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ABSTRACT

In this thesis the relationships between the known
properties of structural steel, the stress intensities
permitted by design standards, and the design practices
‘recognized by those standards, are discussed. An assess-
ment is made of the effects of the simple or "conventional®
method of designing building frames, with particular ref-
erence to secondary stresses, in order to determine the
adequacy of the prescribed interval between the nominal
strength of the material and the stress intensities
permitted by current design standards. The conclusion is

- drawn, that this interval is adequate, but that in struct-
ures of a certain type the margin of excess capacity is
small, and that there is a need for care and accuracy in
the application of design standards.
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"THE RELATIONSHIP BETWEEN DESIGN PRACTICE AND PERMISSIBLE
S STRESS INTENSITIES IN STRUCTURAL STEELWORK."

SYNOPSIS,

The stress intensities permitted in the desgign of steel
gtructures are determined by the appropriate design standards
and specifications, ©Such permissible stresses are related to
the properties of the material, and also take into account the
effects of conventional design practices., This thesis examines
the relationship between material properties, permissible stresses
and design practices. Certain conclusions are presented as the
result of the examination.

INTRODUCTION.

In the design of structural steelwork, the prime requirement
is simple; the proportions of the members or components of the
structure, and the properties of the malerial, must be such that
the structure will remain stable and serviceable under the given
conditions of lmding. It follows that the designer must have
sufficient information about the material, and must also be able
to ascertain the nature and magnitude of the stresses which the
given loading will cause in the various parts of the structure
being designed., In the ordinary practice of the present day, he
is not called on to decide the relationship to be observed between
the properties of the material and the stress intensities in the
structural memberg; that is usually laid down by a design spec-
ification or standard applicable to the type of structure under
consideration. In similar fashion, the loading to be applied to
the gtructure is commonly established by a code or standard.

Design specifications and tables of loads have not always
been available. Engineers and architects of a few generations
earlier frequently had to devise their own rules, and further,
had to write their own material specific ations. The formulation

!
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of rules and the writing of specifications are now usually
delegated to technical committees and organizations. In effect,
the individual designer and his client accept the decisions
made by such organizations with regard to the properties of any
particular material, and the maximum stress intensity which it
may be permitted to carry.

It will be seen that responsibility for establishing the
relationship between the material properties and the permissible
stresses has not been eliminated; it has only been transferred
from the individual designer to a group of designers. In like
manner, the estimation of the magnitude and distribution of loads
has been transferred, for the most part, to a group formed for
the purpose. The individual is still responsible for the manﬁer
in which he uses these rules and this information, in selecting
the form which the structure is to take,and the proportions of
ite members. The relationship between the prescribed permissible
stresses and the actual stresses which will occur in the completed
gtructure are his responsibility. The safety and serviceability
of the finished work will depend on the competence of all con-

cerned.,

* PROPERTIES OF MATERIAL.

Important Properties , v
The most important properties of structural steel, from

the point of view of the designer and of the fabricator, are

the tensile strength, the yield strength, ductility, weldability,

and general fabricating properties. As a guarantee that the steel

being suppliédvfor any-given project is suitable, the supplier

is expected to make certain tests on representative samples, and

to give to the purchaser cervified copies of the test reports.

Such test reports state the yield strength and tensile strength,

provide information as to the ductility as determined by the

elongation of a tensile specimen and by a bend test, and include

information regarding the chemical composition of the steel

which has a bearing on its weldability and some other qualities.
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" Significance of Yield Point.

- It has been gtated (1), that "the single, most important
structural property of a mild steel is its yield point. Except
where buckling enters the picture, allowable stresses in convent-
ional design depend almost exclusively on this vroperty." This is
generally true to-day, but the yield point has not always been
explicitly given in specifications for structural steel. It is
not so long since specifications on the American dontinent gave
a figure for the tensile strength, and stipulated that the yield
point should bear a certain relationship to that figure. Current
specifications for structural steel in European countries to-day
include a grade "AQ" for which only the tensile strength is given,
and the French standards for the design of building steelwork
provide. for the use of this type of steel, on the basis of an
agsumed yield point.

Definition of Yield Point,
The importance of the yield point of steel renders it equally -
& important to understand the meaning of the term. The tensile
- , testing of structural steel commonly involves a state of the
material in which the specimen continues to elongate without
any increase in the applied load. If the load and elongation are
being recorded graphically, the curve at this point doubles over
quite suddenly, drops a little, sometimes wavers, and then levels
off as the elongation continues. In the standard method of testing,
there is reference to the "drop of the beam", or "halt in the
gauge", as establishing the yield point. Sometimes a test fails
to display these phenomena; it is then permitted to substitute
for the yield point, that stress at which a permanent set of some
stated amount, usually 0.2% , occurs. This may be referred to as

the yield stress.
In the stress~strain curve for a tensile test, other character-

igtic points are noted. There is the proportional limit, or the
point up to which the stress-—strain relationship is expressed by
a straigh't . line. There is also the elastic limit, establishing
the range through which the specimen will always return to its
original length on removal of the load.Both of these points are
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‘) | relatively near to the yield point, and are sometimes treated
o ' ag the same thing. In the Belgian standards (6), the term
"apparent 1limit of elasticity" is used, and defined in suth a
manner as to make it exactly the same as the definition of the
yield point above.

The designer's interest in the yield point for his chosen
steel arises from his knowledge that continued loading of any
part of the structure in excess of this level will cause a cont~-
inued deformation at that ~point. Such unlimited deformation,
if not foreseen and controlled in the design, would lead to a
failure of the structure. In plastic design it is expected and
assumed that certain parts of the structure will be stressed
beyond the yield point, but this condition is so controlled that
the structure remains stable, and in plastic desigh, as in elastic,
a minimum value of the yield point of the material must be
known. / .

Distinction between'Yield Point’ and Yield Strength.,

The property of the steel in which the designer is primarily.

interested is the stress at which elongation continues without

any stress increase; this is the horizontal portion of the stress-
strain curve. Moreover, the designer really wishes to know
the value of this stress for the critical components of the
structure, or at least for some pieceg of steel which may be
consideréd as truly representative of those components. It is,
therefore, neceasary to find the relationship between the
required figure and that for the yield point, which is obtained
from the report of the test made at the mill. There will be
differences between these properties, and an attempt must be made
to ascertain the nature of these differences.
George Winter (1) hag identified three factors which affect
the value of the yield point given in mill test reports, as
an indication of the yield strength of any given piece of steel.
(a) The yield point determined in the mill test is the upper yield
point, which is greater than the yield strength level at
which continued elongation may occur.
(b) The value of the yield point depends to some extent on the
gpeed at which the test is conducted.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

fﬂi : (c) Test specimens for beam and channel sections are taken from
the webs of the sections, and there may be an appreciable
difference in this respect between the properties of the
-web and the flange. It is usually the properties of the
flange which determine the behavious of the member as part

of the structure.

Taking these three factors in order, Professor Winter surmises
that each rarely exceeds 10%, and that the cumulative effect of
all three would be from 5% to 30%. Unfortunately there is little
experimental evidence on ahy of these phenomena. C.A.Edwards
points out that the upper yield point can be raised by increasing
the rate of loading (4), and gives upper and lower yield point
figures for some tests on low-carbon steel with a difference of
0.76 to 1.88 ksi, with an average of 1.33 ksi. As a percentage
of the upper yield, these differences range from 0,13 to 3.92.
Tests reported by the Steel Structures Research Committee (Fig.l)
show & stress drop at yield of from 6.29% to 1l2.1%. The rate of
loading in the tests reported by Professor Edwards varied from
0.83 to 9.60 kips per square inch per hour. The Research Committee
tests were said to have been at low speeds. For the purposes
of this discussion, a figure of 5% will be assumed as the max-
imum difference between the upper yield point and the actual
yield strength under a constant load.

In the tests reported by Professor Edwards (4), the variation
in the rate of loading did not produce any consistent variation
in the wvalue of the upper yield point. The Report of the Research
Committee of the American Society for Testing Materials (Thirty-
first Annual Meeting, Proc. 1928) shows that increasing the rate
of strain from 0.005 to 0.2 per minute causes increases in the
yield point of about 9%. In recognition of this effect, the
gtandard rules for commercial tensile tests stipulate a maximum
rate at which a test may be conducted; in Canada and the U.S.A.
the speed of movement of the crosshead of the testing machine
during approach to the yield point, must not exceed 1/16 inch per
minute per inch of gauge lengfh. With an 8" gauge length, this
corresponds with a strain rate of 1/2" per minute, and since the
part of the specimen under elongation will be about 10" long,
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the actual rate of strain will be anproximately 0.05 in. per inch
per minute, or 0,00083 per second.

Experiments by M.J.Majoine (2) have provided the data in
Figures 2, 2a and 3. In tests at room temperatures, it appears
that a reduction of the strain rate from 8.5 x 1074 to 9.5 x 10~7
effects a reduttion in the yield point of about 400 psi. Since
the strain rate permitted in standard practice is 8.3 x 10"4,
it must be concluded that in commereial testing limited to this
rate of strain, the effect of the rate of testing in raising the
yield point may be assumed to be 1%. It may be noted here that
George Dieter (3), in his study of slow elongation or creep,

N

remarks that "It makes little difference in the results if the
loading rate in a tension test is such that it requires two hours
or two minutes to complete the test'",

In the third of the factors cited above, there is an .even
greater scarcity of experimental data than in the first two,.
Figure 1 provides some a;mparisons between the properties of
specimens taken from various parts of an I-beam, and shows that
at the junction between the flange and the web,‘the yield point
is lowest, while specimens from the middle of the web, or from
the toes of the flanges, were higher, In the "wide-flange" shapes
which form a large part of the structural steel used to-day,
the. thickness of the flanges, and therefore the variation between
the edges and the centre of a flange, would not be so great, and
‘the highest values of the yield point would be expected in the
web. The variation is due to the difference in the ratedf cooling,
which is fastest in the web, and slower in the flange, being

" glowest in the middle of the flange. Metallurgists of the U.S.
Steel Corporation estimate that on an average, the yield point
in the web would be about 5 ksi higher than that in the flange.
Metallurgists of the Algomg Steel Corporation made flange and
web tegts of a number of wide-~flange sections, the results of
which appear in Table 1. For the complete series of tests, the
average difference between web and flange yield points is 4.,58ksi,
whichis fairly close to the figure estimated by the U.S.Steel
metallurgists.
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Steel Structures Research Committee: First Report.

Section: )
24 x T% R.S.J. - ot
o o Sit 8
(@ 90#/£t.) \ anJ
Flge. thickness 4 5 G i~
= 0,984 in. o
Web thickness Location of Test Specimens.

= 0.52 in.

RESULTS OF TENSILE TESTS: (Stresses in pounds per sq. inch)

Specimen | Type of ﬁ Yield Ultimategstr;dfgiIElongatn nge
Location | Specimen | Stress Stress |[at Yield % (psi)
2 Flat | 38,100 | 71,000 | - 19.25 | 28.6 x 10|
1 Turned | 40,300 | 72,800 | 11.8% | 38.0 28,2
2 Flat 31,400 | 67,600 - 27.4 28,0 |
2 | Turmed | 31,400 | 70,000 & 6.29 | 41.0 | 29.2
3 Flat ; 33,600 | 67,200 - 28.0 § 27 o4
3 Turned | 37,200 | 70,500 | 11.5 | 43.0 | 29.7
4 Flat 31,300 | 66,000 | = 29.0 | 27.5
4 | Turned | 33,600 | 68,100 | 10.4 41.0 30.2
5 Flat 35,800 | 67,200 | = 26.1 | 29.6
5 Turned | 37,600 70,500 12,1 40,0 29.4
6 Flat 33,600 | 66,700 | - 27.9 | 29.5
6 Turned | 35,200 | 69,500 | 10.2 42,0 | 29.6 |
7 Flat 37,400 | 69,000 - 30.2 30,2 |
7 | Turned | 33,200 | 71,000 T3 43.2 28.8 |
8 F;éf 30,400 | 68,800 | - 32,0 | 29.7 |
8 ‘Turned | 29,100 | 70,000 - 41,0 28.4
8 lomaneld 37,700 | 72,100 | 10.7 | 39.0 | 29.6
8 | poroclsl 37,500 | 74,000 | 11.3 38.5 30.0
9 Flat 35,800 | 69,500 | - 26.4 27.9
| 9  Turned | 35,400 69,500 | 1Ll.5 - 43.5 29.4

[TV SSUCURTVVRURPUSIPOF FUPCII-SUNS SV YR DUV YN - SRS e
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COMPARISON OF MECHANICAL PROPERTIES OF' WEBS AND FLAI
WIDE FLANGE BEANM SECTIONS: SPECIFICATION

TABLE 1.

TENSILE TEST DATA.

Yield Strength psi.

GES OF

9.

CSA G40,8 GRADD A,

Tensile Strength psi.

n . Web Flange Web Flange
6"@l5.5 4 ~
44500 45600 65100 65100
46100 44800 65100 67000
48400 48100 68800 66800
48000 45600 65900 65300
49660 47500 69900 68900
53600 45600 69900 66600
51900 49100 0500 69100
49100 47700 8400 67300
52100 48300 71700 74500
Av. 49200 46900 68400 67900
6"@20.
44600 44800- 65200 66800
50100 45400 67700 66200
52700 45500 76200 66900
50200 41900 76200 65100
Av. 49400 44400 71300 66200
8"@3l ’
_ . 54500 46800 74500 73200
49100 48400 72400 73000
49400 45900 71300 67600
50100 46000 74900 69400
52700 47900 73700 68700
50100 45300 68800 69200
47500 44300 70700 69000
49000 44200 - 70800 69100
47500 44200 71200 67400
49900 45000 67800 67900
44100 - 42600 66000 65100
43000 41900 65500 65100
48500 43900 68700 64700
44500 45000 65300 66500
47700 43800 69000 67600
46300 43200 66700 66800
49200 42900 69900 67300
45800 46100 70200 67700
Av. 48490 44860 69860 68070
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TABLE 1 (continued)} 10.

PROPERTIES O WEBS AND FLANGES,

Yield Strength psi. Tensile Strength psi.
Web Flange Web Plange
10" @ 21
53600 46400 71400 69600
50600 45800 69200 67500
53100 47600 74400 69300
57400 47200 74800 . 69700
50900 46500 70200 68600
48700 44200 67800 67000
48200 - 45800 69400 68000
47600 46500 63000 68600
51500 48000 73900 73700
45000 46800 69700 71900
51100 45700 ) 70800 67300
50300 46900 69700 68300
51400 45400 70800 66300
52200 - 45400 68300 66500
50300 44800 70800 68000
49000 _ 45300 69400 68400
49800 46200 68600 70700
51200 45000 - 75400 67600
50100 48000 70500 73500
53100 47100 73700 70100
Av 50900 46230 70840 69030
10" @ 25 '
‘ . 47900 42000 65400 62800
46400 42600 65600 . 62400
49000 44000 68700 66700
49700 44300 ‘ 71800 67000
47750 42000 67400 64600
46500 42100 64200 64600
55400 46100 74500 69300
49500 44300 70500 68400
49400 : 45300 69500 68100
50800 43400 : 70400 67100
Av. 49200 4360Q 68800 66100
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TABLE 1

(continued)

PROPERTIES QF WEBS AND FLAKGES.

Yield Sprength psi.

11.

Tensile Strength psi.

Web Flange Web Ilange
12n @ 27
52100 46800 70000 67300
55400 48900 73900 70900
58700 48500 75700 71000
58700 47600 74900 - 72100
511.00 47400 69300 69000
50500 46400 69300 68400
51500 47100 71200 67300
52100 45800 72100 75800
55700 44900 72000 62100
54700 44500 67700 61800
50900 46700 65300 64100
50300 - 46900 66700 65000
51500 46800 69500 67300
51700 45700 70000 67000
53000 47100 69200 67100
52200 47300 70300 68200
59500 49400 73300 69000
56300 47100 72000 68200
A¥. 53660 46940 70690 67910
14" @ 30
51900 46300 74300 74400
52600 48500 74800 75300
50500 45600 - 72400 72000
53400 72100 - :
51800 72100
Av. 52000 46800 73100 73900
14" @ 34
47900 50900 68600 73600
47800 45000 68700 65100
50600 46300 69600 66700
49900 48500 71000 69300
53200 48200 72300 69900
49000 46300 69600 67100
50800 48000 75000 69300
Av. 49900 47600 70700 68900

(Information supplied by Algoma Steel Corporation.)
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12.

. T A comment on one feature of the web-flange relationship

” is necessary. Because the flange is usually the most highly-
stressed portion of a beam or column section, it is important

To the designer to know that the yield point of the flange will
meet some minimum requirement. A difference of 8 ksi in the values
for flange and web, to the detriment of the former, may therefore
be regarded as serious, An examination of the figures in Table 1
widl show, however, that where the greatest differences were
found, the yield point in the web was much in excess of the
minimum called for in the applicable specification. There ig,

~ therefore, no apparent probability that a beam will be produced
with a yield point figure for the web just above the specified
minimum, and that for the flange some 8 ksi lower than that. In
the series of tests here reported, the steel was intended to have
a minimum yield point of 44 ksi, and it will be seen that the
flange yield point falls below this figure in 12 of the 89 tests,
the lowest result being 41.9 ksi.

From the available information, it seems reasonable to assume
that the yield point in beam flanges generally may be about 5 ksi
lower than the yield point reported in the midl tests; this
corresponds with a percentage of 12,5 .

Rolling-Mill Practice.

The variations in properties of steel which have been considered
so far are such as affect the relationship between the yield-point
reported in the mill test result and the actual yield-pdint
which would determine the ufefulness of that particular piece of
steel. There is another type of variatioh which affects the

properties of structural steel,~ the variation between different
heats, between different parts of a heat, and evenbéetween
different parts of a finished piece of steel.

The physical and chemical properties of the steel in an ingot
are not uniform throughout the mass; during the cooling process,
gome of the constituents separate around the outaide in the first
stages of solidification, and any variations in the properties
through the cross-gsection of the ingot are reflected in those
of the billet and of the finished piece. The differences between
rimmed and semi-killed and killed steel, which are quite important
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Q‘} in certain applications of the end product, have their origin

in the conditions under which the ingot is made. I1ill practice

is plahned so as to minimize the effect of the variation in the
ingot, but it is recognized that perfect uniformity is not
attainable. There is also an inevitable difference between ingots
and between heats. The specifications under which structural

gsteel is produced, in Canadian and U,S. mills, require one tensgsion
test if the finished material from a heat is less than 30 tons,
and two tests if the »roduct exceeds that figure. Separate tests
are required for finished sections when their thickness differs

by 3/8" or more., When one test may represent 28 or 29 tons of

a given section, it is obvious that a more extensive series of
tests throughout the shipment would disclose considerable differences
between the values obtained for the yield point and the tensile
strength.

Whereas the. routine mill tests ipclude figures for the yield
point and tensile strength of every heat of steel, ample inform-
ation is available on these properties for the commonly-used
steels. Pigures 4 to 22 inclusive are graphical presentations

of the relative frequencies of occurrence of the various sitrength
levels in the test reports for several different grades of steel.

In some of these graphs, the number of test reports available

is small, so that no reliable statistical pattern can be established.
Fven in these cases, however, there are significant features, to
which reference will be made below.

