 00119 C .00180 C -8k
FH 00020 C 00126 C 6.50"
HF .00048 C OO L6 8,00"
FK 00116 C «00017 C 6.50"
KX 00027 C 00100 C 8.00"
KG 00083 T 000056 T 6.,75"
GK 00022 T 00090 T 6.,00"
GE 00150 T 00092 T 7.75"
EG 00108 T 00113 T A B
EC 00229 T 20184 T B.28"
CE L002351-=T 0163 T 7 P b S
CA 00093 T 00087 T 6.,00"
AC 00081 % 00070 T o io"
Web Members
BC 00178 T 00070 T 8.00"
CR 00119 T 00140 T 8.00"
CD 00110 C 00106 C V50"
DC 00163 C 00106 C T o0
IE 00058 C .00114 C 8. 00"
ED 00048 C .00102 C 6.,50"
EF .00048 T .00108 T 6.,50"
IE «00059 T 00088 T 6.50"
FG +00059 C .00088 C 1.50"
GF 00029 C 00420 C T..00"
GE 000386 T +O0OLA8 T 8.00"
HG 00039 T .00106 T 8.00"




TAELE V #
Comparison of Obsexved and Calculsted J?* 8
Secondaxy and Direet Stresses. 8 \;?
: E o
Membe rcﬁ Cal Pbser.!| Co.Dir. Obser. Calcul, | % Obsexr| % Cal '
U 2nd Pnd St St . Dir. B4} Dir.Bf. | 2nd of | 2nd.of
e | Stx. Dir, | .
o xas | |
AT | 112.5 (-7762,5 | -10575. | -7754.8
BA ﬁ 075.. |-8100. | -10575. | -7754.8 | 29%
ED I 5075 . |-9675. -10275, |-10214, 297
DR | 2587.5 F10462.5 | -10275, |-10214.
DF 1950, (12600, -13050. | -12266.0
FD I 2287.5111212,5 | -1%3050. | -12256, 17%
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DC | 1762.5]|-9712.5 -7800. -9807.4 | 227 -
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