In the search for technical improvement and economic advantage,
there is a continual process of development in the steel-making
Vindustry. Although the designer and the fabricator hear of some
major changes, they do not neceszarily know all the details, and
may not appreciate the full signiflicance of all the developments
which take place. A case in point is the adoption by some mills
of the practice of coiling plates after the last rolling pass;
these are flattened and cut to length afterwards as required to
meet customers' requirements. This practice generally applies to
plates 3/8" or less in thickness. It might seem to have no bearing
on our present discussion, -~ except for the fact that the coiled
material cools more slowly in the inner portion, allowing more
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& Results of 3,974 mill tests
2 40 representing 33,000 tons of struct-
z ural steel on nine projects, between
% 1938 and 1951.
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FIG. 4.~ Probability Curve of
Mill Tests for Steel
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and the Behavior of Structures",
by George Winter. Trans. ASCE 1961
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time for grain growth, with a consequent lowering of the yield
point. It siiould be noted that the material necar the ends of the
coil will cool more rapidly, and will have an appreciably higher
yield point, and further, that the ends of the coil being more
Teadily accessible, will be the sources of the coupons for the
tension test performed at the mill., The difference in the yield
noint between specimens from the ends of the coil, and t hose from
an intermediate part, might well be expected to exceesd those
noted between the web and flange of a wide~flange section. Inform-
ation on this subject iz not available. The ultimate effect of
this feature may not be very serious,‘however, because in the
majority of structures the lighter nlates, which may be subject
to the effects of coiling, will only appesr in a secondary role,
in gusset plates and similar details. vhere plates begin to play
a more important part in a structure, it will usually be found
that they are the neavier sections wiich are not coiled at the
mill.
The diagrems showing the yield points and tensile strengths
for wvarious types of steel, figures 4 to 22,illustrate the way
in which the stecl producer adjusts the factors at his disposal
so that the finished product will have a yield point and a tensile
gstrength on the safe side of the specified minimum. In other words,
he "aims" at about 40 ksi in order to be reasonably sure of
keeping above 33 ksi. The percentage of the product which fails
to meet the requirements is very small, While this pattern is
general, a possible exception must be noted; the results shown
in figures 17 and 18 have an obvious tendency to lcrowd" the
specified minimum, and while the producer is meeting his oblig-
‘ations quite satisfactorily, it appecars that his practice has
hbeen deviged to permit a lower "aim? for this particular grade;
tihie possibility exists that the pfoduction of thisg steel has been
combined with a grade of lower strength, the latter furnishing
an outlet for any material under the required level of the former.
The data in figures 4 to 22 refer, basically, to eight types
of steel. Specifications G40.4 and A7 may be regarded as identical,
It iz instructive to compare\ﬁigures 6 and 9, both of which refer
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to this type. Figure & dates from 1957, when this zteel was the
material used for 90% or more of structural work. Figure 9 is based
’ on test reports of 1963 and 1964, after G40.4 had been largely
" replaced by a newer type, ASTH A36,., The figuresg in Tigure 9 are
indicative of a level generally higher than ﬁas found in the
earlier survey, although the speoificatiom requirements had not
changed. A change in mill operations 1s reflected; to simplify
ingot production, practically all the heats are now being designed
for the production of A36, and in cases where G40.4 orx A7 is
still being ordered, the material actually supplied is such as
would be shipped out as A36.
The preceding comments on mill practice may serve to illustrate
a point which has a bearing on the matter of design practice.
In the first place, where the structural designer was confined to
one type of steel as recently as ten years ago, he may now select
his material from a long list, to which additions are made every
year. For some of these new grades, standard specifications are
available, while others are still identified only by the manu-
facturer's description. The development of new steels can affect
the whole outlook regarding materials in several ways. The examples
given above show that the margin between the specified minimum
gtrength and the general averége actually provided by the mills,
may be either appreciably larger, or smaller, than was the case
in earlier years. During an experimental period, a heat produced
by a mill as the prototype of a new high-~strength steel, could
legitimately be used for the production of steel ordered to a
"lower" specification. WWhen a new specification has been publishéd,
the tendeﬁcy may be for the steel-maker to err on the safe side
in selecting the éomposition of the first heats., Either of these
conditions lead to the production of steel which is well above
the specified minimum. This condition will not continue, however,
because growing familiarity will in time permit the metallurgist
to effect economies by reducing the strength margin.,
’ The objection may be faised, that so long as the designer, and
the writer of a design specification, observe the proverties set
“forth in the material specifications, they cannot be led into error
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by any changes in mill practice such as described above. There

ig an element of danger, however, in the tendency of some
designers to follow some supposed safe precedent. The precedent
may conceivably contain some approximation, some short-cut, or
even some error, and yet be associated with a stable and satis-
factory structure, owing to the live load being overestimated,

and the actual yileld point of .the steel being substantially higher
than the specified minimum. Application of the same method at

a later date, using a more realistic figure for the live load,

and taking advantage of a steel with a higher minimum yield point,
may lead to the construction of something in which the margin
between maximum stress intensity and the actual yield strength

of the material disappears. In other words, an assumption which
appears to be safe at one period may become unsafe owing o

changes of circumstance.

The Llastic Modulus.
- The modulus of elasticity of structural steel is not measured

in the routine tests made by steel manufacturers. Text books and
manuals usually assign a value between 29 and 30 million psi,
with a preference by some for the value 29.6 million. It may be
seen that in Figure 1, valueg of E appear which renge from 27.5
to 30,2 million. In simple design, the value of E is ot regquired
unless it becomes necessary to calculate a deflection.In the
design of indeterminate structures E forms part of the basic
calculations. The elastic modulus, through its place in the
Euler formula, influences the design rules for slender struts,
put possible variations of its. valuve in this respect are of
less donsequence than other factors in compression theory.

There is a design field in which tle elastic modulus ney be
found at a lower level than in ordinary practice. In the t

esting
of cold~-formed sections, %The initial slope of the stress-strein

curve may corréspond with a value of 25 to 27 million psi. This
reduction appears to be the result of the cbld-working which the
metal has undergone. The effects of such variations have been
examined in the work of the Column Research Council (9).
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Tolerance on Sectional Dimensions,

Material specifications such ag C3SA G40.1 and ASTH A6 give
tolerances for the main dimensions of the cross-gection of a
structural steel member. These tolerances are of importance
when special accuracy of assembly is required, but are rarely
of concern to the designer. There is a tolerance, however, which
must be taken into account in the formulation of design rules;
that is the plus or minus 2.5% allowed in the cross-—sectional
area and in the unit weight of a piece. Thig iz the figure
applicable to shapes; for plates, the minus tolerance is very
small, most of the variastion allowed beiné on fthe plus side.
The tolerance in weight affects the calculation of dead loads,
but although the change in weight is in proportion to the
change in sectional area, the two effects do not necessarily
cancel each other, because the added weight of some oversize
components of a structure might increase the stress in other
members which happened to be undersized.
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= - DESIGN PRACTICE.

Definition.
The term "design practice"is intended to cover the principles

and methods used in the adoption of certain basic assumptions
regarding the nature of a structure and the applied loading,
calculating the stresses in the various parts of the structure,
selecting the sections to be used in ites construction, and
preparing any special instructions which may seem to be recuired
for the gﬁidanoe of the fabriéator and erector.

Initial Decisions.

First, the general shape and function of the structure must
be knovn; this information will include the outline, the‘main
dimensions, the nature of the foundations or supnoris, and
gimilar data.

Second, the magnitude and distribution of hoth live and dead
loads must be determined, with due regamd for such things as
impact and vibration. |

Third, the magnitude of the axial, bending, shear, and other
stresses which may be permitted in the structural members must
be decided. |

Adoption of TLoads. 4
In many cases, the live loads to be assumed in design calcul-

ations have already been established in a building code or some
other applicable standard. The adoption of standardized loadings
for wvarious types of bridges and buildings iz zZenerelly the
result of nmuch collective experience in that field, contiruzally
revised and amplified to keep pace with new developments. As an
example of the revisions which are made in such bodies of inform-
ation, one may cite the changes in the figures for snow loads,
made in the National Building Code of Canada after some years of
research, and the revision and amplification of the data on

wind pressure in the same code.In general, such changes are intend-
ed to afford greater accuracy, and often permit the use of lower
unit loads; hence it is in the interest of economical design to
use the most up-to-date edition of such a code. At the same time,

‘ .
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Lo in the attempt to gain greater accuracy and economy, the rules
) are in some respects made a little more complicated, and it is
the degigner's duty to become familar with all phases of such
rules. TFor example, a designer who takes full advantage of a
reduction which may have been made in the snow loads for the
region in which a structure is to be erected, migt also pay
attention to those provisions in the code which refer to the
building up of heavier loads on canopies and sheltered roof
areas.

The calculation of dead loads on a structure is not complicated,
requiring only a knowledge of the unit weights of the wvarious
materials being used in its construction. The weight of the steel
ifself presents a problem, since the weight must be estimated
before the gections have been selected. Obviously, this item
should be checked after the design has been made, and if the
original estimate should fall short of the design weights, a
correction should be made, followed, if necessary, by a revision
of the desgign.

Good design practice should include the preparation of reliable
figures for the dead load and live load systems. This is not to
say that such figures will représent exactly the actual loading
on the structure. The unit weignts ol material are subject to
some variation; the weight of concrete will depend on the type
of aggregate used and other factors; the weight of the steel
itself may vary by known percentages, and so forth. In the :
calculation of dead weights, only the novice is liable to be misled
by the accuracy of his own arithmetic into believing that a
‘similar accuracy will prevail in the finished structure. There
may well be a difference of 5% between the calculated weight
and +the actual weight.

Even when information regarding live loads is provided by
a building code or similar standard, the experienced designer
is often aware of other loading which should be added. It is a
commnn practice, born of experience, to design roof trusses for
industrial buildings,for a certain amount of additional loading
at the bottom chord, where conduits, conveyors, and other equip-
ment is often supported. In office buildings, it is possible to
find banks of weighty filing cabinets on floors originally planned
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as ordinary desk and working space. A case wess reported not

many years ago where a certain university found temporary storage
for the contents of a library, during rebuilding operations, in

a building designed for class-rooms or offices; The floors began to
exhibit such obvious signs of distress that expert advice was
sought, which led to the hasty removal of the overload. Vhile

the designer need not be expected to foresee such flagrant cases

as this, he will usually be aware that overloads are possible,

and may either make deliberate provision for such, or assume that
sone degree or overloading is provided for in the "safety factor"

in the design specification he is using.

Determination of Permigsible Stresses.
The individuval designer rarely has To make the decisions

as to the permissible stresses which will govern the selection
of members for a structure. In buildings, bridges, and most other
types of structure, these decisions have usually been made when
the applicable design specification was written.

The function of design specifications and building codes is
-well expressed in the words of A.l.Freudenthal (10):

",. basic aspects of engineering science have a narticular
bearing.on the preparation of standard svecifications for struct-
ural design. The designer relies on the specificetions for all
relevant information about the fundamental assumptions and premises
of his degign. He cannot and should not be expecited to ascertain,
gselect and appraise, for esch structure individually, the basic
facts and conditions, such as load or permiscible stresses, by
wnhich both the safety'and econony of the struvcture will be deter-
mined. This 1s because only in exceptional cases will he command
the wide knowledge and experience required for such selection
and for the appraisal of all iImplications, With Tthe increasing
complexity of engineering problems he will have to rely increasingly
on tihe organized collective experience of the profession and to
substitute the considered objective Judgment of the group for his
individual opinion."

Turther from the same source:

"Among the subjects of findamental character covered by spec-
ifications for structural design are: (1) Design Load; (2) Resist-
ance of structural members and shapes and their nermissible
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stresses; and (3) Performance, selection, and quality control

of structural materials. These are interdependent and mugt be
coordinated. Thus, a specified permissible stress has real mean-

ing only in conjunction with the specification of the design

load and the metilod of structural analysis."

The relationship between material properties, appnlied loads,
and design procedures, has received attention from a number of
writers in recent years. Besides the paper (10) by Professor
Freudenthal from which the above extract had been taken, there

re three other papers (8), (11) and (12) by the same author,
Professor Winter's paper (1) to which reference has been made,

and others byC.B.Brown (13), Heguan Loh Su {(14), and lalcolm

S. Grezory (15). These authors, and others, have pointed out

that if engineering is to become more of a science and less of

an art, data on the several aspects of material properties, applied
loads, and distribution of stresses, must be collected and
analyzed. It has also been pointed out that some of these Tactors
should be the subject of statistical study, and in some phases
of the subject, this approach has been used by Professor IFreudenthal
and others. In spite of all this, there seems to be difficulty

in finding the numerical data without which the practicing engineer
or the writerof specifications is at a loss. Yet the engineers
who draft design specifications have to set down definite rules

and definite permissible stresses, if their work is to be of any
real value.

The extent to which the individual designer relies on design
gspecifications 1s well expressed in the words of Professor Freud-
~enthal, quoted above. This reliance must always be kept in mind
by those who participate in the preparation of such specifications.,
In such work, decisions frequently have to be made as th the
inclusion of some clavse, or the degree to which same rule should
be elaborated. It isnecessary to foresee, as far as is possible,
the assumptions which will be made, and the metiiods which will
be used, by those who refer to the specification. The work may
be primarily intended for the use of qualified designers, with
sufficient technical background to enable them to understand the
intent of the various clauses. The fact remains, however, that
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a design specification, particularly one for building frames,
will be used not only by qualified engineers, but also by
technicians with different degrecs of experience, in architects!
offices and in the Tfabricators' drafting rooms.

Misinterpretation of Specifications.

Questions as to the exact meaning of some clause in a specif-
ication may well be asked, because of some ambiguity in the wording,
or some difference in the semantic backgrounds of the writer
and the reader. Instances occur, uafortunately, when the reader
forms his own conclusion without asking any questions, and derives
from the written requirement a meaning which was never intended
by the writer. This is the eventuality which gives most concern
-to the writer. '

As a specific example of tThe manner in which a sinmple rule
may be misinterpreted, it is of interest to turn to clause 11.1
of the Canadian Standards Association standard S16. This clause
gsays that the effective length of beams and other flexural members
should generally be taken as the distance centre-~-to-centre of
supports. This is actually an approximation which has little to
recommend it but some simplification of arithmetic. It has been,
however, taken by some to mean that if the beam is designed as
if supported at the axis of the supporting member, than the latter
may be designed as if the reaction from the beam were actually
delivered directly at the axis of the support. This iz unfortunately
not the case., Some provision may be made in truss connections for
the development of a correcting moment which, in theory at least,
will have the desired effect, but in the case of an ordinary beam
connection, the moment developed, if any, will be additive %o
whatever moment is due to the eccentric connection of the beam.

In spite of this, and of the final sentence in said clause 11.1,
whicli reads:"The design of the supporting members shall, in any
case, provide for any moment or eccentricity arising from the

manner in which a beam, girder or truss is actually connected.",
there are designers who disregard the moment caused by the conn-
ection of a beam to a column flange, and design the column as if

he loading were purely axial.
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SECONDARY STRESSES.

Definition of Secondary Stresses,
Tor the purposes of this discussion, secondary stresses will

be defined as follows:

"The term secondary stresses is applied to those stresses
which are omitted in those conventional methods of calculation
that depend on the adoption of simplifying asgumptions”.

The above definition is taken from the Belgian standard for
steelwork for buildings (16). An important feabture of any design
method lies in the simplifying assumptions which are made; some-
thing of the kind applies to any type of design, but it is in
the so-called conventional method that these assumptions are
most far=reaching. It is, therefore, with this particular aspect
of design practice that those who formulate the rules for design
must be chiefly concerned.

v The Canadian,U.S. and British specifications for building
steelwork recognize three types of design for such structures.
These are the rigid, semi-rigid and conventional or simple methods.

In the rigid type of design, in which we may include the method
of plastic design, tlhie moments developed at the joints of a struct-
we form an important part of the calculations, and joint details
are assumed to be such that full rigidity is realized. In the
semi-rigid type, the connections are not supposed to be nerfectly
rigid, but the effects of whatever rigidity they may possess are
taken into account in the design calculations. In the conventional
type, which is much simpler than either of the other two, the
joints are supposed to act as hinges, and this "simplifying
assumption'" makeg it easy for the designer to select the sections
required for the gtructural members by reference to capacity
tables in the design manuals.

T'rom the foregoing, it will immediately be seen that in the
conventional type of design, all bending stresses which occur at
the joints are classified as secondary moments, and omitted from
the calculations.

Because gsecondary stresses are omitted from conventional design
calculationg, designers sometimes assume that they are actually
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so small as to be negligible. The fact is, that such stresses are
frecquently of anpreciable mazgnitude, and may be ne~lected from
the calculations in the co.vertional method of desisn,only because
gome allowance has been made for them in the design rules.

In connection with conventional design, a striking inconsist-
ency is to be found. Beans, trusses and columng are designed as
if all the connections were frictionless hinges. At the same
time, if the commections provided by the fabricator apnrrosched
that condition, the regsult would be greeted with some dismay, by
architect and builder alike. The building freme which is designed
agnon-rigid’ is expected to possess sufficient rigidity to remain
staple when erected. On the completion of the building, there
are usually walls and ovher elements which provide stability,
but the occasion can and does arise when a steel frame may be
left standing alone for some wecks, before walls and roof are added.
As hes been pointed out by a number of writers, the usual type
of connection used in "non-rigid" frames actually does pogsess

an appreciable degree of rigidity.

Increaging Importance of Secondrry Stresses.

It has been pointed out, above, that changes in specifications
and in building codes make it inadvisable to accent past experience
ag a gulde witiout some critical scrutiny of the effects of the

changes, This necesgity is emphasized in the introductory para-
graphs of a bulletin published in France (17), from which the
following quotation is obtained:

"So long as metal structures were designed forlimits of unit
stress corresponding with modest fractions of the elastic limit
or the ultimate strength, it appeared to be unnecessary to be
concerned about the secondary stresses which were likely to occur
in current construction: it was thought that even if unusual cases
mnight occur in which these secondary stresses might attain magnit-
udes comparable with the calculated stresses, structures would
not on that account be involved in catastrophic failure."

"The situation has now changed. Permigsible sliresses have
been progressively increased; they are now based on 16 kg/mm2

N .

(22,800 psi); if secondary stresses add much to that, the stability
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of structures could be compromised. The mild steel generally

used fortunately lends iteelf readily, by so~called adaptive
deformations, to the mitigation of local stress concentrations,
but one must take into account, nowadays, steel of harder grades,
of which the adantive qualities are less satisfactory. Certain
features of modern construction, such as the use of heavy sections
and of welded connections, simultaneously reduce the ability of
the structure to adapt itself, and increase whal are termed second-
ary stresses. It becomes necessary, therefore, to make a study

of these stresses, whether it be to take steps to reduce them, or
to make allowance for their importance. ( These are the respective
approaches of the fabricator who prepares the details, and of
the\designer vho, in the absence of a proper evaluation, tends

to estimete them at excessive values.)"

Specification Rules on Secondsry Stresses.

Since the definition of secondary siresses given above has
been taken from the Belgian standards (16), it is fitting that
the provisions of those standards be repeated here:
"Charpentes M€talliques; NBN 1v

"The calculetion of secondary gtresses iz not required as a
general rule., The adopted limits of safety Hake into account the
additional stresses of this kind which may occur in a structure,
in a Jjob which has been correctly designed, and fabricated under
normal conditions.”

"It is a function of the designer to determine whether, in
speclal cases, the secondary stresses may attain urusual import-
ance. In such cases they lose the character of secondary stresses,
and it becomes incumbent upon the project engineer to calculate
the additional stresses and combine them with those obtained by
the simplified method of analysis, or to increase the design loads,
or to adopt a method of calculation which will give the actual
stresses,™ |
C.S.A. Standard 316, "Steel Structures for Buildings™:

"18.1 Eccentric Connections. Members of a frame meeting at a
joint shall, if pragcticable, be afranjed so that their neutral axes
intersect at a point. If not practicable, then the results of the
eccentricity shall be provided for."
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118.2 Symmetry.

llembers in general gnall be of symmetrical sectionsz., ALL
connections and splices shall be, as nearly as practicable,

symmetrical about the axes of the members connected thereby.”
"18.3 Placement of
Rivets, bolis and welds at the ends of any member, whaich

transmit stresses into that member, should have thelr centres

b5

of gravity on the gravity axis of The member; otherwise,

provision shall be made for thec effect of the resgulting
eccentricity. Pins may bhe placed to counteract the effect

of bending dve to dead load.
"18.4 Unrestrained Members. ,

Exceot as otherwisc provided, all connections of beams, girders
or trugses shall be degigned as flexible, and may ordinarily

o

~

be proportioned for the recaction shecars only. If, however,the
eccentricity of the connection ig excecssive, provision shall
be made for the resulting moment e

Restrained ilembers.

3, Fardaceys

shzer and ent monenty
or to continuous or cantilever consitructvion, vihelr conre ctions
shall to the requirenentvs of Section 9 {(combinred

tion 33 (plastic design), whichever is

"Specilfication for tiwe Design, Faebrication end Erection

-n

of Strvcturael Steel For Bulldings' published by the American

Institute of Steel Construction, the correspondinzg porition reads
"Section 1.15  Connectiong.
"1.15.2 Tccentric Connections.
Axially ztressed members meoting at a point chall have
gravity axes Intersect at a point where nracticable; if not,
provision shall be made for bending strecses due to the
eccentricity.”
"1,15,.3 Placement of Rivets, Bolts and Welds.

-

Lxecept as hLicrcinalter ps?oviue.s he rivets, boltlts or welds
at the ends of any member transmitting axial gtress into
that member shall have theilr centers ol gravity on the gravity

axis of that member unless provision is mede for the eflec
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of the rcuultlng eccentricity.ixcent in members subject to

repeatec variations in gtressg, as defined in Section 1.7,
digposition of fillet welds fto balance tiie forces about the
nevtral axis or axes for end connections of single angle,
double angle, and similar type members is not required.
Tccentricity between the gravity exes of =zuch members and the
gage lineg for their riveted or bolted end connections may

be neglected,”

"l.15.4 Uprcsbr01pcu Member

Except as otherwlse indicated by the designer, connections

1 Q

bc desigred as flexible,

3 1

of beams, gilrdcrs or trusses snall

o

and may ordinarily be provortioned Tor the reaction shearg
only."

() -

"Flexible beams connections shall vermit the ends of the beam
to rotate sufficlently to accommocate ite deilection by
providing for & horizontal displacenent of the top flange

determined as follows:

e= 0,007d when tThe beam ig degigned Tfor Tfull uniform load and
live load deflecction not excecding 1/360 of gvan.

O qm— e when the beem is deglgned ZLor full uniform load

3,000,00 . L S S AR A

producing the unit stress I, at mid-span.

where

e = the norizontal disvlacement of the ena of the ton flange,

in the direction of Tthe span, in inches,

T,= the flexural unit stresc in the hean at mid-gpan, in
pounds per £Q. inoM

o
i

beam, in dinchesy

O

the depth of th

the span of tlie beam, in feet. ¥

=
1

1161565 Restrained I cmber@
Pagteners or welds for end connections ol beams, Zirders or
trusses not conforming to the requirements of Sect. L.15.4

ghall pe desgigned iory the cow Olﬂ@d ceifTect of end resciion

shear and tensile or combreJ51ve gtresses resuiting from
the moment induced by the rigidity of the conunection wien
the member is fudly loadsd.™

British Standard 449: 1959, "The Uge of Structural Steel in

]

ne fo]iowin~ Tules in Clause 43a:

[

Buildingy gives
(i) Members of braced fremes and trusses shall, where prach-

icable, be disposed symmetrically about the resultant line
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of force, and the connections shall, where practicable, be
arranged so that their centroid lies on the resultant of the
forces they are intended to resist (see clause 48c)."

"(1ii) In the case of bolted, riveted or welded trusses and
braced frames, the strut members act under complex conditions
and the effective length L shall be taken as between 0.7 and 1.0
times the distance between centres of intersections, depending
on the degree of end restraint (but see also clause 30c¢c)."

"Clause 48c¢: liembers meetin~ at a Jjoint.

For triangulated frames, designed on the assumptiorn of pin
jointed connections, members meeting at a Jjoint should, where-
ever practicable, have their centroidal axes meeting at a
point; and wherever practicable the ceatre of resistance of
a connection shnall lie on the line of action of t.e load so.
as to avolid an eccentricity nmoment on the connections.?

"However, where eccentracity of members or of connections is
present, the members and the connections shall provide resist-
ance to the induced bending moments.”

"Jhere the design is based on non-intersecting members at a
joint, all stresses arising from the eccentricity of the
members shall be calculated and the stresses kept within the
limits specified in the appropriate clauses of this British
Standard.”

"Clause 30¢; Angles as Struts.

"(i) For single-angle discontinuous struts connected to gussets
or to a section either by riveting or bolting by not less
than two rivets or bolts in line along the arzle at each end,
or by their equivalent in welding, t e eccentricity of the
conectlon with respect to the centroid of the strut may be
iognorved and the gtrut designed as an axially -loaded membewm
provided that the calculated averaze stress does not exceed
the allowable stresses given in Table 17, in which L is taken
as 0.85 times the length of the strut, centre-to-centre of
intersections at each end, and r is the minimum radius of
gyration.”
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"Single—angle strut

ghall be treated
not exceed 80 per cent of the values
the full lenw:

<

be taken. In no cage, however, siall the ratio

lable 17, and

L centre-~to-censre of intersections shall
o)

giendernecss

= b KRN oy i N < A SOV
for sucii sinzle anzle struts exceed 180F

"(ii) TFor double angle discontinuous gtrute, back-to-back
conunected to both sides of a —usset or gection by not lezg
than Two bolts or r»ivets iu ine alony Thie ansles at each end,
or by the equivalent in

.

as apnlied axially, The

:
R -
LaLen

as between 0.7 and 0.85 ntersection
depending on viae dezree of rTegtraint, and The “eulated
average stregs ghall no From

R R R . b
T oovration &l

2O

angies sihall be connected togetner in their lenth s0 2g to
gsatisfy the reqguirements of Ulange 37.7
"(iii) Double angle discontinuous struts bock to hacl:, connected

i
to one side of a gususzev or sectloa by one or more holtlg or

rivets in each argle, or by the cquivalent inm welding, shall
be desizned as for ginsle ancles in sccordance with c(i) and
the angles shall be conrected togetvher in Thelr lensth so as
to gsatiely the requirements of Cloame 37.7

"(iv) ‘ihe provieions in this c¢lause are not intendced to annly
to continuous snzle struls soch ag those Torming the rafters
of trusses, the {Tlanges of trussed zirders, or the less of
towers, which shall be desisned in accordance wits Clause 26

and Table 17.7°

-1

(Kobte.~ Clause 20 deals with the eliective lemgtlh of combnression
flances for beamz and girders.)

-

Vith rezard to The connection

]

35 449 pives the following rules:

s
C

BClauvse 3da:

Tor tThe purpose of determining the eccentricity of beon re-—

acvies or simlilar loads on a stanci:lon or column, the load
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49 ¢

shall be assumed to be agpplied asg ziven in Table 18 but av
a distance not le“” than 2 in. from the centrold of the

strut section, except in case (v) and where packing is used."

'} % et s v T U VA U U P [T e e et ees pa e eenm ey
§ TABLE 18, ASSULD BCCENTRICIEY O LOADS O
STANCITONS AND SCLID COLUNIS.
i Type of Connectiion. E hsg 1LCd noint of ﬂn)lvcuuLoLG
— ; D e
(i) stiffened Bracl [ Mid-point of gtifTened secating.
{
(ii) Un P Guter face of vertical leg of
D S ‘ orcxnzeta
. (4ii) Cleats to we% of beam. ! Face of girut.
. (iv) Cleats on tube. . Outside of tUJce ’
; (v) Can: j
| ajBeans. v TFace of column ghal
5 - ' gection towerds ghar
| 13 0 N R T SRR R - .
| f/? AQ0L TIMGS Rearinsa., ¢ Mo o edcgent LrLcid R O PES
| ! WLthowu connections
, i developning an anpre
o e : . I e e e e

bending moments due to eccentricities of loadinz at any one
floor or horizontal frame level may be Taken asg being:
(1) Ineffective at the floor or frame levels above and

below theat Lloor.
sancnilon lengths above

Cx,

(ii) Divided ecqually between the 3
and below tnat {loor or frame level, nrovicd tinat vihe moment
of inertia of either stanchion section, divided by ivs scitual
length, does not exceed 1.5 times the corresponding value fox

(Y KR

N3 e S S ey e, o -0 . BN
ceeding this ratlo the bendingy

the other lenztin. In cases ex

¢
noment sholl be divided in pronpriion vo The momenvs of ineriia

<t
[

sr:chiion section39 divided by tihcir resnecyive lensths.t

C.’)

of the &

The corresponding French rensulations, '"Regles nour le Calcul

et 1l'ixécution des Consbructions létalliques’ contribute . .is:

1

"Art.3,402 Sec ondary 5t
“Riveted, bolted or welded assemblies shall be devised in such
¢

1 -

a manner thet secovdary stresscs shall be kept to @ minimua.
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"In particular:

1) In trussed members, the centroids* of the chords and of web
members shall intemsect at a common point,

2) In main structural members, it is recommended that web members
shall be arranged symmetrically with respect to the axial
plane of the main member and shall be connected symmetrically.

3) If conditions (1) or (2) are not realized, it shall be necessary
to take into account, in the calculations, the resulting increase
in the stresses.

* It is assumed that the forces are {transmitted along the cent-
roidal axis of the member ( the line at the centre of gravity)."

While the treatment of secondary stresses; in the IFrench spec-
ification is not very elaborate, tire remark on the subject in -
the commentary, "Commentaires des Régles pour le Calcul etc. ® 033
ig of particular interest in the light of our present investigation:
"Secondary Stresses:

Once more it becomes necessary to call attention to secondary
gtressges, certain unfortunate occurrences to metal frames having

been largely due to a lack of observation of the rules set Tforth
in 3,402 1 and 2, "

Although it.is not proposed to make a detailed study of the
secondary stresses in bridges here, this 1s because the subject
has been treated at some length in text books and specifications.
The AASHO "Standard Specifications for Highway Bridges" and the
AREA "Manual of Recommended Practice" (chapter 15) use identical
language with regard to secondary stresses; this i1s found in
Art. 1.6.7 of the AASHO publication, and Art. 30 of the AREA
manual:

"The design and details shall be such that secondary stresses
will be ags small ag practicable. Secondary stresses due to truss
distortion usually need not be considered in any member the width
of which, measured parallel to the plane of distortion, is less
than 1/10 of its length. If the secondary stress exceeds 4000 psi

for tension members and 3000 psi for compression members, the
excess shall be treated as a primary stress.” |

In the AREA manual there 1s a commentary on the above:

"It is provided that if the secondary stress exceeds 4000 psi
for tension members and 3000 psi for compression members, the‘exoess
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52.

"The more uniform the proportions of a truss, the less, in
general, will be the secondocry stresses. Sudden changes in length,
width, or in moment of inertia, are likely to result in relatively
large secondary stresses."

Typical distributions of secondary stresses in bridge trusses
are shown diagrammatically in tais Text. For a riveted Pratt truss,
with a 160-ft. span, trusses 31 feet deep and panels 26'8" long,

he secondrnry bending stresses are shown as 10% in top chord and

end posts; 20% in bottom chord; 10% in diagonals and 20% in
verticals. In a riveted pony truss, span 105 feet, depth 10 feet,
and panels 13' 1%" hong, the stresses run 10% in end post; 20 and

30% in top chord; 30 and 40% in bottom chord; 10 and 20% in dia-onalsg
and 100 to 120% in the hangers. Other Pratt and Warren trusses

are reported with somewhat greater values, reaching 30 to 40% and
about 400 to 450 times the width/length ratio of the members.

Other points developéd in the text are the adverse effect of
subdividing the panels of the chords, and the possibility of
gserious secondary stresses in trestle bents due to axial deformation
of the leg members, when certain a rrangements of the bracing are
adopted.

The British Standard for “Steel Girder DLridges", No. 153, which
appears to apply to truss as well as girder structures, makes fewer
concessions to the convenience of the designer than the AREA and
AASHO. The B.S. 153, Part 3B, after citing the way in which second-
ary stresses arise in triangulated structures, identify them as:

"(i) Stresses which are the result of eccentricity of connections
and & off-joint loading generally (i.e. loads rolling direct on
chords, self weight of member and wind loads dn member),"

w(ii) Stresses which are the result of the elastic deformation
of the structure and-the rigidity of the joints.”

B.S. 153 goes on to specify:

", Such structures shall be designed, fabricated and erected
in such a manner as to minimize as far as possible secondary stresses.

"c., Secondary stresses which are the result of eccentricity of
connections and of off-joint loading generally ( a(i) above), shall
be computed and combined with the co-existent axial stresses in
accordance with clause 23, but secondary stresses due to the self
weight and wind on the member shall be ignored in this case,"
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"d. Secondary streszes which are
defrmation of the gtructure and the rigidity of
(a(ii) above) need not be calculated for a itruss in wiich the

atios of the widuvhs of the members ( in the nlane of distortion)
to their lengths between centres of intersections ere not greater
than 1/12 for chord menbhers and 1/2T for web members, provided

ST R L PN 7 P T P O . /3 PR
that the alloweble wowiing axial tcnsile giresces are reduccd by

10% 4in all web members in wilch o 1 oolregses aue o live load

: 0 dezod load.”
. Where, for any combination of loading, all gsecondary
stresses due to eccentricity of ccnmnecticns and olf-joint loading
deformation oxr thie structurce combined

)

and combined with

€
e ~cxigtent axial stregsces in sccoriance it Clang 23, The
VRS S) O—=cXlgvuven aXLal JereSses Ll gecomreance WL h Launge 2 9 vae

I
v, Structures may be prestresgsed  to countewvact the elfscts
of szecondary stresses, 1n wiaicn cace it ig permigsible To isnore
these stresses in the members relieved,®
It ie a general practice in the fabrich: 7 bridoe

TR PRI F Y e ey e e P R S
to adjust the lengthe ol The trucs meinbers by cmounts

b

3

- ol
N et
}_ o TGP I PR O

all, or mome specified proportion, oi ¥

! 4] o

thoge members are erpecved Lo develope. Lhig cdjiuvetient dg nade
in order to produce cemmer in the gvane.

usget plad at the joints are laid oudl

C

vided hetween the truss menhers CoOrrosn

)

uncambered lengihs

v

ol membere, tren in
will come into the corvect ali gument al
by dead load, or dead plug nalf live lood
load, as the case may be. In that case,
to be aggembled at the gite with sone initisd

to thelr being forced into aligrment witn
feg

ceives its elagiic deformation under load, Thisg »ractice,
e

tiie bending stresgsses duc ©o

if applied correcily, would eliminate

clastic deformation and to ripgidity of jointe., “here is, of course,
some question as Lo how accurabtely the members will agsume the
correct anzles with reiation to each other, during erection. AS
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have to be Lorced inbto the

o
1
3
(@
2

s
K
@

mentioned above, the me

.

ber
alignment, and even with connectlong reomed and matched in

;‘

proper manner, there could be somoe slizgnt gwelaxtion at the joint.
If, on the other hand, the geometry controlling the gusset details
is that of the ¥cambered” truss, Then vie nmembers will it together
at the site without any effort, burv will be subject to the Full
eflfect of elastic delormation and Joint »i~i.ity when the loads

re imposed.

[83]

The foregoing revicw of praciice in
in several respects, bul chiefly, in tuls
regarding the approximate masnitude of

secondary stresses, in the selection of

in the specifications. In the ARSA comuenuosy, Dor example, we
hals)

lecarn that while the basgic stress is sev
ig selected so that allowance may be mac

fTor a certain combizgu’od of Torvces due

[} L) el ko ]
b H

. e [ [ S RPN R R, O . PR .
lateral and lonsitucinal eflcectz, and to tulo nay he added Fet

N S I L S ~ b - " ~ TV oo =] amm s e ver s 3
another 4,000 psi for secondary siresces., Thcoe Tigures would

apply to gtructural steel of the ASULL AT grode, with o specified

O
33,000 nei.

The approach of the ITritish Standord 153 ig dillerent, but
F\

minimum yield strength of

. = AT § (RN R o L - (I R
broduces much the same elffectv., In trugses with compareitlvely
PR I T A s N ey PR 1 R O mam Ty A an
slender members, there ig a provisgoe calling for o 100 rcduction
in the permigsible stress {or thie more vulnerable web nemnbers;
)

R TN < =] DA~ P P B o ~

thilg 10% would be apnliéd Fo o basic dezizn svress of 20
L du - ENE DU i LI P . 2o e Ta e ATITYA g Y

as asoinst 18,000 for the sanc tyne of glfecl in the ARTA monual,

i othe other hand, if

e e - Fal e b ] S D )
CYDEC 0L S8UCCuy Wil Cil

e
A comparison of the specificavions oy bridszges with thogse Jor

bullding frames, previously outlined, will discloge that the
latter are less precilse 1in the wording of tholy requilrements

wiiewre secondary gtresces are concerunced. They wrecognize their

existence, reque the designer to do wnat he can to minimize

[N

chem, and more or legs leave it at that. One rezcgon for leavinz
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S \
i the problem and its treatment in such general terms, is the
far greater variety of conditions which can arise in building
frames, as compared to bridges. It must be recognized thaf'when
a rule or requirement is stated in general terms, and is qualified
by the phrase "when practicable", It is more easily ignored or
misinterpreted by designers who should be warned and guided by it.
Structural failures provide effective but costly lessons for
degigners and specification writers; it is more desirable to fore-
see the causes than to learn them from their effects. The reference
in the French commentary to "unfortunate occurrences" should serve
as a warning to every designer, and a reminder that while the
permissible stresses and the design methods contained in any
design specification,make some provision for some factors which
are omitted from calculations in the interests of simplification,
there are limits to this process of omission.

Cauvseg of Secondary Stresnses.
The terms of various design specifications which have been

quoted convey some information as to the way in which secondary
stresses originate in a structure. This information may be limited
by the intent aml purpose of such specifications; for example,
rules for bridge design need not envisage circumstances which
would be expected to occur only in buildings.
The calculations in a structural design apply to a "model"®
of the structure, rather than to the structure itself, This model
is the framework assumed by the designer as the basisg for his
work, supporting exactly those dead and live loads wiich he has
estimated or adopted, and having connections wihich may be hinged,
or rigid or semi-rigid, according to the defign method which has
been selected. The model will differ from the actual structure
insofar as variations may arise in the loads, in the dimensions
of the steel and in ite properties, and also in the behaviour
of the connections. Any of these differences between the model
and the actual struciure may cause secondary stresses. They may
be classified as follows: '
(a) Effect of Elastic Deformation: This is most readily sceen in
a truss designed on the common assumption that all connections
are hinged. When loads are applied, the members of the truss
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suffer elastic deformation, becoming sligatly longer ox
shorter, and thereby changing the geometriceal properties
of the truss, including the angles between the straight-
line outline of the members. The angles between the members
themselves are restrained from changing by whatever degree
of rigidity the connections possess, and therefore the members
are subject to some bending at the joints.

(b)Effect of Eccentric Connectiong: In members of a truss or
triangulated frame, meeting at a joint, teh resultant of
the forces in any group of those members shcould, by the rules
of static stability, be ekaczly equal and opposite fto the
resultant of the forces in the remalning members at that
joint. If the neutral axes of any group intersect at some
point other than the intersection of the remainder, then the
resultants in question may not be in equilibrium because they
are not in aligmment. The resulting eccentricity produces
a moment at the joint.
Eccentricity may develope in another way: a beam connected

o

to the flange of a column may be assumed to impart to the

column a moment equal to ite end veaction multiplied by the

half-width of the cdumn. This assumption is only exactly
correct 1f the beam connection acts as a hinze. If, on the
other hand, the connection resgists to any degree the rotation
of the end of the beam as it seeks to deflect, then this

registance will produce an additional moment, equivalent to
he application of the reaction from the beam at some point
further from the centre-line of the column.

(¢) Effect of Inaccuracies in Febrication: If the connection
angles at the end of a beam are not assembled truly square
with the beam, or if the connections at the ends of the top
and vottom chords of a truss are notb accurately squared, these
camcetions will not be correctly aligned with the surfeaces
of the supporting members, and, being forced into contact
when the rivets are driven or the bolts are tightened, will
produce some moment at the joint. Such a2 moment might add to,

or reduce, the moment arising from the partial rigidity
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inherent in the connections. A slight slanting of the end
connections for a long beam may, in fact, be used as a device
to minimize the negative moments which would otherwise be
developed at the ends.

Generally, fabricators take considerable care to see that
connections are accurately squared during assembly. In the
elastic range, end moments could be modified apnreciably by
the small deviations from the correct angle, but the elastic
range in a standard connection is small., When the connection
beging to enter the plastic range, the deformation will
render the effect of the initial deviation less important,
and continued plastic deformation will become the controlling
factor.in,the development of moment,

(4) Differential Settlement of Foundations: The behaviour of the
foundations of a structure are primarily the responsibility
of the designer of the stbstructure, who should select such
dimensions and proportions for it, that unequal settlement
will be avoided. If unusual conditions at a site threaten
great difficulties in attaining this end, then the designer
of the superstructure might well be requested to adopt an
arrangement in which unequal settlément‘would cause minimum
damage. In such a case, the moments expected at the joints
would certainly have to be investigated, which would remove
them from the class of "secondary" stress. |

S Ny A

Reports of the Steel Structures Research Committec.
In 1929, the Steel Structures Research Committee, appointed

by the British Government, began a study of current practice in
the degign and fabrication of steel structures, both bridges and
buildings, with the dntention of finding ways of ap»nlyingz modern
theory where it would lead to more erficient and economical
design. The work was mostly in connection with steel fragmes for
buildings, and was the subject of three reports; a "IFirst Repoxrt"
in 1931, a "Second Report" in 1934 and a "Final Report" in 1936,

The experimental work of the Committee included strain measure-
ments and stress analysis in several building frames at various
stages of erection. The characteristic behaviour of various types
of connections wascexamined.
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The results of the experiments provided quantitative confirm-—
ation of the partial rigidity known to exist in conventional
beam-to-column connections. They showed that the maximum moments
in floorbeams were reduced thereby, while the columns supporting
those beams were subjected to moments considerably greater than
those assumed in the conventional design method.

Typical data from the Committee reports are presented in
figures 23 to 26 and elsewhere. (Diagrams copied from the reports
retain the original numbers for identification purposes.)

Pigures 23, 24 and 25 refer to the steel frame for a hotel build-
ing, six storeys high. The type of connection used in this was
intended to make a substantial contribution to the rigidity of
the frame; the detall appears in figure 23, with curves showing
relative stiffness, Figures 24 and 25 show the bending moment
diagrams constructed from strain measurements in columns and
beams, to which the corresponding bending stresses have been
added. The maximum bending stress found in & volumn under the
applied loading was Jjust less than 3 ksi.

Figure 26 shows a typical analysis by the Committee of stresscs
in the frame for an office building, with connections less rigid
than those in the hotel., In this case, the maximum column bending
stress is just under 2 ksi.

Certain features of the bullding construction practice in
Britain differ from what is usually found in Canada and the U.S.A.,
rendering a direct application of some of the information limited.
The "standard beam connection" on this continent consists of a
pair of angles in the web of the beam, whereas structures such
as those examined in London generally support beams on seats,
stiffened where necessary, with angles attached to the top flanges
for stability. Further, buildings sucihh as those examined, when
completed, have the main beams and the columns encased in concrete,
the effect of which i1s taken into account in the design; this
practice, which is rare on this continent, renders the beam-to-
column connections much more rigid, and modifies the moments at
the connections substantially.

It is of interest to note, that in the Supnlement lo.l to

UNIVERSITY OF WINDSOR LIBRARY
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British Standard 449, which is the official result of the
recommendations of the Steel Structures Research Committee,

the calculation of the restraining moment at the end of a beamn

is determined according to the type of connection used, while

on the obher hand the calculation of the moments applied to the
column is based on the fixed-end moments of the attached beams.
This requirement 1s a consequence of the stiffening effect of the

concrete casing.

Relative Rigidities of Connections.
In figures 27 to 39 inclusive are presented data on the
properties of various beam connections, as determined by the
Steel Structures Research Committee. Further information of the
kind, derived from the work of J. Charles Rathbun (20), appears
in figures 40 to 46 inclusive, while figure 47 contains the results
" obtained by Munse, Bell and Chesson (21).
The experimental results to which reference is made above
™ are very useful, and provide a practical check upon any calculated
2 properties of similar connections. Calculations become necessary

when structures being analysed contain connections not exactly
like any of those in the various research programmes.
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‘ 85.

Calculation of the Properties of Connections.

J.E.Lothera (22) has proposed a method of calculating the
effect of angular deflection on a standard beam connection, and
obtaining the relationshin between the deflection and the resisgt-
ing moment develoned therein. A slightly modified form of this
method has been adoptéd where required for the analysis of tynical
structures in the following pages. This modified method is set
forth in figures 48, 49 and 50. It will be noted that an attempt
has been made to include the deformation of the supporting
member; this involves the adopticn of gome drastic arnroximations,
in the face of the highly complicated problem of calculating the
deformation of the flange or the web of a colwmn section. Unfort-—
unately Professor Lothers did not take this source of deformation
into account, and thc experiments of Profescor Nathbun were
conducted on pairs cof connections attached on onposite sides of
a golid plate. In fizures 51 and 52 a connection identical with
one tested by Professpr Rathbun is subjected to analysis, the
regults of wnlch are compared with the experimental curve.

In figure 53 a type of connection is snalysed wihich differs

Hh

materially from the "standard" beem connection. It consists o
a nlate or bar welded to the coluin, with the web of the connected

: beanm bolted to the plate. It is evident that in This connection

9

the plate is to all intents a part of the column, and that any
rotation which takes place at the end of the beem will occur

4 3

through slipping of the bolts. Research wihlch has been carried out

on joints with high-strength bolts in recent years furnish inform-

ation on the resistance of such Joints to glipping, and from
such experimental data (19), the approximate moment which could
be developed by such a connection has been calculated.
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PROPERTIES oF CoNNECTIONS:
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Registance to Notation of Column Bases.

In any gteel building frame, the magnitude of the moments
which are produced at the joints by a given system of loads,
will be affected by the resistance of the column bases 1o
rotation, In the type of structure which is to be analysed,
designed by the conventional method, colurn bage details are
of the simplest kind, not designed to provide any specific rigidity.
A base plate, welded to the end of the column, and secured to the
concrete by two, or more rsrely four anchor bolis, comprises
thie usual base. The resistance of which 1t 1s capable is usvally
very small, and could well be neglected were 1t not for the fact
that in some of the structures heing studied the beam connections
themselves have little resistance to rotation.

rlethods used in calculating the properties of simple column
bases are shown in figures 54, 55 and 56. “he problem is highly
indeterminate, but an approximate method has been adopted for
each case, with certain assumpltions beingz made rezarding the
distribution of bending gtress in a transverse direction, and the
elongation of anchor bolts embedded in coucrete. o claim ig made
that the results are accurate, but in each case 1t seems reason~
able to supnose that the actual moment-resistance would be of the
same order as the calculated figure. Fortunately, the behaviour of
the base could vary considerably in its particular range without
affecting seriously the distribution of moments in the upper part
of the structure, which is where the important stresczes are to
be found.

It has been pointed out above, that secondary stresses would
be caused by unequal settlement of the substructure of a building,
but that this is of concern to the designer of the substructure
raviier than to the designer of the steel framc. In like manner,
the possibility of the rotation of the concrete mass upon which
a column is standing, is not primarily the concern of the desigher
of the steelwork. If his design is to take official cognizancé of
some unavoidable weakness in the system of sunports, then it
will heve to take into account the moments which will be likely
to develope throughout the structure, and "secondary" stresses
will cease to be such.
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Rigidity of Column Bage about Y=Y Axis.

| 2 h k7

Assumption made in this case is that FERTTR Covgiang

a strip of the base plate exerts beam- . | | ; ' //f%WFZQ

action between the lines of attachment 10[ E

to the c¢olumn flanges. The bending of %~~~<3Mj%?w““””““

this strip, plus the elongation of the LD C:,f:: ~—% "0 pre

tensile anchor bolt, controls the % "ou . Alerns BulTs

rotation of the column. e
{G L¥ftereis LL“‘A‘A'L”".

Take strip of plate from column axis ‘(;_Jf

to right-hand edge (4.5")

‘ f ' gl
_ 4.5 (.75) _ T S
= 22 L1 - oz A I

Elastic deformation of plate ! ﬁ | E;

N P(B)‘* _ 512P ’ T‘T ,_4———-*"’_‘"* NN B onr SO

=18 BT = I8 % 30,000 x 150 |

= 0,00224P o v
Elongation of anchor bolt BERLIL S
16 P = 0.00121P

= 30,000 x .44

A'Total movement at bolt = (.,00224 + ,00121)P = 0.00345P
«. Rotation = 22922F = 0,00060P Radians.
Moment = 5.75P K-ins.

= 000060 _ . 000104 = 104 x 10

. _ _0 6
Y YETIHC T TS5

Radians/ K-ins.,

FIG. 5G.
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Anslvsis of Moments in Conventional Desicons,.

In order to determine the magnitude of the moments vhich
may occur at the joints of steel structures designed according
to the conventional method, in which such moments are assuned
to be zero, a number of examples were selected from structures
of this type which have been erected or are in course of erect-
ione. k

In structures designed on this "simple span" basis, there
is actually no provision made in the design or detailing of
the members and connections, for resistance to lateral Torces
such as wind loads. Lateral forces are supnosed 1o be resisted
by masonry construction or some other means, rather than by the
steel frame., Since the intention here is to find what the cond-
ition is during the 1life of the structure, latersl forces are
not included in the calculations, wiich are devoted to a study
of the effects of the estimated vertical loading.

It must be admitted that an exact analysis of all the stresses
in even a simple steel structure cannot be produced on a theoret-
icel basis. For such a purnose, it would be necessary to obtain
precise measurements of every piece of stecel used, and also to
know the yield point and elastic modulus pertaining to every
part of the structure. At the same time, some form of approximate
analysis must be made, 1f a true picture of the stress distrib-.
ution is to be made available to the designer and to those who
formulate the rules for design. In other words, the best practical
use has to be made of the data on hand. The &ituation has been
described by Professor Freudenthal in a paper already cited (10):
"fuch engineering knowledge is still descriptive, although its
presentation is mathematical. ... The development toward an exact
gcicnce by using maethematical abstractions and mathemabtical
language, however, leads occasionally to the ascendancy ( or
domination) of the mathematical form over the real physical content
- to an overvaluation of the mathematical exactness inherent in
an expresgion of pnysical reality and, consequently, to a serious
distortion of the perspective. To avoid the pitfalls of the math-
ematical approach to engineering problems, it is essential to
realize and to check on its limitations.”
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]

The conventional method of

o q

design, even as regulated by the
appropriate specifications, ig not always consistent in the
assunption that the ends of beams are hinged. Provision is mede

in CSA S16 (clause 12.4.2) and in the AISC specification ( Section
1.5.1.4) for the design of fully-continuous and fixed-ended beams
and girders, and in the actual design of some building frames
there are properties implicit in the structural members selected
and in the details prescribed, which are not explicitly set forth
in the stress sheets. An example may be found in the portion of

-1

the frame from "Structure 790", In this bent, the colwan base is

so embedded that it may be regarded as rigid, for reasons conneclbed
with the wind loading on the building. The truss, as detailed, is
capable of developing considerable moments at the ends, particul-
arly at the end attached to the column with the rigid base. Yet

the stresses which are assigned to the members of this truss, on
the design drawing, are simply those which would be caused by

the vertical loads. Under these stresses, the Truss members are
considerably below their load-~carrying capacity. This apparent
over~designing of structural members will be discussed labter.

The analysis of typical structures which will he found in the
following pages hag been carried out on the basis of a treatment
described in "The Analysis of Ingineering Structures", by Pippard
and Baker (1957). Generally,the intent has been to find the moments
generated by the semi-rizid joints, or by the truss connections.
The moment on columns dve to the anplication of the beam reactions
at some distance from the axés of the colwins, ig slhiovm asg a
sepavate item where it has been introduced. This course has been
adopted because the latter type of moment is here resarded as
a primary rather than a secondary one, despite the fact That some
degigners fall to include it in thelr calculations.

Structures "42" and "90" represent & wide class of one-storey
industrial buildings. As might be expected, the moments occurring
at the tops of the interior columns are almost balanced, the only
importent column moment being the ore at the exterior columns.

L prelinminary analysis was made, assuming the interilor columns
to remain vertical; it was found that this assumption does not
always give results with the required degree of accuracy.
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In structures "42" and "90", the maximum bending stresses
at the tops of the columns, due to the stiffness of the conn-
ections alone, are 6 ksi and 4 ksi respectively. The addition
of the reactions moments would increase these figures to about
8.5 ksi and 6 ksi respectively. '

Structure "48" ig unsymmetrical, so that the interior column
is not even approximately balanced as regards the moments applied
to it. The resultant moment is over 220 k=i, causing a bending
stress at the top of the column of about 10.5 ksi. This is one
of the most severe concentrations found in the series of structures
investigated. When the reaction moment is added, a stress of
almost 15 ksl is attained. Even more severe stresses could be
produced in this column if the span EC were loaded and the span
CB not loaded, but in a flat roof this extreme condition is not
expected.

In buildings of more than one storey, it becomes more import-
ant to provide in the steel frame, some resistance to wind loads.
Yet it is possible to find instances in which such frames appear
to have been designed on the "simple-span" basis. Structure "96"
is an example of this, where the masonry is evidently expected
to provide all necessary lateral resistance., Local bending stresses
in the columns due to connection stiffness are a little under
8 ksi, and the addition of the reaction moments increase this to
about 9 ksi,

The connections in structures "42", "90" and "48" are standard
connection angles, rivetted or welded to the beams, and attached
to the columns by means of high strength bolts. In structure "99"
the connections consist of plétes welded to the columns, with
the webs of the beams field bolted to these plates. The method
of calculating the moments developed by this type of connection
has been presented in figure 53. Structure "99" also differs in
having different loading in the exterior bay. The maximum second-
ary bending stress, at the top of the exterior column, is 7.75 ksi,
which is increased to 1l3.72 ksi on the addition of the reaction

“moment .
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Mpy ® 16,300 (26, +©,)

Mop = K, %60 (Op+ 204) Mpg = *+27.0 k-ws,
Mo 16,849 (20, + 0) Mp, = — 4.2 kms
Mpca \G)gw (a..'t’LO;D
ALse, Mg, = + |17, BenDing STRESSES IN COLUMNS:
™ e = 18 , |77, K 27 . %
eo . ATB, =l s 1372 /,,/mA, 2L« 2,08 %

. 27,5 3
ﬁT C) - ’z‘q Lt ?.'3 7m“./AT D) ﬁ%’ 0-38 'ZN;.

ADOVE STRESSES ARE PUE TO REACTION MoMeENT PLUS ACTUAL

SECOND ARY BENDING .
SECOMDARY BENDING STRESSES ONLY ! {Maa ~ 100 Kan 4 =175 ¥/ 2

Meo = ©
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Roof {russes are a common feature of industrial buildings,
and are liable to secondary stresses from several causes. The
clauses quoted from such specifications as B.S. 153 have already
indicated some of these causes., When the truss is considered
as a flexural member simply supported at the ends, the secondary
stresses in it will be those due to the geometry changes arising
from the elastic deformation of its members, and those due to
eccentricity in the connections. When the truss is considered
as part of a structure, moments may be developed at its connections
to the supports, and these moments, not included in the design
calculations, will affect the stresses in the truss members.

The subject of secondary stresses in trusses has been set
forth in a very convenient manner in a bulletin published in
France. (17), to which reference has already been made. Using the
moment-distribution method described here and elsewhere, several
trusses have been treated as simply-supported structures, and
the secondary stresses calculated.

; The truss used in structure "76" is actually a "long=-span"
joist. It differs from many trusses in that the load is not
delivered at specific points by purling, but is distributed along
the top chord. The natiure of the supports is such that no end
moments of any consequence could be developed, The truss was
assembled by welding, with grévity axes of the members concurrent
at the joints, rendering moments due to eccentricity non-existent.
The secondary stresses in this truss are low, and in most cases
the higher stresses are of opposite sign tothe primary stress in
the member, so that they cancel out. The bending in the top chord
due to the distributed load, is treated as a primary stress in
the design.

Trusses selected from structures "75"and "49" are of rivetted
construction. According to the general practice, the geometrical
outline of these trusses was made to depend on the conventional
gauge lines in the members, so that the gauge lines intersected
at a common point at any joint. Since the gauge line in an angle
gection rarely coincides with the position of the gravity axis,
and may be almost an inch away from it, this practice produces
eccentricity in'most-of the joints.
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SECONDARY = STRESSES IN TRUSSLES,

108.

WELDED TRUSS ACTING AS “LONG SPAN JoisT.'

©

SYMMETRICAL

@ ABT. f
(Ams—mmvrev LoD ON TOP cHORD = 300 /fin. Four,
RUHTHEAN Y IR T N AN AN RS IR TN
o ) 2 3 4 5 6 1 2 6.0"Bhare
sy =29 ~4% ~64 -5 -84 ~29 -9 -9 //
NG AN R NN I N AN %
T ~29 48 + 0% 475 +34 +39 +91
T 7@ -l (pev) = 499 L -
B sean_ 160" -~
DETAILS ARE SO ARRANGED THAT GRAWTY AXES oF CONNECTING MEMBERS
ARE  CONCURRENT AT PANEW PoiNTS,
FORCES IN MEMBERS ARE TAKEN FRoMm TRUSS DESIGN.
MEMBER SECTIoN MEMBER SECTION MEMBE R SECTIoN
Ue V1 5T $ei8 Liby ST G'@ \3.8 Uoli | 27 3x2xs
U,V " L§L5 " Uila, 2% 2.\2\12;(34(-
U, Vs " Lalg : Uplsy | 20 2x2x%
Us % " Lebs ST 3'@ I3 Usbs | 2 Bai%x 2,
Ug Vs sT. 3@ 20 Ls e " Usels w
Vs " Lg Lg " Us Le "
Ve Ur " Llg v Vo L "
UsYg - . Ugla | 2T 2‘2.*2%42\’(, Urle “
Gkt | 2T 3v2ha o Usls | 2 2x2%%e
Usle | 2+ 2be 2h e Uele | 2r 23« 2bs % %
Uy L3 " Urlr | 2r Zx2x%e
Uglyg | 2r 2aw22x¥ *

J¢ MEMBER SIZES INCREPSED TO PROVIDE CONNECTIONS

FOR DRACING-.

SECONDARY STRESSES DUE To ECLENTRIMTIES AT THE JOINTS wiLlL NOT

QLeVR

IN THIS TRUSS.

ELASTIC DCFORMATION OF MEMBERS WILL CAUSE SOME

BENDING STRESSES, DPENDING INTHE TOP CHORD DUE To DISTRIBUTED LOAD WAS
TREATED AS A PRIMARY STRES5 IN THE DESIGN,
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The method used for the calculation of secondary bending
due to truss deformation, is that based on the principles dev-
eloped by Cross, described in detail in several texts (17).
The procedure may be summarized as follows:

l. Increase or decrease of length of each truss member under
the given loading is calculated.

2. A Williot diagram is drawn, showing the relative displace-

ment of all joints in the truss.
3. From the diagram, the relative displacement of the points
at the ends of each member, measured at righﬁ angles to the

member, are measured.
4, From data on the stiffness of each member, and the relative

are found.

displacement of the ends, the bending moments at the ends

5. The unbalanced moments at the joints are distributed through

the truss, by means of the cross method.

\‘“f;“;o“ MoMENT KN‘Z‘Z?/‘:J:)Q " zLoz::w MoMenT b”\“il:i/fny’ iw;fg‘o“s ogT BLNQ::I\J/,T)
MorenT| (K-ms) | neer. | Tob  IMovoed(-msi pppy | wor Momeay () vpeL | e
Us Uy j+1 | 4406 (=19 I'InLg | +4 | =043 [ +1.67 ULy | =1 | =.45 [+.91
U, U, | +4 =e25 [+.78 | LpLy | +5 | +.53 | =2.09 | I, Us ; +1 -.45 [+.91
U, Ug i +1 ++406 =219 [ L,Lz| =5 | +¢53 | =2.09 U L, | +1 +.76 [=1.73
UpU) (410 | =o62 |+1.96 | LyLo | +3 | +e32 |=1.26 | LU, | +1 | =.76 '+1.73
UpUs | =10 | =o62 [+1,96 | LyLy| =4 | +e43 | =1.67 [UpLy| +1 | +1.05-2.63
UsUp | +16 | =499 |+3.15 | LaLs| +7 | +e74 [=2.92 | LU, | +1 ~1.05 +2.63
UsUp| =16 | =o99 |+3.15 | L Ls | =6 | +.37 | ~1.12 [UsDy| +1 +1;41§-3;57
UeUs | +5 -o31 |+.93 § LeLa| +14; +.87 [ =2.61 LUz O 0 ; 0
UsUs| =5 | =28 [+.93 || Lsle | =15| +.93 | =2.79 [UpLs +1 | +1.41 =3.57
UsUs| +19 | =1.04|+3:53 | IoLs| +14| +e87 | =2461 | LsUy ! +1 | =1.41 +3.57
UsUq | =18 | =e99 [+3.35 ) LDy | =15| +.93 | =2.79 {UgDe| =1 | =1o41 +3.57
UoUs | +14° | =o77 |+2.62 || IqLg | +14 | +e87 | =261 | LgUs | +1 ~1e41: +3457
UeUp| =15 | —+82 |+2.79 || L,Lg| =15| +493 |=2.79 | UgLq| +1 | +1.41=3.57
UrUo| +17 | =+93 [+3.16  LsLy | +13| +.82 |=2.42 | LsUs| O o [0 |
UsUs| =16 | =88 [+2.98 1 UsDs| +1 | =63 | +1.67 | U;Ly| -1 ~1.41) +3.57 |
| Uy Uy | #13 0 =.71 |+2.42 ) LaUs ! O | O 0 LUy, O | O | O |
UL, | =6 | +2.0 [-4.28 | ULs| O | O 0 | UDe +1 | -.63  #1.67
LU =4 | -1.33]42.86 | LUy -1 | -.63 |41.67 (LUl O | O o
| UpLa +1  =e63 |+1.67 |UsLs: =1 | +1.05 =2.63 || UyL7| O o o
LU, #1463 |=1.67 |LsUc) =1 | ~1.05/+2.63 | LU; O 0 0

3 .
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c STRUCTURE "75° TRuUss Type "To
A ) “
. : SPAN  So'-a” % .
) 46 63"« 250"
o | Uy Uz UBL Uy
Ny | g8 MY g9 1> 0.0 7132 3.0 ,7.13
" 2 bx4xie .
\‘4‘ ¥ b8 ~\' \k
CRL R NN | NG N AN o
£ S8 R, Y S 3L, A Bo
T % {n “?3/ & -~y /3 R {3 -~ 3
2 -N 3, i e > IR <Y Nlg "+ N
O ™ * M *~ 9 ‘>.§- N ¥ oS
-~ ' L& e klm b N | é'_}. —
S| e SR &~ T N LN
+llo. & |
I e o L +44.5 la +8l2 B 2a-Cx3kx% L‘}l
3.1
SYMM .
ART. & -
Bock o ANGLES
N g N
s X . Crof G liNg N
‘:ﬁ SI E& Sozcammm _‘f‘z,i!
sg_’f N 0, Lworking L |-
N (GAVGE L) '
{
N VA
° Q@ s
o e
| ey
KU ! S A%
3 A ‘1.%
[} 2 \}4‘
w8
g $
o
%, 3
\4 l’%
"ﬂ -TG»
Y \9\ : ,
0 |
|
Lo
-
&4 2y
9 Sk WeRKING WNE. @ N
- (X
: ¥
- - LyOF Cx.
NS |
B.e ) :
we ECCENTRICITIES AT~ JOINTS.,
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Moments arising from Eccentricities in Connections.

U,
Typical: At U, horizontal RESULTAMT oF 26.7 "
components equal to 36.7K WEE MEMzens ?\\\\ ?!75"
AL o i e
are separated by a moment arm ,m' qobéﬁ-"—~$r§<%\nK_ Y

of 1.75" and produce a moment §
acting on the Joint ;
= 36,7 x 1.75 = 64.2 K~ins.
This will cause a clockwise moment to act on the end of each
member at the joint. The total moment will be distributed between
these members in proportion to their relative stiffnesses. There
will be some carry-over of moments to other parts of the truss,
the whole being finally balanced with the respective resultant
moments at the joints where eccentricity occurs.

Joint U, U, U, L, L, L,
Resultant 36.7K 28.8. 21.0 44..5 36.7 28.8

' Beet'tridity 1.75" 1.50 1.20 3647 343 3415
Moment 64,2 43,2 2542 154,3 126,0 90,6

Moments at joints due to elastic deformation are calculated by
the method outlined on p.1l09. The two sets of moments, before
distribution, are as below. (K-in units.)

MOM.LOCATION. | DuETa £Ce, |[DUE To DEFRMNIMOM, LOCATION | DUE 1D £, DU: i *ﬁ CURMA.
UaU, 0 +394 U, U, -30 +394
U, U, -27 +277 Ul -20 +277
U Us -20 +210 U3 U, -12 | +210
UsUa -12 +101 U4 Us 0 +101
LoL, 0 +76 L, Lo +44 +76
L, Ly +53 +59 L,L, +13 +59
L,Ls +13 +46 LyLe +11 +46 _
LiLg +11 +25 Tals 0 +25

[ UL -4 +32 L, U, +36 +32
UpLo -2 +15 Lo Uy +5 415
Ualis -1 +5 LUz +3 +5
ULy 0 +25 L, U +21 +25
Ui L2 -3 +27 LU, +6 +27

i U,Ls | -1 S +l2 LU, +4 +12

| Usla § 0 +3 L4Us 0 | +3
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The following table gives the moments resulting from the
distribution of the two series of moments, and the bending
stresses at ends of members due to their combined effect.

" S — —

LocaTion | MOMEYTS (‘Daa‘f:{;w GTE SECTTION MODULUS BENDING STRESS
av .

- e . . — )

MOMENT L ECC: DEFMNL | TOTAL | HIEL TOU HULL TOE

YT, —10 4 #51 -5 15.8 ' 7.7 1 =0.3 | +0.7

UUp | =35 | #25 | =10 4 » . " +0.6 =1.3

UU, =40 | =9 [ =49 | v 3.1 | +6.4
UpUp | =27 | #14 /=13 | " i " +0.8 | -1.7 |

+14 1 =13 " M| 0.8 | -1.7
UgUp | =16 | =T | =23 | v =1.5_____43.0__

! " o T : {

(UsUp =i | 418 ¢ #1 . v | om0 -0, 40,1 |
UsUs | =9 | =12 { -21 . o | w -1,

L UgUz - -4 445 | +41 " . 2.6 45,3

L, | O ol o &85 ' 25 | 0 . 0o
Lo | +44 | 433 | 77 1 v  m 9.1 | =30.8
L,Lp, | +55 -9 | 446 L L ~5.4 i +18.4

: o ] T . 1

L,L,
L,Lg
LzLa

+

N
O
o
4

no
O

" +3.4 1 -11.6 |
#8 | +3 1) o ow b o131 a4
{ 5 +2.2 1 7.2
LsLy | +11 0_ +11 R T I 5 I B
L4ls | +5 | +13 | +18 " " 4202 L =T.2
UL, | +13 | =14 | -1 3.2 | 1.5 +0.3 | =0.7 |
L,U, ‘ t +540 -10
UpLoy -1 | -5 -6 | 2.2 1.1 | 42,7 5.5 |
L,Uz | O -4 =4 " " =1.8 | 43.6
Ul | +1 4 -3 1.9 0.78 1.6 -3.9 |
LU, | +2 =5 | =3 T " “1.6 | +3.9
UL, | +10 -5 | 45 3.5 | 1.4 +1.4 | -3.6 |
LU, | +21 T R - T T -4.3 | +10.7
U L, | =2 2| -1 3.7 | 1.6 ~1. | 42.5 |
L,0, 0 | 41| +1 | w7 -0.3 | +0.6 |
UpLy +1 -2 | =1 2.5 ¢ 1.1 0.4 |
LaUz +4 -1 | +3 o . 1.2 - 42,7
Us Ly 0 -2 -2 1.9 0.78 ~1.1 . +2.6
LU, 0 T N S T N | =05 41.3 |

+
i._l
no
+
o
+
H
(63)

+
W
&
|
',.J
©
+ 3
H
o
{
}..!
(@]
*®
..q

Moments are in Kip-ins.; Counterclockwise +
Stresses are in K/ sq. in.; Tension +
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STRUCTURE 49" Truss A%2

) " : F) »
- 4@ £ = 25-0 ]
9 Z |- [q*
S \1 v 2 dvds
P —3| —52% |
N SRLs % 0.4
NI PANYY % A
nc‘0 ‘t;i e &ISI: /i-q‘\t*
i o 3 = A% <
v-j' oY & rb +68 N -
"095 Lo L 2 JL 5xk « 7o L A 2%
3" ‘
|3 Booy L3 !
;’I‘I;S‘l | 2
&. MoMINT  DuE 7o Cre:
= 68%«< 118 4 19% To

= 6)3'5 Kol j

WoRWWG LNt ~N
. % \‘ g -

Back of ANGES S

ECCENTRICITY AT JOINT Li

AT U, MomenT UL = 194,89 = 11.2 K. )

MoOMENTS DUE To ELASTIC DEFORMATION FOUND BY APPLICATION OF WILLIOT DIAGRAM,

SUMMARY OF SECOMDARY MaMEMTS AS &ININ BELOW!

LocATIaN | BUE 7o WE To

MOME T ECLENTRICITY | DEFORMATION
VoW o + G
UWWWa -4.2 “4if
Lol e +126
Ly o+ 9.3 o
Uolu o +64
Uity -2 + 13
LUa + 1.5 -«

LocATion vt To DUE TO
Mok ent | ECCERTRIGITY | DEFORMATION
U Ve -5 “+ G
Ua O (@) “+ [
Like | +242 +12¢
Ll L -14.8 )
L; Uo +23,7 -+ éq
L, U *%.3 + 1
Uz L\ o + 2
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Distribution of the unbalanced moments gives the following condition.

LOCATION | MOMENT [ SECTION MODOLOS | BENDING  STRESS
of . 3 ‘ -
moment | (K-we) ToE 1 Henu Tou

__Tolu -7

xI
2
i
-

[4

Uil | 3

. J
Oy
n
L]
]

Ul Ul W
{o

:Ul Ug =11 " i -6 2.1 | -=2.0 | +5.5

Ul P 0 S AP T R B SV R RO

11, | o S
Lo | +52 | 8.3 | 3.9 4.3 . -13.3
LI -2 ] e E 00 B e

L, L, +2
Ue Ly +7
LiUs . +34
U, L, -3 i
L, G, +3
L,U, +7
U,L, +7

*

N
O
e -
o
+

H
®

(8¢]

S
o
L

~3
o
+
}_J
[ 4

m

i

°
\n {
]
©
H

{
n
L
w

iR o olol o v
L]
MO O DWW Www o
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STRUCTURE "43" TRUSs B32
- 4o (3" = 25-0
Vs Yy 0
" ns 2| s 125
C.Q’_L_. Q—1r—4x35x% v v
T —r_‘. | ~325,0
N 22‘7‘ c§ v /L‘\*
VAN Y ol r ~ YL A
9 TR EF g
v'(‘\‘y . "*'4'300 /
“SF A 2L 4135 <l p
~ Ly Ly
0025

MOMENT AT L, DUE To EcoNTRICITY = 6.0 kow D

Hs,

2025

FOR Tis TRUss, THE MOMENTS QuE 7o E(CENTRICITY AND DuE To DERORMATION
WERE TREATED SEPARATELY For PURPOSES OF CoMPARISON .

LOCATION| DU To' | DUETO | Commmtn | SECTION MODULUS | BENDING STRESS
M::ﬁuf TCLENTRY [DEfForMATM,| MoMENT | HEEL | ToB HEEL TOE
Uabh | = |2 -+ | RN i 6% | 2% (-7 [+4%
UVe | =10 + & — 4 ) " +0.6 {~17
U\l --5 -3 -3 ] 4 -1 —1-3:;
U Uy -3 “ & + 3 " " -8 41D
Lo by o o Qo 46 | 16 @ O
L, LQ ¥ 2; -+ 3 -+ 2% (1} » - én‘ —‘746
LILI' -+ 3 "'% -"g L} " —lnl "'3-(
LfL( "g *‘3 —5 L] " "-'\" *3'1
Uoly | +12 - | -+ 1\ 4.4 20 j+2%5 |-55
Ly Vo | +37 -+ 4 “ &1 4,4 | 2.0 {=9.% |+20.5
LV | +9 o + 9 164 W (55 (=119
UL | +5 -+ 2 + 7 .64 6 =47 |+9.2
|
VIR -4 + 2 ed |76 |- 18 |+4.0
LV |7 -4 413 Lot | T {4 |-VT
MoMENTS IN KIP-INS.
TENSION <+ COMPRESS\ON =

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

STRESSES |

+ INOWCATES COUNTERCLOCKWISE MOMENT APPLIED Ta MEMBCER .



W

G.

1G
STRUCTURE '49" TRuUss A4
N . ) L
) - SPAN RO -0 g
- 4@ G- =259 y
Vo Vi . Oz U3 G
; = [ o -
4 0 —-120. "'"255, v
P 2T BxGxi | /\
sl | Pue, o Ty G
ol NI +g 3l NN v
T ‘Af *E \ T MU Us /,\(’b
Vgl +205, ST +274.
Ly L4
1‘21\}'0 L[ 2-'"“" 8)(6)( /8’ L3 S,
70 AR,
MOMENTS DVE 79 EccoNTRIUTY ! 3
AT U, = 732 x-ms) AT L, = |50 V--'NSBA AT Lz= 12l ;z—wg
MOMENTS  DUE Ta ECCENTRILITY AND To FLASTIC DEFORMATION , AND
BENDIN G STRESSES CAUSED, ARE . TABULATED BELow: |
F’-WO"F""O” MOMENT | SECTION MODULYS | BENDING STRESS |ILoCATION) Moment | SECTIoN MIDULUS | BEnoive STRESS
MOMENT | (k-n3) | WeeL | ToE | HEEL | Toe [MoMenT | (k-1wsd | HEEL | ToE HEEL | ToE
Vol | =~T0 44851 23,3 |- 14 |4+3.,0 || LiVe | 4Gl 4951 23,3 |-33 6.9
UVz 1~ 153 " v -32 4+ 6% UV | —-63 " w +13 =21
Uz, 03 -172 » " - 2.5 +5.2 U‘bu‘l. -+ cls W " - 1.% +4.1 .
UaUs | — 94 " " - 14 |+40 UgUs | 5132 0 « -72.%2 +59
Lol o) 347 | 1LY o o Libo | =36 | 347 | I8 |= 1.O |+3,]
L|L3 "'3' [l " -\"Ooc? - ‘206 L‘bL‘ +4"Z. " “+ l.2 _S:G
Laba | = | ! ) 0 =0 di by +36 8 “ 1428 =13
; Loy | =" Cey } 7.7 :-‘.i' &4 ,""3’! : LiVe 1232 £ RO 4 16D
LUz 495 | 12,6 | &5 475 =146 | Uikt 4127 | 12.6 0 6.5 -0 (T
U Lay| X244 | 1.8 23 43,2 |[-L3 JLiUaitsC | TS 3% (=-T05 [H)14.9
LsUa |+ 3 | 25 | Ll 4.2 =277 fUals |+7 |25 | 14 (-23 (64
Uy | =2 | Le4d | 76 |+0L2 |=26 | LV |~ Lot | e |06 |+13
Unly | =] le4 | Te l+06 |=13 | LsUs] o .64 | 76 | O 0.
. MOMEMTS 1IN - K-iNS . (_"QUNTG;ﬁ".CL-QC.KW\‘aE MOMEWT APPLIED To MEMBER <+
STRESHES 19 KANT  Trwsion +  CoMPRESSion =
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g The analysis of the foregoing trusses showed that in a
rivetted truss, the secondary stresses due to eccentricities
at the joints are usually more iImportant than those due to the
elastic deformation of the members., The local bending caused by
the latlter tends to be distributed through the truss. The local
moment caused by eccentricity, however, cannot be dissipated in
such a manner; it is, to all intents, an external moment apnlied
to the joint, and must be resisted by the resultant of the moments
developed by the members meeting there, Only in truss A84 of
structure "49" was this not true, owing to certain peculiarities
in that particular truss. In the larger angle sections used, the
dimension between the first gauge line and the centroid was quite
small, so that the actual eccentricities were also small. At the
gsame time, the low.value of the depth~span ratio and the large
loads applied enhanced the stresses caused by deformation of the
members. :

In "simple-span' design, trusses usually have a zero-stress

o panel of chord'at each end. This member is supposed to ve free

| from axial loading. However, it is conmnected in some way to the .

supporting steel, and even if this connection is not designed
for any particular load, it will still provide sufficient resist-
ance against vertical movement of the chord, and will therefore
contribute to the rotation-resistance of the chord at the nearest
panel point. In the analysis of the bending in the truss members,
the chord mo connected has been treated as a member with a hinge
at the support, but continuous at the panel point,

An assumption sometimes made in the discussion of secondary
stresses, is fo the effect that at any connection where an
appreciable moment tends to develove, there will be some slippage
in the vivetted joint, which will largely relieve the local stresses.
This is a convenient assumption, but it is difficult to justify
when the results of some experiments on rivet capacities are
considered. On page 118 some of the rivetted connections in the
gelected trusses have been checked for the probability of rivet
slip, and no connection could be found in which the calculated
capacity of the rivet group to develope moment without slipping
did not exceed subsgstantially the applied moment.
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RESISTANCE OF RWETTED CONNECTIONS To SILiP
PATA PROM PAPER BY BENDIGO, HANSEN AnD RUMPF (19) ForLows:

RIVET sHEaR STRESS AT SLIP = 243 ¥/n» G
TAKE VMUE oF sSs. 4 Rver T 103X s5. %" pver = 149K

D.S. 9/-*-?'“ Rwver © 219" D.'S_7/2" River = 298X

(7. V10,1, 112) sTeRueruas 75" Tevss T2.
LARGE  BEMNDING STRESSES. L, Vo IS w-m.

) i . K@ 25 .
MSLIP CAPAUTY OF GRovp @ 2x21.8 x 625 = 272
%" ps
21.9% 315 G Rivs, RS,
2’( ——-—g;;[,;—”' x 3"75 = 97
2" » "-
2% BeIXI2S 125 = 7
NG K-,
THE  SMALLEST CONNESTION IN THis TRUSS — b d -
HAS  SuLP  cAPALITY ofF | &,1{2;:

| 2% 21825 = 109.0 K-,
COnCLUSION — SLIP IN THE JOINTS oF THIS TRVSS VERY lMPROﬁABL‘f’.

| W
(P 113,114) steucTure 49 TRU>S A32. o, us. L
SHMAVLEST ConlNECTION W THIS TRUSS 24

1§ GOop FAR

2,( 2‘1%’( ‘025 = 54?05 k"”u‘

MAhkul NOMENT (QccuﬁRle. IN A CONTINUQUS 64(477“’} = B2 k-,
o - ¢ - W A G-RIVET CONNCeTion ) = 34 K-in,
CONCLUS IaN — S N THEE JONTS oF THIS TRuSS VERY IMPRIDABLE,

15 STRUCTURe 44" TRUSS BR2.  sAMS AnaYsis AS AS2 RBOVE.

@ - " ) s -

(p.116)  STRUCTURE 49" Trus: As4 2" ks, D5, =0
SMALLEST CONNTCTIUN IN THIS TRVSS 2
HRS  SuUp cAPACITY —  29.3x 3 = §9.4 k-w.

SUCKH  CONNCCTIONS REQUIRED TO CARRY NAx, MAM, = 7. K-,
LARLER CoNNEcTioNS: Vgl MoMENT = 127 Ko, T b fff_er\h_
2)&‘2‘%3; x4:5"“ - 262 N C,} g
15 . '
2 % 29.3 scbql,.gi S 30 ;5 \L3 2
2x 27'%)(4,';*!'7 = 33 4 o~ "I"” i i
336 K-IN. % Rws, P

BY INSPEUTION OF OTHER CoNNECTIANS IN THIS TRVSS, IT APPEARS THAT
Rivet Suf 1S NIT PRODABLE, ‘-
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Trusses, like beams, may be designed on the assumption that
the ends are freely supported, and yel may develope end moments.
Designers sometimes try to minimize such moments, by such devices
as providing slotted holes in the connection at the end of the
"null"chord member. Cambering of a truss could theoretically be
so contrived that an initial moment would be produced at the ends
of a truss equal and opposite to the end moments expected io
develope under the vertical loading. Camber is rarely provided
in exactly this way, however; while the lengths of truss members
may be so modified that some negative deflection ig introduced
in the line of the chords, at least part of the inequality
which should be made in the lengths of the chords, is restored in
the end panels, with the result that the end moments are only
reduced, but not eliminated. The reason for this compromise. lies
in the difficulty of making the field connections in a fully-
cambered truss; the erector’is not prepared to generate the
necegsary positive end-moment.

In order to obtain information regarding the secondary stresses
in a truss~column system, portions of two structures, "O05" and
"790" have been selected for analysis. The first of these consgists
of three bays, the columns at either end being without loading
on the far side. The system 1s symmetrical with regard to truss
loading and design, but unsymmetrical in that the exterior columns
are not alike., The ftrusses are of welded constructilon, with
negligible eccentricity at the joints, and the connections at
the ends of the top chord, where the zero-stress members are,
are kept to minimum propertions in order to minimize the end
monments in the trusses.

In gtructure "O5", the calculation of the moment-rotation
factor at the ends of the trusses presents socme special problems.
The magnitude of the negative moment which could be developed
ig limited to some extent by the detail of the top chord connection,
which can develope only a small tensile reaction in the plastic
condition. The moment is augmented, however, by the rather deep
welded connection at the bottom chord level, which in itself
possesses considerable moment capacity. The combined effect is
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PN

represented graphically on page 126.

The distribution of the moments at the columns resembles
that already noted in beam spans. The interior columns receive
very little bending, while that in the exterior columns is
greater, resulting in bending stresses at the tops of the outer
columns (left and right) equal to about 2.5 and 3.6 ksi respectively.
In the trusses, the end moments have the eflfect of reducing the
stresses in most of the members from the calculated simple-span
stresses; hence the effTect of the secondary bending is to some
extent offset by a reduction in the axial forces in the members,
An exception to this is found in the "null" panel of the top
chord.

The truss-column system from structure "790" differs from
the foregoing in several respects. The column at the risght-hand
side is unloaded on the outer flange, owing to the presence of
an expansion joint in the building. The column at the left carries
a truss similar in design and loading to that shown, and may be
regarded as carrying a balanced load. This has Jjustified the truss
detailer in adopting a form of connection which, by itself, would
impose a large moment on the column. The connection at the right,
in contrast, is arranged to produce a vertical resultant at the
centre~line of the column; this requires a much more substantial
detail. In this truss, the "null" chord panels are at the ends of

thie bottom chord, which means that they are in compression when

end moments are developed. While the connections are not large,

they are still capable of transmitting a substantial compression
reaction to the column.

The top of the left-hand column is assumed to remain vertical,
due to the balanced loading. The base of fthe right-hand column,
which is desigﬁed for rigidity, and is embedded in two feet of
concrete, is assumed to be fixed.

Other significant features of the connectlion detalls in
structure "790" will be developed later,
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STRUCTURE "O5  THREE -BAY BENT.

,M

X 39.5%" __doto” o 40-0" '
! ! | ; o8
1 i A
I ZONPL | N¢
C TrRuss €3 1| (TRyss A3 W1 TRUsS A
e & ‘ W I ‘ o 0
& ol 0 w2 :
B £ wiey MiA o o
l { 1 %l Bl %19 N
3% 8|3 83 HE
J4i 4 A i A
AR " GLgu ! b
@ -3 N
€3 |, 6-lz" = 5
2l2% 2.2 2.2 22 2.2
#s.m'@n w Y |
i -—*
' & ¢
KSR < i :
FAE &R
q,'% ! N 't:\ ' ﬁ
A 213 IS J{ A
457" |
DESIGN DATA FoR TrRussEs A3, C3,
ALL SHoOP CONNECTIONS IN TRUSSES wELbéD ; el CONNELTIONS TO COLUMNS
MADE WITH % Dia. WIGH STRENGTH BOLTS,
WELPED JOINTS DESIGNED To ELIMINATE ECCENTRICITY.
|
||‘
& } '; . 2 o
S M ! ey X4 I‘F'h jum| ~4+ F ] B
N S B | ‘ {L—\\‘\'”])A ig" llte— ["Dia. % 102" grrecnve
1. A . =
' :r—4 U A il LENGTH,
= 2
CaR -
i N—e ot
< . , s | = , s » ©—
Q ¢ ¢ @ E b A...,,w._..,_w,ﬁ.,,-h . —
P== : 4 b
| LG9 s
Q" ) ' ‘
18" ’ I‘4
. CoL.B28 . . cols. DIS , CoL.HIS

coLumn BASE DETAILS,
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CONNECTION TO

coLuMN  B2%

ConnNECTION TO
CoLumns DIS Ris,

DETAILS oF TRUSS-TO-COLUMN CONNECTIONS,
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ToP CHORD CONNETTION To COLUMN 1S A "MINIMUM " CONNECTION . CALCuUL ATION
OF BENDING STRESSES IN THE CONNECTION ANGLES GIVES THE APPROXIMATE TENSILE
CAPACITY of THE CONNECTION AS 5‘: CORR,ESPDNO!N'G- WITH DEVELOPMENT oF A
PLASTI, BENDING ConDITION.

S

ANY. ROTATION OF THE TRUSS RELATIVE TOTHE CoLuMN wiLl BE RESISTED 8Y
DIREST HORIZONTAL REACTIONS AT THE CHORDS., IT WL Also BC RESISTED BY
THE AMOUNT OF RIGIDITY INHERENT IN THE BoTroM CHORD CONNECTION. THE
LATTER 1S DETERMINED BY The BENDING OF THE PLXTE EALEMENT WHICH |$ BOLTED
T THE CoLUMN, AND BY ANY BENDING WHICH MAY OCCUR IN THE CoLUMN FLANGE
OR WER, AS THE CASE MAY BE,

fienge 433"
Ly o
P % ‘PLate
For Tension = 72 PR (" TRANSVERSE STRIP oF CONNETION,; \ ﬁ/
PeNDING MaMENT IN *a"m = L(): 48P k. gt i
n AN "Gc'—‘g f
w " ) g.i(,_;:.> = ,4_,5'.? =
; : 2
4
PR | sTRiP oF PLATE, Tt 10104 w*  S= 047 W} iy
" " oF RAANGE T= 00076 Ss 013 " CONNECTIoN TO
o lovF 33" FLan g,
Benbinte S7Rtss in PLATE = -,%7:;“ = 10.0P %>
" - N PANGE - 5P
™ oBB 1237

 DERLTION W PLaTE LT L SN NPY:
90,000 x « olo‘}- »

. PPN SPx.33 k2
ff * qa ooo . 00010 - OOOQ41 P

\F 4 R AATERIM. = 40 K$T ; BLASTIC LWMIT FoR FLANGE WOULD vCCUR WaHEN
13.3P = 40 0oR P= 3.0%
BLASTIC LIMAIT FoR PLATE WRVLD BE REACHED WHEN P= %= 40"
CORRESPUNDING DEFLECTION WOULD BE ! PLATE, *0006I2x% 40 =0024€F
AANGE, 00044 x 3.0 = 002823 "
THE DEFIRMATION W THE SoLVHN FLANGE wile BE MoDIT\ED “To SomE ourdtiT Y T
CONTINVTY  oF THE TAANGE. T wii 68 AssuMep, TOR THE PURPOSES  ofF THIS CALCULATION,
THAT THE FLANKE AND THE PLATE WILL RESIST THE TENS1ON EQUALLY, AND THAT BoTH
Wikl REALH TWE WMIT OF BLASTIC BEHAVIOVR wHen P= +,o"/mo THe CoMBNED
PefLEcrion = 1 005" |
\F THE CENTRE OF ROTATION OF -TWE CONNECTION BE TAKEN AT THE LoweST PAR oF Bouts
THE EPFECTWWE DePTH wouw pe 21.28" G
MoMENT = (4-0)(21 zs) = LOZ2 Kav.

ROTATON = —;—"2‘%’%— = 255*1'0 m
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MAX. NoMENT DEYELaPED AT PLASTIC MINGES

k"
~ = Bba' o dex1x025 o 5 g e
g 4 < P
N
‘. MAXIMUM VAWE oF P DEVELOPED = 2( 3) = cot” Y
THE PLASTIC CGONDITION Wil FIRST OSCAUR AT THE Top P
OF THE ConNITTIoN ; WHERE MAXWIUM TENSIN 1S, AND
WiLL PROGRESS DoWNWARDS, ' | bl
THE TOTAL NOMENT DEVELOPED N ME CONNESTIaN =
. 1
Wite. BE: <
Mo Sxat  G(2125)(zl20m) & o
=3 7 2 >
1 -
= 2%1'-‘- 3(2].'35'*‘) Co x N
y N Y
H
IF TE erecTion AT X = 005 (A?mommmw)
THEN THE . R«n'r»:non . 19-%5- o
THE CURVE BELOW 5SHOw:s The MOMENT- RITATION RELATIONTHIP For
THAS CoNNECTION .
4
18
Xia
D
V400 t
Lo T T T - - K
[AY —
1200 I - l/"“(, z.
E : x
O
tooo t % ?‘
L 3
500t . 3
A »xt a5 - 3(21.751«1') M P x\0
¢oo} NOTE: THIS CURVE oMITS 225 1431561 o | o | 903, r235
wol TRUSS MEMBERS, SEE 1.0 | 225. | 220 | Ggo. | WD0- | 333
FOLLOWING REVISION. 6 . 0Q| 190 {35156 | l055. | 1255.| 500
2s, %0.} 1330.]1.000
200+ 5.09 426.5 | 12 30. 1 _
Ro*rA'nom oF TRUSE» RELATIV‘E TO ¢ O‘F co:.-uMN
0 0007 10004 0006 10008 .0010 RADIANS
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THE MAXIMUM MOMENT WHICH CAN BE APPLIED To THES END
OF A TRUSS AT ONE OF THE COoNNECTIONS T© CotuMnl
FLANGES, WiLl. BE —
DUE To HOR|ZONTAL REMCTIONS.= 5 x 665 = 3373 Ketpd s
DUE To RIGIDITY of B/C CouNECTION, Me = 1350 K-
TOTAL MOMENT CAPACITY = 1683 k-
| (sar 1630)
THE ABOVE MOMENT CAN omnx B REALIZED IF THC
CONNECTED "TRVSS MEMBERS (AN DEVELOPE THE AXIAL
LOADS AND BENDING MOMENTS SHawn.

THE END DiAkonAL, 2T 4x3hul ES"““’ 5'0{1, 58 o~
Sros = 21
THe Batrom crorp, 21 3@ 1157 gs = lC,.Q}I‘ 646

A
DibcanaL., K= T = , 06458 v
RELATARE STIFFNESS oF MeMPERS Ak ( ?’3

CHORD l<=-—-5- = 4310 (47

4758
' +3M J3M
MOMENT IN DiaGanAL = DM, BenpiNG STRESS (HEe) = + 5o (7o) = — 5
’ " chagp = ‘8T M " " T 4B = + 'f:’;"‘

THE BENDING STRES3ES MAY BE WRITPEN, +.026M¢ = 062M., 1 +054M REspecTly,

AXIAL STRESS W DIAGINAL. = -4462 = —12.25 Y»

L.} -

N CHORD - "‘lﬁ(:’-:,—z-—‘ +4~‘23/~

ELASTIC LIMIT WILL BE ATTANED IN DIAGONAL 1F  —12.25 + 1026Me =-40.
| =12.25 = 1067 M, *=40.

oR M = G488 men, 6»\3,4“4;)” SoLVTIu'J)
IN cnoRD, 433+ ‘O54M. =40, , or M= é.‘.‘_’___.‘.‘_:*:‘;

FRoM THE ABOVE (T APPEARS THAT FoR ANY VAL of Mo GREATER THAN 448 k-w.,
THE  END PIAGINAL Wik EXPERIENCE oMb |NED STRESSES AT THE ANCLE ToeS
IN EXEss oOF 40 KSt , THE ASSUMED YIELD POINT, VAWES ofF Me orEATER

THAN THIS WOWLWD BE ACCOMPANIED BY PROGRESSIVE PLASTIC DEFORMATION N THE
 DIAGANAL.,

Bour STRESSES ,— WITH TUNSION AT -THE ToP OF THE BRACKET AT 175 MAXIMUM
VAWE aF 6"/lw., -rur To® Two BOLTS WouLd BE EYPECTED Ta CARRY = 2_7§=\\'.'15K€A1
SINCE THE smes,es WITIAL TENSION IN A% ws.BolT =A2$.4'§ \T 15 EiDENT
THAT THERE WiLL B8E NO(ADDITIONAL) BOLT ELONGATION .

AN
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THE PRECEDING CALCULATION SUGGEITS TuUaAT THE MAxiMuM END MOMENT wiicH
CAN BE MAINTAINED AT THE END OF THESE TRUSSES'|s APPROUMATELY |
DUE o CHeRO REACTION — B3O
VE To CoNNEcTIan AT B.C,— 470 = Mc
00 K-ins. =M
THE VALUE 9oF Mo CORRG-SPONDS wrm A ROTATIN IN THE CoNNECT/ON
PROPER = 183 x 10 rAD,

THE  SIMULTANZOUS ROTATION OF THE ENPS Of THE TRuUSS MEMBERS

- “Mooxta RAD. .
THE COMBINED EFFEET IS 7o ALLOW THE END OF THE TRUSS 7o RITATL :
(7900 +133) x10™® = Y083 xi0™ ras,

AN APPROXIMATE CALCULATION OF THE SIMPLE -SPAN TRUSS 4ivES A VALUE Fvﬁi"
THE END ROTATION, UNDER THE GWEN LOADING = 835 X 1075 Rap, THERERRE
THE DIAGONAL AND DOTTOM CHORD WILL NOT BE AS SEVERCLY STRESSED
&S ADOVE,
WE HAVE TOTAL. MOMENT AT END 0F TRVSS = 330 +Me K-
ANGLE oF ROTATIoN N CoNNECTIoN = 0,290 x 1070 Mg

" " - N TRyss MeMBeRs = 16, % xlO T M
v Tota. ROTATNoN OF END oF TRUSS = 709 x1o b Mg "o = ¢
_¢ 7.9 10 Mg . L

RM:O Mm = 330 + Mg — R

40y
‘ / M 266. | , -
3001 V§¢= -Sbdx10°F : Me | M ¢ x0
wﬂft\ CURVE REPRESENTING ELASTIC CanDiTiaN N : 20 350 | 344
! TP CHORD CANNECTION, 7 : . 10 400 [|203
2001 172.0 | 450 |2063
oo | 430 | |17719
[0 340 ANT2
|
V004
|
0 2 F 6 . 8 o . 12 !4 té 1:9. - fa xio™t RADIANS qb
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IN THE MIDDLE SPAN OF THE THREE~-BAY BENT (F.AEZ) THE ROTATIONAL
TENDUNCIES Wikl BL APPRORK IMATELY BALANCED AT THE CcOoLUMNS DY THE

QUTER SPANS, THIS PROVIDES A CoNVENIENT PLACE FoR THE CALCULATION
OF THE END CoNDITIONS.

T er Truss = 13,590 mF

I
K=4 = -'-i—'-‘:f%?f‘ = 2%8.39 2EK = 60,000 23.39 = ;734,000
"Fixep -eNd" MoMenT = 3182 Kews.

y £ 192 -b
Free - ' RoTAT, - FEM - 2 = .
cg. END N > (734 10 1825, xo

THE EQUVILBRIVM  ConDITION FOR THE TRUSS WiLL

2 | —FIXED=END. CoMDTION. ACTURLY FALL BETWEEN THE “Flxep-end’ anp
) :

“FREE-END" CONDITIONS, AS ShowN GRAPHICALLY -

PELOW., THIS SHUWS THE MOMENT AND ROTATION

WHICH WoULD OCCUR |IF THE COLUMNS WERE TO
REMAIN VERTICAL.,

2500t TWe  MOMENT- RoTATLoN RELATIONSHIP Mm' BE
: " of oProste
WRITTEN ! M= 330 - 53 173 47 i Sl To M

1000

{500

Yo0g -

500
400

300

200
100}

1 $=159 1 x0 ﬂAD§ '
| I
B } .
b e o —— e ¥ A

R & ==)Nqx10 M + 5672.7 vic™°

THE ABoVE 1S APPLICABLE TO CoNNECTIONS 7o COLUMN

FLANGES: HowEgueRr, SINCE THE MAXIMUM MOMENT, AND

MoOST oF THE ROTATION, ARG CONTROLLED BY PROPERTICS
OF TRUSS MEMBERS, THE ABOYE EQUATIONS MAY ALSO
BE APPLED To-riz COLUMN WEB CONNECTION WITTHQUT
INTRODUSIN & SERIOUS ERROR. THE M4 CURVE BREAKS
\ AWRY AT THE LETT-HAND END, 0 THAT TUE EQUATIONS
\. Ds NOT APPLY To WALVES OF ¢ Baow 1o7f gaciws.

M o= 42D W-iN M/Cf CURVE FOR TRuSs & CONN,

EQUILVBRIVM z

-4
8.354 10
! "
i — SIMPLE-5PAN CONDITION.

2 € | K 13" 20 x10™% RADIANS
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ForR Low VALUES oF 4)) M BECOMES NEGLIGIBLE, AND TOP CHORD CoNNECTION
REMAING EBLASTIC, USING THE MEMUD OF CALCULATION DLscRBED ON b, 86) :
WE OBTAIN Thrse FQUATINS!

CaNNECCTioN To FANGE ! CONNBCTION To WEB: °
28450 setion; T = -00637 S= 10403 (Rr BoTw)
=0
2_,: /.52 (Qp, “TENSON ‘N'C#D'RD,> t‘ 5 Zz
* O,5q v o
M = -32°P . Mpg = 475 P
" | $366 P
Mga = '7OP « Mea = *2€
A = +001375?P | 4 =:0003GP
. = -G ‘ -t
Raration = AE1Exl2 L RuTanoy = 62215 P
- | -G
s 289210 P Roo. = 54 x10 P Rav.
\ - o AP .
MAX. P\a" ',’,ﬁ%’% 2 20P Y~ mx'%’ 0408 = 1P Wit
fer ‘Cb =49.9, R = QIQK Pe = 3.45k
Me-: 2 %x2,0% 65 = 206, K- Me. Z 22,945 4665 =2 459, kow,
P *  56.4 x (0™ Ravrmve ‘ e = 18,6 10" RADINS.
-~ —L’
3}" = Q212 » IQ" _ji?,g_ = 0.0405 xlo©
Me Me

DEFORMATION ©OF FLANGE AND WEB, Re*spec'rwafw) HAS BEEN OMITTED FroM
ABOVE CALCULATION, IN BOTH CASES SUCK DEFORMATION WiLL BE GREATLY
( REDUCED BY THE DISTRIBVTION oOF THE LOAD OVER A STCTion OF COLUMN MUCH
' WIBER TWaN THE SHORT CoNNECTION ANGLES ] WN ADDITION, THE WES IS
RENFORCED BY THE FPRESENCE OF A SHELE-ANGLE ON THE OTHER sIOE.

1T WitL BE NOTED THAT THE MAXIMUM CHORD=REACTION MOMENT AT THE WED ~

CONNELTED pNO WitL BE pRavT S x66.5 = 520 IN PLACE oF D3O K-IN. AT
THE FLANGE ~ CONNELTED END.
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i 470 ol 470" )
A | ‘ B ‘ c —]D
. i : | A
o
0
—
€ 3 & H
2 -
B s = 29.02 28k = L741 xi0© NOTATIoN: JAME As GIVEN
ov p. 98.
K K 12539 2 6 b
Bc’ ep ° W = 2%.39 AEK = I.'7°34- x O
21,6 .
Kae = 535 = +093 2e¢ = 5590,
1704
Kpe = Ko Kou = 232 = 1> 28K = 44, 220.

FIRST APPROXIMATION — iN BAY CD  ASNWME COLUMN (& REMAINS VERTICAL;
ALSa ASSUME THAT Mep WHL APPROACH 'THE MAXMUN (b, 127) Ano THAT
MOMENT  Mpe witk REMMN WTWIN THE ELASTIC RANGE (p,128)

C@CG_ —<P¢_{D = |79 x to‘(’Mw ~ BCTLT 15> (in wineu Opp ASSVMED <o)

TOR CoLuMN BASE AT H, UsiNG THE METHop sHowN of p..93,

B,p = = 16775 x1" My

AT D, (Bpu= Ppe) = ©:212x15 My

FEM. Por TRUSS = 2182 K-in,

Mcp = 1734 x (2 ept d’pc) + 3132
Mpe = 1724 210°( o+ 24,0 — 3182

Moy = 44,@0(299&*' em:)
Mup = 44220 (8o, + 26up)

FROM THESE EQUATIONS WE BTAIN:
M¢D= 4‘25"% K"hﬁ‘. ’
Mpc,“ - 206. 2 K-ing,
My, ™ t 126.2 ¥-as.
MHb= -+ 2?,? W-1m8

Pep= - 1547xlo-6s<m.
Cbpc_ = 4 1705 ;(10'6
Bop = 1678 « Lo~
eup = — 5o nIO—G
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A CoMPLETE ANAYSIS OF THE BENT PRADUED THE FOLLOWING RESULTS!

Map = +16.3 Py Mag = —16:8

Men < - 425.5 Mge = + 1.4
Mpe = =+422.7

Mes = —423.5 Mee = = 14
Mep® + 4249

My = = 126D Mow = 41263

Mm = "‘4.5

MG’C = "OIG

X
x
(¥

\

=+29.9

T witl BE SEEN THAT IN SPITE of SoME LAck of SYMMETRY IN THE CoLUMN
ARRANGEMENT, THE TWO INTERIOR ColUMN$ RECEIVE VERY L\TTLE MOMENT, AND
THAT THUF ANALYSIS oF BAY CD oN THE ASSUMPTION THAT T4e ColuMN AT
C REMAINS VERTICAL 1S VERY CLOSE To THE MoRé ELABORATE ANALYSIS AS
FAR AS THE MOMENT VALUTS ARE GURCERNED.

THE CORRESPONDING DENDING TTRESSES IN THE COLUMNS  ARE|

CoL. AE, 3"WF2% Sy = c.C
Cov. BF, \0'W33 Sk.=7350
COL. CG‘, 9 "

CoL. DH , “ "

-Fb = 7-55/‘7'*"' <TO‘P>

0.05

0104

EXA

0.68 ir (BatTom)

0.02
0.02

0.%5

BENDING STRESSES IN THE TRUSS MEMBERS wil BE &OVERNED BY:

l) ELASTIL. DEFORMATION OF TRUSS UNDER LoAD, SUPERIMPUSING ON TWE EBFPECTS
OF THE SIMPLE SPAN LOADING- , THE AXIAL FORCES Due TQ HIRIZONTAL CHORD

REPCTIONS AT THE COLUMNS.

2) DISTRIBUTION THROUGH -THE TRVUSS OF THE BENDING CAVSED W THE ENDS OF
THE BOTToM CHORD AND IN THT FND DIAGONAL, BY THE RIGIDITY oF THE

Botrem CHARO C(ONNECTIONS.

3) BENDING DUE TO BCeBNTRICTY AT JaNTS Wil BE Nib, SINCE IN THE
DLrans 98 THE WELDED TRUSSES, THE CENTROWDYE OF THE MEMBERS
C WAVE  BEEN MADE CONCURRENT AT THE JOINTS.

.
.
RSy
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EFFECT OF END MoMENTES oON TRUSSEY ,

AT TiE INTERIOR CoLUMNS, TAKE MOMENT = 424 k-ivs. FRoM PREvVioys
ANKLYS S (\o. rfze,\zfz), THE VALUE OF THE MoMEMT AT THE BoTTom ChoRO
CoNNECTION M, = 424 ~330 = 94 K-IN. T3 Witk BE DIVIDED
BETWEEN THE DBoTToM CHORD AND THE END DIAGONAL THUS!

DIpGaNAL! A4 x 12 = 12,2 ke
CHarRD ! 94 x 87 = 8L3 KN,

Rererence (17) SUPPLIES A METuop OF DISTRIBUTING EXTERNALLY-APPLIED
MOMENTS SUCH AS THESE, EXTENDING- To THE ADTOINING PANELS ONLY;

U3 ‘ Uz Ul Ue

i ' !
|

i

Loy Lo Lo }

MEMBER, lelz 1, L, Loy Uila U,Ue vyUez L'z\)j 1, Uz

Tux ¢4.6 | ¢46 | 5.3 22 |235 235 | 3.¢ | I3

trreet. L | | 5O 0 q0 a0 70 20 qo 56

K=Z4 | 143} 808 | 065 | 0% | *3%6 | 294 | ‘042 ‘023

M, = - 3.3

lo L2
Miou 12,2

AT U, TAKNG K' R U,Ue® *320 x% = 1252, THe  RCLATIVE STIFFNEDSES OF THE MEMBERS
AT Tue JowT ARE: U Un 4634 U U. 3471 UL, 1053 le ¢ 192,

AT L, THE ROAVE STIPFNESSES ARE! L, Lo 325; L, by 603, LU, 0325 L,V 018,

3 M o . ? ‘ s_ LzUz '0[7.
vz, A= Tes 2L \-~-22
Fomwaror Mo % T2 T T T 2 Timom T 700

: 22 i-l0%
Muso = == "Trge = 733
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M R (1) SO M 12.2 347

’ iy = YT Toom - Y27 Nup 2t T T T 2.5
M0 "-‘ LN = + 0.% Hqu_ = 382 ==+7.9
Miaua = ° o .+ 03 Mure = 932 . 103
Mizus ™ | 2 .. 14 ' *5'7
+ 30,

THE STREDSES TRANSHITTED Benween U, ANd Lg ARG SMALL, AND ARE NoT
RE-DISTRIGUTED .

AT THE EXTERIOR COLUMNS, THE END MaMENTsS ARE ALMOST ENTI(RELY
DUE TO THE HOURIZONTAL CHORD REACTIONS. THE MOMENT DUE T THE
RIGADITY OF THE BOTrom crorp BICOMES sMALL ENOVGH TO BE NEgLECTED ,

THE ARRANGEMENT OF THE HORIZONTAL REACTIONS IS AS SHOWN T

A B C : D
"4
% 3 52 I
.}?i 1 1: 5.0 ‘;'.O <l—v}'
o A4z a3}

ELASTIC DEFORMATION OF TRUSS, SPAN BC; psrow:

l?-? 22 2.2 l'z.z l?—z

P 2 —6o.56 | v ‘ 5o
A 3%, o

B % [
s.o *
A +29. 43258 l ; ‘*—5"’
' 4577 , \
2835 28.35

VERTICAL LOADING PLUS HORIZoWTAL REACTIONS ) FoRcED IN TRWS .
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MOMENTS DUE To ELASTIC DEFPRMATION — UNDISTRIBVTED,

MEMBER | EFFECTIVE ,
MEMBER ?3‘&‘2'6 AREA | LENGTM a%\ E:‘L ;Ei,‘, Ixx 5 S L 6K M
(wips) AN ] L God) = 5 w.oneran] (¥ *) *A =Ep c 'GEK(’

Vo) [+5.0 | 554 | To [+ ¥ |+ (2 | 5q00,| 235 {(252)|- ¥33 | \5n |+ 126,
Uiz 1 -co.6 | 551 | 30 |-1035 |- 863, | 5390.] 235 | 294 |- (74 | 176 |+ 19,
UaVi|-Co.6 | S57| 80 |-10.35 |- 963, | 2400.| 23.5 | <294 |- 304. | 1704 |+ 53,
bab2 {4290 | 672 [\50 |+ 434 |4 451, |}j210. | 64.6 | *4>) |- 148 | 259, |+ 194.
bals[+%04 | 6.72 | 8O [+12.30 [+ 1061 | 2460.| ¢4+.G | 808 |~ 30,9 | 4248 |+ 45,
Lo\y |-44.4 | 3.62 | 9O |-12.2% |- li05. | ¢T30. | 5:8 | 065 |- 155 | .30 |+ 30.
ULy [+40.9 | 2.38 | Q0 |+7.8 |+1646. | 5600. | 2.2 | 1024 |~ (22 | 144 |+ 9.
L2Vs =375 | 3.12 90 [«12.0l |~ 108l. | 2220, | 2.3 042 1~ 258 | 252 |+ 7.
Valp |=2.2 | 202 | 56 W04 54| 1229 023 - 272 | 128 |+ 4

Lo

Rdadd A ? Vb
/ \,

T \ T Nog

WuuoT pasRad, ES,
' ; scae 20

Ly U3
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- Secondary moments and gtresses in truss members (L.H. half)

PR USRS S S
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LOCATION MOMENTS | sEcTion MoDULUS | BENDG S ;
OF DUL O | DUE To gl o ] T ]
MOMENT | perormat. | END Conwi C"MN“”’ EEL ‘ ot HEEL TR
WU | 0 | - | 0 1505 4.27 0 | 0
UUp | 431 | =3 #26  | " 1" 1 -1.8 | 6.6
U, U, | =21 L =3 |-24 § no L 21,6 | +5.6
UzU | 46 TN TGN DR SRS I -PT 0 B YT
U2Us | =4 - ~4 moo| =0.3 | +0.9 |
Uy Up | +25 - | +25 moolm ST | 4549
! | A
LoL'Z +5 +82 +87 16.2 1602 "5 -4 +5¢4’ :‘
LzLo | +30 +30 +60 L " +3.7 | =3.7 |
Lelz | =25 | =27 |=52 no " +3.2 | =3.2 |
LyLg | +60 - | +60 " "ol 4307 | =3.7
LoU, "'5 +12 +7 5.0 t 2.1 +1.4 -303 '
U Lo | =T +6 ~1 noow +0.2 | =0.5
U L, -3 -0 1 =3 2.2 1 L1 | =lo4 | 42,7
L,U, -1 -1 | =2 L " +0.9 | -1.8
Lng -2 "1 "'3 307 106 -0;8 +109
UsLp | . +3 - +3 mooLm 20,8 | +1.9
UL,/ =2 - -2 1.6 | 0.76 | +1l.2 | =2.6
LQ_UQ -2 -1 -3 " f " -1.9 +3¢9
Vo U, Uq Uz,
L La Lz
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From the sketch of the connection details used in structure
#790", it will be seen that the development of moments at the
ends of the truss will depend on the degree to which the field
bolted joints will resist slippage. The condition is somewhat
analagous to the connection examined in figure 53. The behaviour
of the arrangement will have to be considered in two stages;
before and after the tightening of the bolts. In the "before"
stage, while the bolts will not actually be loose, they will
not provide very effective resistance to the movement of the
ends of the truss when it deflects. Assuming that normal erection
practice has prevailed, and that the final tightening of the
high-strength bolts to the specified minimum tension,is not
performed until all the steel in the immediate area has been
erected, it will follow that 'any movement produced by the dead
welght of the steel itself, will not be resisted unless the bolts
are forced into bearing. In this case, it was assumed that 5 k
of the total load of 14 k at each panel point would be due to the
weight of steel alone. The relative horizontal displacement of
the ends of the chords, under this load, has been measured from
a Williot diagram at 0.075". Since this is much less than the
play in the holes, which woulid permit a relative displacement
of 0,125", it appears that the deformation of the truss under
this portion of the load will not cause any appreciable end
moments.,

In the second stage, the bdlts are assumed to be correctly
tightened, and therefore capable of developing the resistance
to slip indicated by the results of research (19). This cond-
ition is discussed in the following pages.
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STRUCTURE "T90°, Truss TI.

' ”

13¢.

< 50-0 e corumns B .
N N " - ) " " ' “ L
fi}, w‘l:@?‘kw‘}, 2-4 M,!‘ -4 ,.m_.,t.,.,_A_,_‘.X._'t‘?j_.____h“_k.__. B4 _,5.._“”‘3:&.% .
| |27 5 %34 | | |
e |14 e | |4 ok
— - AT ¥
— = x : %
o Ry S e Ry, % S
Tl ey g ey d l ol
DING. f & ¥ & b 1“'
T . Y S
Al 24 5x3hx% o &
353 15% 25
CoLumMN . _DESIGN LoAD = TOX RooF Db+l AS SHOWN, cotumnt
" . e “ <&
\4' W78 _ PLUS RANDOM EQUIPMENT LOADS ON 4w Gl
BOTTOM CHORD (NeT snown), 0
N
HEAVY TYPE COLUMN BASE ;
CENCASED \N 2 FEET OF j
| CONCRETE |
1 ’ h fl
94 ., 94
{
i
] - . ‘l\ d}__‘,., w L. d}}\......_._a- — e e e
pd s O b= A
! ¥ : :6"
N fF3 :
e ] |
AN |
3 2
- Lehabx’a | - .,
! ' : s 4&3‘“ Y "W
x i % " -l
WSl \ . * tN o
"3 ‘df)‘ %" Dia, kP RIVET ‘ 5_(;, I;»‘
E ‘ i f oo ! }
& *+‘ % Dia . WS BoLT (F\E:w) | ¥
¢ i
RWET & BolT SPACING GENL D ‘
| ( WET & BouT ACH NG ) 2“4_'3,2‘% \ a
t A % ‘T
i 4 SAME AS OTHER END. %ZaPLATE @E;
arad | Péh.
igfbf NS S——— ’ . e @Cb . 1
{@i & f e et ,__:_...._.“.,.M_-,‘._.:_é ~--@41 é\rm Y W o ..-_.-J
T T
TRUSS CONNECTIONS. C "
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3/4" dia. H.S.Bolt in double shear = 25 K slip resistance.

Three-bolt groups at left top and right and left bottom connections
would provide, each, 3 x 25 = 75 K glip resistance.
Seven bolts at top right: 7T x 25 = 175 K sglip resistance.
These figures correspond with e meximum moment = 75 x 62.5 = 4580 K-in
In the bottom chord connections, however, a lower limit is imposed
by the group of three shop rivets, to which may be assigned the
following value, based on experiment (19): 3 x 22 = 66 XK max.

giving a meximum moment = 66 x 62.5 = 4130 K-ins.
These resisting-moments will not be developed unless the components
of the various connections can transmit the corresponding forces.

The bottom chord connections are quite adequate to transmit
66 X in compression.

Investigation of the connection at the left-hand end of the top

chord follows:
Using method and symbols of pages 86,87:

a=2" b = 1-7/16" For 1" length of 3/8" angle:
I = .00439 in®
M . = 1046 P N
TV S = .0234 in”®
Myeey= 2.08 7 %z = .0352 in®
_ .23 P _ |
N where P = pull per 1" per angle.
Cltlf Bending stresses = l%%%% = 62.4 P K/sq.in.
T 1,08P .
s N LA[:___,[‘ ol ; and. .0234 = 46‘2 P K/Sq.ll’lo
Cﬁ} : . Plastic condition begins at rivet when
i ) 62.4 P = 40 or P = 0.64 K
K For fully plastic condition, M. = My 4= +0352 x 40
L = 1,41 K-ins.
Giving maximum value of P = &-ELedL o141k

If this value were developed uniformly'through the full length (16.5")
of the angles, the reshlting tensile capacity would be

T 1.41 x 2 x 16,5 = 46,5 K
If the connection detail produces more tension in the upper portion,
partly owing to the location of the chord, and partly owing to a
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tendency for the system to rotate with the deflection of the truss,
this maximum tension will not be realized. However, rotation will
tend to be about the more resistant bottom chord connection, with
the result that the plastic condition in the top connection will
develope progressively from top to bottom of these angles.

This calculation leads. to the conclusion that at the left-hand end
of the truss, the maximum moment which could be developed is
46.5 X 62.5 = 2900 K-inS.

Checking the total tension against the tensile capacity of the
rivets in the column flange: 46.5/6 = 7.75 K per rivet, giving a
tensile stress of 7T.74/0.44 = 17.65 K/ sq.in. This is less than the
tensile strength of a rivet. It should be noted, however, that these
rivets are subjected to a prying action, in resisting the moment
developed in the angles. This could produce a rivet tension

= L[715.%2.82 _ 15,18 X per rivet
104‘4' ’ _é_‘,_,_. T V]
: ° ’ ' A S s A "\ .X\""’
or 15.18/ 0.44 = 34.5 K/sq.in. e T
Since the material specification for rivet [y -

steel requires a minimum yield point of 28 ksi

and a tensile strength of 52 to 62 ksi, it appears that the
development of the full plastic strength of the connection angles
might be accompanied by deformation of the rivets.

Connection at Right-hand End of Top Chord,

1" gection of 5/8" thick angle: I = .0203

a = 1-7/8" S = f0651

b = 1=3/8" g = ,0976

MI‘iV. = 1008 P

Mool = 0.793 P

p= <892 - o032 | | et

1" section of column flange: I.= .0222 ' LG

. A, = PE/ 12BI, JUSS ocr el S
_ __P (2.5) |
- 12 x 30,000 x .0222 =
= L,00196 P ' ' =
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Y Rotation of end of fruss relative to axis ReLascare v 1 e

| of column will tend to be about a centre at oF CaNnZETION 3
the bofttom éhord, owing to lack of flexibility 7;””*;~1~~;
in that connection. In this case, elastic ‘ : i ;

deformation and accompanying bending stresses

in top chord connection angles will be in pro-
pertion to the distance from this centre. ‘

. R

If P is the tensile pull per inch of angle, Wi;j I
onecould write Py (at top of conn.) = 64p i *; i

and E% (at bott. " ) = 43p ! f JJ é |

giving a resultant for the whole connection — "‘ﬁgg““i
= Bad P yop1p - 29T Z2ID - 3300 K per angle rrean ]

1t

2244p X total.

As the maximum compression capacity of the bottm chord connection
is 66K (page 137), the same magnitude will apply to the tension

at the top;
;. 2244p = 66, or p = 0294

This makes P, = 64 x .,0294 = 1.88 K per inch of angle.

Prom dabta on p.86, maximum bending in angles will be
' 1,08 By= 2,03 K~-in.

and maximum bending stress = 2,03/ .0651 = 31.2 K/sq.in.

This indicates that stresses in the top chord connection remain -

in the elastic range.

Max. shear per bolt = 2 x 1.88 x 3 = 11.3 K (double shear, adequate)
Max. tension per rivet = 1.88 x 4(abt.) = 7.5 K, causing
f,in rivet = 7.5/ 0.44 = 17 K/eq. in. (elastic range)

Approximate moment arm at end of truss = 54,2" ca
66 x 54.2 I
3577 K-ins. S
Deformation at top of connection (P = 1.88) s

= (.00132 + ,00196) 1.88 = ,006LT" e
Angle of rotation = ,0061l7/64 = ,000039635 rad. ~ .*
¢, 4 for comnection = (96.35 x 109/ 3577 | |

= ,027 x 10°° radians/ K-in. ; ‘
This is quite a rigid connection.

781

Making maximum end moment

S4.1%

L
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In the elastic range, the condition at the left-hand end of the
truss produces the following:

If P,.= tension per inch per angle at distance &

”T: X from centre of rotation at bottom chord,
g P = total tension developed in connection
e = (Peg + By ) x 175
| Put Ps= 64p and Poppr = 46.5p,
e /oo then P = 110.5p x 17.5 = 1933.75p
Sa | N Centre of tensile force is at (64 - 8.29) inches
N ) above centre of rotation,
e . /. Moment = 55.71F = 107,729p K-ins.
‘ Ru‘='64py referring to properties of connection, p.l37

maximum bending stress = 62.4P = 3993.6p
and deflection A = .00935p = .598p inches.
, e o 0298p N~
!, Rotation = S5 = .01073p radians.
. .. . s01073p  _ o .
LY =0T §§%— = 0.0996 x 10 %fadlans/ K-ins.
(say 0,100 x 107 )

Limit of elastic range is attained when maximum stress = yield

point; then if
399306p = 4—000,

This corresponds with M = 1070729 x 0.0100 = 1077.3 K-ins.

(It will be found that the end moment developed at thia end of

the truss is well below this figure. Hence the value of'f
calculated above may legitimately be used. )
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A B
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CoLumn ;
REMAINS " |
VER T C AL |
|
o
-ﬁ- i
oo W |
Tyss ' 2
lii..wf\,,f.fm 2 % 4. 00« 'j\aﬁvq = }’Z) 071,
66 B/L‘; I ' . 2& ‘5'(0 ‘ gm' MQ?L__ ‘ C ‘}}-
'5?2. v | 7 . LZ. 562 1ot A S
2)62 €278 L ;
K vor Teuwes = 12 05 - e
isinsaseon .Q Fic | 2058209
31.39" 5o 20.01 2 A
K ror Coromn » SHLE . 249 gex= 169375

Fe.M por TRuss  (pop 45% LokD ADIED AFTER, BOTS ARL —nawmmwj

:f.i:sl..zéw = 225‘0 Ko

o

A Kialp JotwT, CAS FIxto.

TeeaTire A AS A FINCD enp,  PoAs

Mag © 1.20%72 % (o'6 2¢§1AB +(P£»p) + 22570 Souurtian  Qivie !

Mpe = 11604 x10° (24, ww) | r\ Mgy = = Mpc = — 265 wome
=, MCB = + ‘33 K.otr,

Mg lLo4 x| ( C?m - Z‘bc,e) J

THE Comnpmions AT THE TOINTS A«ea MORE ACCUs\m‘eu( REPJ\E»ENTLD 5‘r

THE EQUATIONS: ‘
C{)A D 1OO><\O—QMA5 UNDER THESE CONDITIONS | THE FOLLOWNG MOMINTS
% ‘

@Bc"%ﬂ‘ 102Tx 10°H,,  ARE PowND:  Mag =+ 270-ws. M = + 301

M.BA = -30]1, Mep = + |BO.

'Fbw coLumMn AT B = 33% 3. 'Zc'c/.., . S

IN TR\ ERAMPLE, 1T IS \NSTRUCTNE TO NOTE THAT WHERE THE COLUMN CAN

DLFLECT, THERE 18 LITTLE RELARATION IN TRE CONNECTION, BUT THAT AT

THE RESTRAINED COLUMN THE FLEXIBILITY OF THE CONNECTION IS IMPQRTANT.
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MOMEWT DEVELOPED
/IN ConneTion
(\

i3
.45

e o
/0 ﬁd@%(.»\.? /\\ - /’,\ Ry
7 . : < , il s
el b 4N N / // e ‘:«11 &
SN A_A;. " S e St o -v‘}. .
Wl 48 ¢ , o4
3l 8 _
¢l ,
:z:‘ﬁ oo DiacrAM OF END MOMENT APPLIED TO TRuUs:,
S  HOR(ZONTAL REACTIONS & "LOCAL" MOMENTS .
4,99 _ +4,99 +5,2| +5.43 5.54
e ]
Nz T 2 N I o / | @ P aB
. . /"/ AP e
4539 ¢ - 4,39 —5a 1L - 5.372 ~5.54 | 584
‘ ' 063 1063
TRUSS TORCLS DUE TO END REACTIOWNS.
o Ue 0, v, Uy v} v, o
33-1.11»(\ K= A2 156 150 R - i 156 +HT2 346:8 KN,
| Vo .ﬂgﬁ(/\\\ig,f /o\‘f(/ N .d)\,‘.
,// \x L~ ’
Y ) 073 +078 72 , S
Lo o L o \ Lo L" Lo

T EFFECT OF 'Local” MOMENTS IN T.C. CONNECTIONS,

USING  THE MCTHOD OF DISTRIBUTION oF I.RA.M. (I7)1 (MOMEWTE IN kP-1Ns)

Locat\an MOMEMNT LOCATION HromMEmT LocaTion 1 MOorE Y

VeV, -7 L+l ve' L —ee
uve | -e3 | L Lo R I O S M
U, Uz + 55 0.0, 4390 Ly o -l
Uoly | =\2:2 0, o’ + %2 T - S
LYe | =5.0 U’y -1.5 ; -
Libo +26 Vol | 68 . S
L, ua 4.9 3 LulLo' ; -3.b o ‘
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Axial loads and deformations in truss members.,

i LN i o [ 3o ovee 1
MEMBER AR’\Z&& a EQ\ZWQ J{: SCEZ? Laroie :f | Fomes 1% e

| ‘ N Py Py Fs P+ Py IsEg =Pl

Ul | 6.10 | &7 =56.0  +5.0 =51.0 | - 727

. uu, no | 100 | 56,0 +5.0 | 51,0 | - 636 |
UaUs | " 100 | -100.8  +5.2 | -95.6 ﬂ"—1568 B
U, U, " 100 -100.8  +5.2 | =95.6 | -1568 |
U, U/ n 100 ~56.0 . +5,4 | =50.6 - 828

vl " 87 256.0 | 5.4 ~50.6 | - 721 |

Lol 6.10 87 0 | =49 | -4.9 | - 70 |
LiLs "o 200 +89.6 | =5.1 | +84.5 | +2770 |
L3I0 | " 200 |  +89.6 | =5.3 +84.3 | 42765 |
L L, " 87 0 | =5.5 5.5 | = 90 |

UL 4.50 7 +66.1 | -0.1 +66.0 | +1129 |
L Uy 3.86 87 =39.6 | +0.1 | =39.5 | - 890 |
U,Ls 2.12 | 96 +13.2 | =0.1 | +13.1 | + 593
L,U, 2,12 96 +13.2 | +0.1 +13.3 | + 602 |
U, Ly 3.86 87 -39.6 | -0.1 -39.7 | - 894 |
L, U, 4,50 77 +66,1 | +0.1- +66.2 | +1132
U, L, 2,12 54 -14,0 0 -14.0 | - 357 |
Us Ly 2.62 54 -14.0 0 ~14.0 | - 289 |

R ¢ A 2,12 | 54 14,0 | O -14,0 | = 357 |

The vertical loading used above is the full roof design load
of 14 K per panel point. The horizontal reactions and forces
caused thereby are as shown on p. 142 '
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ECCENTRICITIES AT "TRuSS JOINTS.

H /
3'7( Lt‘
;*" (R,H. END oF Tseuss)

e

MR 2 4
\,

L

(i.4. END OF TRUSS)

MoMENTS DVE Ta CCCENTRICTY |

AUy (@5.6-510) 0% = Boww.) ATL: (34549 510t = 23kem. )
I VERTICALS 1 AT L,,. (%4‘?""55)'*1.0\ = qy K—:u.)
UL, 4ox. =10, p) U,'L,' Hr =10 )

LU, woxa3 ez 9 Ly 14a iz

[

MOMENTS ARE CALCULATED N ACCORPANCE WITH FORCES IN TRVUSS MEMBERS

AS TABULATED UNDER 'P" ON P 43,
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to eccentrlclty in conaectlons, and to top chord connectlonu.w o

145.
Iioments developed in truss members due to elastic deformation,

1 - I‘ | P, ™M § Mo V\ +Mg [Max. M2 | M
zMEM‘@LQ i el n{} }K L :Dlsn‘:? S g/ ”'GJ?"/‘/& DUT\‘DIU“T ”’) f"’v:’ !E:cf' ’:": r’j = Pl -i
Uo U, 87 15, 6 g.l79<l}8001 135 7/145.8] —8%1‘—8 14-15 | ~30 | -46 g
U f 87 " 2179 11800 -135.7 |145.8(+15 | =4 = +11 =9 | +2 |
| U, U, 100 v §.156 8040 - 80.4| T5. 1‘~¢4 =T =21 | + 8 | -13 |
UL, f n mo n‘; 8040‘— 80.4) 75.1 -2 |-16 -18 |- 18
Ul MM 39301-39.3) 36,8 -7 | -15 -22 | - . -82
AL B 3930 = 39.3] 36.8/ 414 | =T+ T -  + T
: [ UV NS S Vk.‘{ e oy r__ e il N :__- e i
LI, 87 15.6 §.1795114205-131ig.141.o! 0. 0. o0 ‘ﬂ.:FM?NAUQMJ

L, Lo g7 m } LIS B ﬁ L0 - +39 ; +39 g + 4 ; +473
| LyLy 200 - " ,078.11680|- 58.4| 27.0/=13 : 4211 + 8 | + 2 | +10 |
 LgL, 1200 ¢ owoowobowm w146 +10) 416 | - +16 |
 UeLn | 77 Tl 50092f12820‘—166 7! 92,00 48 E_fs 416 | -17 | - 1Mj
] L,U, | S on ; W on P W f+15 i+26 i +41 -7 | +34 f
LU 87 4.7 L0541 9400/-108.01 35.0' +1 [+13 | +14 | - | 414 |
| UZL' n n % 1" % " 5 1 " ~i,f? % ) +11 - _i%l j
L U,Ls 96 1.3 50014§ 3900"‘ 49ﬁ§”wwgi%?ﬂwQAi,Tl -1 - -1 E
o L3y U, " " mo Lo LI 0 +2 - g + 2 |
| | | | e Tl E ]

| UL, | 54 1,3 1.019; 5180{- 96,0 10.9, ~L | +1 | O | +1 | +1

i L\U, " " n o ) 1 1" -3 j +5 + 2 + 1 + 3

Note: The slight lack of symmetry due to the horizontal reactions

does not appear in the Williot diagram from which values of -ES,

were obtained. The moments due to distribution of the local moments

are actually those calculated for the right-hand end of the truss.
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Secondary Bending Stresses in Truss Members,

MomENT oM T
OM N
LoeATion o

U,U, , =46
0,0, + +2
U9 ¢ =13
U,U, = =18

| YUy ¢ =22
f UsUz = + 7T ;
| LeL, i 0 | i |
. LI, . +3 | v w444 29,3 |
LIy | +0 . © " -0 we.o |
LsL, | +16 i n 5 m 4.7 D - 3.5 |
; | | | |
UL, . -1 | 6.0 2.5 | =0.2 | + 0.4
LU, . +34 v w5 +13.6
LU, | +14 4.4 1.9 1 +3.2 - T4 |
UpLy | +11 g ' L =2, |+ 5.8
U.Ls | =1 . 1.6 | 0.76 | -0.6 | + 1.3
LzUp | +2 | i 2 " L -1.2 |+ 2.6 |
UL, | +1 % m 1 20.6 | + 1.3 |
LU | +3 | % L m 1419 | - 4,0 |
! ‘ i § i
| | |
| ' | | \ |
| | |
| | | | |

Moments are given in Kip-inches.

Stresczes are given in X/ sq. in.

Sign Convention: + Moments act counterclockwise on members.
Tengile stress + Compressive stress -
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Effect of Secondary Stresses in Beams.,

Where secondary stresses are found in beams, they generally
take the form of reversed or negative bending stresses at the
ends of the span. These have the effect of reducing the positive
bending moment in the mid-span region to gsome value less than
what would be found in a trué gimple span. Since in the convent-
ional design method the section of the beam is selected on the
basis of the maximum simple~span moment, the secondary bending
leaves the beam with bending stresses lower than those for which
it was designed. ,

Effect of Secondary Stresses in Trusses.

The internal secondary stresses in trusses produce bending

stresses in truss members in the region of the connections, and
these gstresses will be superimposed on those due to the axial loads.,
On the other hand, the effect of end moments at the suppnorts will,
like those in a beam span, reduce the maximum axial forces in

the truss, and thereby cause some reduction in the internal
gecondary gtresses also.

In figure 57 four of the trusses which have been analyzed
as simple~span structures, are shown, with regions of high stress
gingled out. Figure 58 is an enlarged detail of one of these

- regions, showing both maximum and minimum stresses in the members.
Some of the maxima appear to be very high, when the specified
permissible ‘stress is compared with them. However, whereas the
axial stresses are approximately constant from one end of a
member to the other, the bending stresses decrease quite rapidly
away from the ends.

Research by Parcel and Murer (23) on the effect of secondary
stress on ultimate strength led them to the conclusion that
ultimate strength would only be alffected adveréely in a certain
compression condition. To quote some of their conclusions:

"As a result of the re-adjustment in stress~strain relations,
i1t may be inferred:
(a) That any tension members tends, as the load increases, to
a condition of uniformity of stress over the cross-section, .
except for a local over~strain in a short section near
each end."
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"(b) Compression members bent in single curvature may be
seriously affected as regards L/r failure if the transverse
deflections due to secondary bending become large. This can
only occur, however, in the case of large secondary moments
and flexible members, a combination that is not ordinarily
realizable. It was noted previously that for values of L/r
less than or equal to 70, the effect of secondary action
in inducing L/r failure is small - well under that corresp-
onding to a pin-ended column with normal 'equivalent

) eccentricities' at the ends. In such a case the rigid joint
action which gives rise to secondary stress acts as a
brake on the long column deflection before the point of
ultimate column strength is reached," 4

"(c) For a column bent in double curvature, the secondary action,
by forcing the curvature into two 'waves', may actually
haVe a beneficial effect as regards L/r failure."

In a paper oa the basis of design in B.S. 153 (24), Kerensky,
Plint and Brown make the following statement:
"Since secondary stresses do not materially affect the ultimate
strength of the structure, no additional margin of safety is
provided on their account and all the above factors may in fact
be further reduced by about 20% when the unavoidable secondary
stresses develop."

The above findings on the effect of secondary stresses are
reassuring to the designer. However, it must be remembered that
in discussing the basis of B.S.153, the British writers have
in mind the conditions prevailing in bridge design. Others who
have contributed to the subject, such as Johnson, Bryan and
Turneaure, have approached it from the same viewpoint. It is
necessary, therefore, o question whether their conclusions can
be apnlied, without reservation, to buildihg frames, The eccent-
ricity at connections, which can contribute a major portion
of the secondary stresses in bullding trusses, .is generally avoided
in bridge details. A comparison of the width-length ratios of
some of the truss members herein analyzed with the empirical rule
given by the AREFA or in BS 153, will indicate that it is possible,
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AN
. in an ordinary roof-truss, for a slender member to be affected

by appreciable secondary bending. This can, in most cases, be
traced to the effect of a large eccentricity in one of the
joints.

In tension members, an analysis of the type conducted by
Parcel and Murer confirms their conclusion that secondary bending
well in excess of that found in these roof trusses, would cause
plastic yielding in the areaof the highest stress, with a redistrib-
ution of stress over the cross-section. In compression members,
those in the web, which generally appear more critical, usually
carry moments of opposite or double curvature, the advantages of
which are mentioned by Parcel and lMurer. It must still be observed
that the effect of large eccentric moments on web members can
hardly be viewed with complacency.

Effect of Secondary Stresses in Columns.
In the struétures examined above, secondary bending stresses
N in columns have been Tfound, ranging from 2 to 19 ksi. The addition
. of such stresses to the reaction moment stresses and the ordinary
axial stresses could produce high concentrations in column flanges.

Such would be the condition in the region of the beam or truss
connection, where failure would have to take place as the result
of yielding. In the mid-length region, where failure by buckling
could occur, the effective moments would be less.

In the structures analyzed, omitlting the column with the fixed
base, since this detail is not usual in conventional design,
it appears that the moment at the column base ranges from about
.18 to 0,29 times the moment at the top. If the Massonnet
formula is used to determine the effective moment at mid-length:

Me =/0.3( M* + M2 ) = 0.4( M,M,)
then the effective moment will be 0.46 to 0.49 times {the moment
at the top of the column. Taking structure "90" as typical, the

following would result:
.55

Tor of ColLupm @ Axint S*tRcsS 'P 4 z = !042 Ksy i REsVLTANT = 742 wsL
BENDING STRESS fb = = 6.0 ust

143 .

MD-Lenett; For Y= a5t M, Ra= 142sl. Me= Codx 475 28 v

_ ) b M
f = & - 23 %,; ?f‘ﬂq?*z‘f’g‘ 1O + 4% =23

IOI
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™ The column just taken as an exanple is evidently understressed,
even when the secondary stresses are included in the calculation.
In this type of structure, such a condition is not uncommon.
Several causes may be distinguished. First, a certain minimum
slencderness ratio must be maintained., Second, it is not practical
to call for a column section which is too small to permit the
correct type of beam connection to be used. Third, in some applic-
ations, columns are subject not so much to overload as to possible
collision by moving equipment in the building. The experienced
designer, knowing that only a slight increase in the welght of

the section will provide a column with greatly increased capacity,
will usually teake advantage of the fact. Columrsmay be over-designed
for these or for other recasons, but such a practice cannot be
assumed as a constant factor, to be relied upon in the formul-
ation of design rules. For that purpose, it must be assumed that
column design will be such as to take full advantage of the unit
stresses permitted by the design specification.

For a stocky compression member, the permissible stress would
be equal to the basic design stress; 60% of the specified minimum
yield point, in the CSA specification. This would be the limiting
value for the combined effect of axial load plus reaction bending.
In the same specificgtion, the permissible axial stress for a
member with L/r equal to 100, is about 14.5 ksi for all steels,
the value being governed by the value of E rather than the yield
point. If the calculated axial and bending stress (not secondary)
at mid-length of the slender column should form the maximum
combination permitted by the application of the interaction formula,
then the addition of secondary bending stress would in effect
reduce the margin between the maximum stress in the beam and that
determined by the Euler crippling curve. If the bending stress at
mid-length happened to be 2.5 ksi, for a steel with a basic design
stress of 22 ksi, then the increase in the bending stress factor
would be 0;113. The effect would be the same as an -increase of
1.65 ksi in the axial stress.
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COLBINED ETFFECTS OF MATERIATL AND STRESS VARTIATIOIS.

In the discussion of material properties, it has been shown
that the following conditions affect the manner in which the
information supplied by the manufacturers on the strength of
structural sections, must be interpreted:

(1) Difference between reported (upper) yield point and

actual (plastic) yield strength!  approximately 5%.

(2) Difference between yield point as determined in commercial
tegts, and as determined under very slow application of

load: approximately 1%.

(3) Amount by which yield point in web of beam or channel
sedtion (reported) may exceed yield point in flange: about 12.5%
(4) Amount by which the sectional area, and corresponding geomet- '
w1 Pical properties, of a rolled section, may differ from the
theoretical figure: 2.5%.
By combining the above factors, (1), (2) and (4) give a
resultant factor:
1,05 x 1,01 x 1,025 = 1.087
For beam and channel shapes, which are affected by (3) above,
the resultant of all .factors is:
1,087 x 1.125 = 1,222
From the above, the actual effective yield strength of any
plate or angle section would have a minimum value of 1/1.087
( or 0.920) times the reported yield point, while for beam and
channel shapes the ratio would be 1/1.222 ( 0.818).
In C3A S16, the currently accepted ratio between the guaranteed
minimum yield point as given in the material specification and
in the mill test reports, and the permissible basic design stress,
ig 1.65/1. The relationship arrived at above between this yield
point and the effective minimum yield strength would reduce
thig factor as follows: .
(a) for piate and angles: 1l.65 x 0,920 = 1,519
(b) foir beams and channmels: 1.65 x 0.818 = 1.350
- The next factor to be considered is that of possible overload
on the structure, which ig taken at 5% of the total loading. From
this, the actual stress intensities in the structure may exceed
those appearing in the design caleulations by 5%. At any point
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™ in the system where the full permissible load occurs in the
design, the actual stress intensity might reach 1.05 times that
figure. This reduces the factors given above, thus:

(a) for plates and angles: 1.519/ 1.05 = 1447

(b) for beams and channels: 1,350/ 1.05 = 1,286

Tfurther, it becomes necessary to assess the effects of
secondary stresses in the class pf structure most liable to be
affected by them. It i1g obviously impractical to seek a formula

which will express accurately all the possible conditions govern-
.ing the magnitude of secondary stresses in building frames. The
trusses which have been analyzed herein display local bending
gstresses ranging as high as 20 ksi 1in an "active" member, and
over 30 ksi in a "null" member. These extremes occur in trugses
analyzed as freely-supported structures, and would be reduced if
the system analyzed were made to include the supports; but the
possibility must be admitted of similar conditions arising in
trusses actually free from end moments. The opinion has been
advanced (23,24), that secondary stresses do not affect the
ultimate strength of structures, but some doubt exists as to the
universal application of this principle.

In compression chords of trusses, secondary stresses appear
to range up to about 11% of the allowable axial stress, and
plastic yielding in such members must be regarded as more serious
than in the web members. In columns, while secondary stresses
appear for thé most part to lie in the range up to 5 ksi, at
least one case has been found with a stress of 10 ksi. These
are on the order of 23% and 46% of the permissible basic sEress.
The permissible axial stress in a column will usually be governed
by the slenderness ratio, and will be less than the axial stress
which would be permitted at the point of support. Tor a value
of L/r equal to 50, the axial stress at mid length would be about
4 ksi less than that permitted at the support. This leaves, in effect
a margin of some 4 ksi at the top of the column where the highest
bending'stress occurs, so that the actual excess due to the
secondary bending there will be, say, 10 ksi less 4 ksi, or 6 ksi.
Altenratively, if conditions at mid-length are examined, the
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secondary stress will be reduced to, s ay, 0.47 of the value

at the top (see page 151), or 2.3 to 4.7 ksi. Thus the secondary
stress increment at the top works out at about 27%, exd at mid-
length 26% of the permitted axial stress.

Allowing for variations in the properties of steel, tolerance
on sectional dimensions, and possible overloading, it has already
been esimated that the ratio of yield strength to actual stress
intensity will be 1.447 for plates and angles and 1.286 for beams
and channels. This must now be modified to take into account the
effects of secondary stresses. In trusses generally, the members
are composed of pairs of angles. Where other sections are used,
such as tees cut from beams, it will be found that the truss is
of welded construction, and will be subject to relatively small
secondary stresses. Assuming the 11% factor found for chords,
and applying it to the factor already found for plates and angles,
the resultant becomes:

1.447 / 1,11 = 1,304

Beams and channels, when used as flexural members, will
generally be assisted by secondary bending. Beam or wide~flange
shepes, however, used as columns, and having & possible stress
increment of 26%, would be subject to a resultant factor of

1.286 / 1,26 = 1,021

The second of these factors suggests that the ratio between,
yield point and permissible stress at present prescribed for
building frames may in certain cases provide adequate, but not
excessive, allowance for safety.

e
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z o CONCLUSIONS.

A steel structure could be designed so as to be exactly
adequate for its prescribed function, without excess strength,
only if the following conditions were realized: the nme chanical
properties and exact dimensions of each piece of steel to be used
shouldr be known, all the combinations of loading which would be
applied to the structure should be known, and analytical facilities
should be available for the calculation of all axial, bending,
shear aﬁd torsional stresses throughout the members and their
connections. .

Since the conditions described above are not attainable in
practice, it becomes necessary to examine the extent and the
accuracy of the information which ig available, and to estimate
the effects of the methods which the designer may employ in
uging that information. From this examination and this estimate
a conclusion must be drawn as to the safety and serviceability
of structures as actually designed.

The first conclusion now presented is, that the information
at present available is not sufficiently complete to pernit an
exact scientific analysis of all the factors which relate the

- properties of material to the adoption of permissible stresses
and to design practices. It is true that research has been con-
ducted over a considerable period, while manufacturing processes
have been improved and refined, and design methds have become

- more sophisticated, but the large body of data which would be
required for a complete statistical study of the problem does
not appear to be available. This is, in fact, partly due to
recent advances, in which a statistical pattern has not yet
become established. In consequence of this situation, design
practice must still be governed to some extent by what Professor
Freudenthal has called "the organized collective experience of
the profession', _ _

The second conclusion is, that within the limits described,
the present relationship prescribed between material properties
and design stresses, in current design specifications, are
adequate, but in some structural patterns do not provide an
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excess of strength such as might be surmised from a casual
comparison of the figures. It should be noted that some struct-
“ . ural items have a much more favourdble factor of safety than
i others, when designed according to the conventional method, and

that those methods of design which take into account some
propertiés of structures which are ignored in the conventionsal
method, provide an appreciably greater margin between workKing

~ stress and the point of faillure. Theoretically, a desigh method

" which took into account the so-called secondary stresses, could
be allowed to extract more capacity from the material,

The third conclusion is, that standard specifications and
other guides fto design practice should be sufficiently explicit
to guard against the adoption or perpetuation of any design
practice whichis technicélly unsound, or which may lead to
inaccuracies of serious proportions. An example of the first is
the assumption that loads applied to columns may always be regarded
as concentric with the axis of the column, no matter how they
are actually transmitted. An example of the second is the assump-
tion that common structural connections never produce an apprec-—
iable moment, or that the effects of eccentricity in connections
may always be neglected.

The fourth conclusion is, that the precepts derived from
past experience, while invaluable, cannot safely be used without
due regard for the effects of changing circumstances.

-
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